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ABSTRACT

USE OF UNMANNED AERIAL VEHICLES
FOR POST-DISASTER RESPONSE

KARA, MERT

Master’s Program in Industrial Engineering

Advisor: Prof. Dr. Selin OZPEYNIRCI

June, 2025

Each year, many people lose their lives or properties as a result of natural disasters
such as earthquakes, floods, and wildfires occurring around the world. In recent years,
particularly in residential areas, the increasing frequency of earthquakes and floods
has drawn attention due to the urgency of response operations immediately after such
disasters strike. In many cases, geological structures in affected areas lead to the
collapse or submersion of bridges and highways, rendering ground transportation
impossible. Consequently, operations are often restricted to limited air and sea access.
With the advancement of technology, drone systems—whose use and significance in
daily life continue to grow—have emerged as one of the most effective tools for
delivering first aid in disaster zones with restricted access. These systems offer low
operational costs, high payload capacities, and the ability to perform a variety of aerial
missions. This study aims to address a package delivery problem in which aid packages

containing essential supplies and first aid materials are air-dropped via drones into

v



areas where all transportation routes are blocked, during the time before ground-based
teams can access the region. The model is applied to the context of the Istanbul
earthquake, which is anticipated to occur in the near future by national and
international authorities. A scheduling model involving multiple depots and multiple
drones is developed, aiming to minimize the total weighted delivery time. To solve the
problem, a mathematical model is formulated, and the Variable Neighborhood Search

(VNS) metaheuristic is applied.

Keywords: Drone Package Delivery, Post-Disaster Response, Variable Neighborhood

Search, Unmanned Aerial Vehicles.



OZET

AFET SONRASI MUDAHALE iCIN
INSANSIZ HAVA ARACLARININ KULLANIMI

KARA, MERT

Endiistri Miihendisligi Yiiksek Lisans Programi

Tez Danismani: Prof. Dr. Selin OZPEYNIRCI

Haziran, 2025

Diinya’da her y1l meydana gelen deprem, sel ve yangin gibi dogal afetlerin sonucunda
bircok insan hayatin1 veya mal varligini kaybetmektedir. Son yillarda meydana gelme
sikligt ile dikkat ¢ceken deprem ve sel felaketleri, yerlesim alanlarinda gergeklestigi
andan itibaren ilgili alanlarda yardim ve miidahale i¢in zamana kars1 yarisin basladigi
gozlemlenmektedir. Deprem veya sel yasanan alanlarin jeolojik yapilarina bakildig:
zaman, bazi durumlarda koprii ve otoyollarin yikilarak kapanmasi veya su altinda
kalmasi1 sonucunda karadan ulagimin imkansizlastigi, havadan ve denizden ise kisith
imkanlar ile operasyon icra edilebildigi dikkatleri ¢cekmistir. Gelisen teknoloji ile her
giin biraz daha giindelik hayatta kullanim1 ve 6nemi artan insansiz hava araclari, diisiik
operasyonel maliyetleri, yliksek yilik tasiyabilme kapasiteleri ve ¢esitli gorevlere
yonelik havadan yiiriitmekte olduklar1 operasyonlar ile afet sonrast ulasimin sinirl
oldugu alanlarda ilk yardim miidahaleleri i¢in en etkili araglardan biri konumundadir.
Bu calismada, afet sonras1 tiim ulagimin kapandigi alanlarda yardim ekiplerin karadan

ulasim saglayabilecegi zamana kadar gegecek siirede hayatta kalan afetzedelere temel
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erzak ve ilkyardim malzemelerini iceren yardim paketlerinin insansiz hava araglari ile
yukaridan atilarak, afetzedelerin hayatta kalmalarinin saglanmasi amaglanan bir paket
dagitimi problemi ele alinmis olup, ulusal/uluslararasi resmi kuruluslarin 6niimiizdeki
kisa donem icerisinde olmasini 6ngordiigii Istanbul depremi igin uygulanmistir. Paket
dagitimi icin ¢oklu depo ve ¢oklu insansiz hava araglari kullanilan ¢izelgeleme
calismasinda, toplam agirlik siirenin enazlanmasi igin bir matematiksel model

gelistirilmis ve degisken komsuluk arama yontemi kullanilmistir.

Anahtar Kelimeler: Drone ile Paket Teslimati, Afet Sonrasi Miidahale, Degisken

Komsuluk Arama, Insansiz Hava Araglar
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CHAPTER 1: INTRODUCTION

In this chapter, starting with the motivation of the study, the usage areas of drones, the
type of problem addressed, and the purpose of this study are explained. The chapter

concludes with the general structure of the thesis.

In the world and in our country, residential areas are seriously damaged by the natural
disasters that have occurred from past to present and continue to be experienced today.
As aresult of this damage, people lose their lives and suffer loss of property. Especially
the effects of earthquakes, which are frequently experienced all over the world, pose a
serious threat to humanity. The geography where the earthquake occurs, its proximity
to the earth and its magnitude determines the size of the destructive effect. As a result
of two earthquakes of magnitude 7.8 and 7.5 that occurred on the same day in
Kahramanmaras, Tirkiye in 2023, the effects of natural disasters on humanity were
once again strikingly demonstrated. Therefore, it is of vital importance for the
surviving disaster victims to start search & rescue and first aid operations as soon as
possible after the earthquakes occur. Considering the geological conditions of the areas
where natural disasters occur, it has been observed that bridges, and roads have
collapsed, also buildings have collapsed on the roads, therefore, transportation by land
vehicles has become impossible, and operational activities are carried out by air and
sea with very limited means. Drones, which are one of the most important vehicles of
today's developing technology, come to the forefront at the point of delivering the

fastest aid to the disaster victims under such difficult conditions.

It is observed that drones, which continue to develop every day with the developing
technology and are one of the most important products of technology, are increasingly
being used in daily life with their low operational costs, high load carrying capacity
and the tasks they can carry out from the air for various missions, from intelligence in
the military field to cargo and ammunition transport, agriculture, archaeology,
fisheries, media and many other fields. In particular, the acceleration of the work of
states and leading companies in the field for drone activities shows the level of success
in the use of drones in various tasks. When the developments on drones in the global

and in our country are examined, the news published by TRT, the official television



organisation of the Republic of Turkey in 2021 about the General Directorate of Civil
Aviation's work on cargo transport with drones between Istanbul - Eskisehir — Ankara
(Youtube, 2022a), and the news of the leading media outlets about the cargo drones
delivered to the Turkish Armed Forces in 2022 (Youtube, 2022b; Youtube, 2025),
revealed that the states have been working on the use of drones on the military and
civilian side for many years. On the other hand, when the studies carried out by leading
companies in the field are examined, in 2022, the world's online shopping giant
Amazon Prime Air started cargo transport (Youtube, 2016; Youtube, 2024), and in the
following years, several companies from the leading catering and cargo companies in
Turkey have started trial flights for food and cargo distribution by selecting pilot
regions (Youtube, 2022c; Youtube 2022d). As of 2025, companies carrying out this
operation and trials aim to deliver food orders and cargo to homes with drones. To
successfully carry out all these operations with drones of various capabilities and sizes
under different constraints and parameters without delay, a good scheduling and

optimization is needed.

In this thesis, we model the problem as a parallel resources scheduling problem, where
the drones represent the parallel resources and each delivery operation corresponds to
a job, aligning with the classical definition in scheduling literature where resources
perform tasks. This problem emerged with the development of technology, with the
simultaneous distribution of packages from m different warehouses to » different
demand points. The need for an effective scheduling approach arises from the
requirement to optimally and simultaneously distribute multiple packages from
warehouses to demand points. When the emergence and development of scheduling
studies over the years are examined, it is observed that scheduling emerged as a
scientific discipline in the 1950s, coinciding with the continued growth of industrial
development, and has since been systematically studied and advanced. The early
studies such as Jackson (1955) on minimizing the maximum delay on a single machine,
Smith (1956) on minimizing the weighted completion time, and Johnson (1954) on
production scheduling in two-machine flow type, expanded their scope with the
growth of the industry. In line with the structure of simultaneous package deliveries
by multiple drones to multiple demand points, this study addresses a parallel machine
scheduling problem. The parallel machine scheduling problem, which aims to execute

the process by assigning multiple jobs to the appropriate machines according to



constraints so that they can be done simultaneously, is shown to be NP-hard Lenstra
et al. (1977). Due to the difficulty of the problem, meta-heuristics such as Variable
Neighborhood Search (VNS), Simulated Annealing (SA), Tabu Search (TS) have been

developed over the years.

The aim of this thesis is to develop a solution methodology for the use of drones to
deliver packages—assumed to be readily available at depots—containing basic
supplies such as health kits, blankets, biscuits and water that can be used in first aid
interventions so that disaster victims can survive until the arrival of aid teams. We
consider the possible Istanbul earthquake as a real-life example, which is predicted to
occur in the near future with a magnitude of 7.5 by national/international official
organizations such as Kandilli Observatory, Earthquake Research Institute, and expert
earthquake professors in the field. When the literature is examined, it is seen that there
are very few studies that are formulated as parallel machine scheduling by using
multiple warehouses and multiple drones together, and use Variable Neighborhood
Search, which is a meta-heuristic method to get a fast and near-optimal solution by
defining sub-neighborhoods and comparing the results. In this thesis, we contribute to
the literature by establishing our model with a parallel machine scheduling approach
and providing a solution to minimize the total weighted delivery time with the VNS
approach we have developed. We also generate problem instances from considering
the possible warehouse and demand locations in Istanbul and carry out computational
experiments with different parameter levels. The proposed approach represents the
most comprehensive academic work focused on drone-based emergency logistics for
a potential Istanbul earthquake. The study contributes to disaster logistics literature by
combining realistic UAV scheduling, official data, and geographic prioritization,
offering a practical solution. In addition, the study, which is the first study to offer a
solution to a predicted earthquake with real data produced by official institutions,
contributes to the literature by being the first study to address package delivery

scheduling with drones for the Istanbul earthquake in such a comprehensive manner.

The following chapters of the thesis include literature review, methodology, the case
of Istanbul in post-disaster response, computational experiments and conclusion. In

Chapter 2, the use of drones in natural disasters, the hybrid use of drones with other



vehicles such as trucks, the use of drones among themselves, and studies in the
literature using the VNS method are reviewed. Chapter 3 introduces the general
problem definition, followed by a detailed presentation of the proposed scheduling
model, VNS framework and related neighborhood structures. Chapter 4 focuses on the
case study of Istanbul, illustrating how drone-based post-disaster response—
introduced in the previous chapter—is applied to this specific context. It also explains
how the input data for the solution methods are obtained, and presents maps and
descriptions of the areas and districts expected to be affected by the anticipated
earthquake. The computational experiments section in Chapter 5 shows how these
methods in the methodology are implemented, the calculations performed, and the
corresponding results obtained. The final part of the thesis, the conclusion in Chapter
6, discusses the overall thesis topic and outputs and suggests future research topics

based on this thesis.



CHAPTER 2: LITERATURE REVIEW

Looking at the literature, there are various research problems and approaches applying
scheduling and heuristic algorithms to civilian side missions. In this chapter, we
summarize some papers based on scheduling studies for various missions, especially

Unmanned Aerial Vehicles (UAV)/drone mission scheduling.

2.1. Package Delivery with Drones

When examining the scenario in which a single drone delivers a package to a demand
point and returns to the depot, it is observed that its formalization is largely similar to
single-machine scheduling. As the number of drones, packages, or demand points
increases in such studies, the drone-based delivery problem begins to be formalized
similarly to parallel machine scheduling, eventually becoming NP-hard. In the
literature, various modeling approaches, heuristic, and metaheuristic algorithms have
been developed to solve NP-hard problems, with the goal of obtaining near-optimal
solutions efficiently and in a short amount of time. Liu et al. (2021) aims to minimize
the number of drones used in a warehouse where various packages have their own
departure times, distances to the warehouse, and personalized deadlines. They
proposed a mixed integer programming model for the NP-hard problem. Torabbeigi et
al. (2021) proposed a delivery scheduling method to minimize the Expected Loss of
Demand (ELOD) by considering drone failures and developed an optimization Drone
and Delivery System Full (DDS-F) model to determine the delivery sequence. In their
optimization model, they developed a binary integer programming model for path
selection based on the Petal algorithm to reduce computation times and a Simulated
Annealing (SA) heuristic algorithm including a local neighborhood search algorithm
to find better solutions, and their proposed approach produced exact solutions for the
case studied in the paper. Saleu et al. (2018) proposed and developed an iterative two-
step heuristic approach to minimize completion time. For the usage of drones in urban
logistics. In their study, Yilmazer et al. (2021) proposed a solution to the problem with
the traveling salesman method by considering the operation of a warehouse and a
drone. In the study, a drone takes off from the warehouse after being loaded with a
maximum of 3 packages and delivers the cargo to each customer by scanning the QR
code by visiting three customers in turn. The biggest feature that distinguishes it from

other package delivery studies is that instead of returning to the warehouse after



making one delivery, a drone returns to the warehouse by making 3 deliveries using
the most optimal route. Choi and Scohonfeld (2017) studied the optimization of a
drone system developed for multiple deliveries directly by drones rather than truck-
drone cooperation with battery capacities considered in comparison to package
payloads and flight ranges. The model developed by the authors to optimize the multi-
package delivery system with drones examined four variables: operating time, drone
operating speed, demand intensity of the service area and battery capacity to show the
sensitivity of system outputs to input parameters. Jung and Kim (2022) adopt a robust
optimization considering the uncertainties of wind direction and speed with the
objective of delivering cargo by drone to small islands far from the city center. By
proposing and solving a model with complex integer programming, the authors also
performed a cost analysis to support the use of drones for package delivery to remote
islands and showed that the longer the drone-based delivery is operated, the more

operating costs can be saved compared to the current practice.

2.2. Package Delivery with Drones and Trucks

There are studies in the literature where drones operate in coordination with various
vehicles, such as trucks. When examining the different types of these scenarios, several
studies can be found that explore various operational models: scenarios in which
drones and trucks deliver packages simultaneously, cases where drones take off from
one truck and land on another after completing deliveries in systems with multiple
trucks, and scenarios where drones return to the same truck from after completing their
deliveries. Additionally, there are studies that summarize these types of scenarios in
detail along with their classifications Ibroska et al. (2023). When the existing literature
is examined, Liu et al. (2018), focus on solving the drone delivery problem under
sparse demand constraints and propose a solution approach using a combination of
trucks and drones. They aim to minimize the comprehensive transportation cost, and
the enumeration method and the two-stage method are used to solve the problem.
Amico et al. (2020), in their paper, examined the parallel drone traveling salesman
problem, and mixed integer programming with the aim of minimizing the total delivery
time by examining the situation where drones, which are expected to deliver cargo and
packages in cities in the future, deliver packages to customers in parallel with trucks.
They presented heuristic methods and noted that they performed very well in

small/common size problem instances. Huang et al. (2020) conducted a study in which



drones, which are considered as one of the future package delivery methods, are used
to deliver parcels with public transportation vehicles. Considering conditions such as
delivery time and energy consumption, the authors used an exact algorithm based on
dynamic programming to propose a solution to the problem and discussed
computational complexities such as scheduling the earliest returning customer first.
Finally, to demonstrate the scheduling performance to the reader, the authors perform
computer simulations. Yuan et al. (2021) published a drone scheduling study for UAVs
with heterogeneous fleet structure by considering different criteria such as loading
capacity and maximum flight time. They formulated the model based on the traditional
non-deterministic problem structure and then developed a genetic-based algorithm to
solve the problem. Finally, the authors compare all the algorithms they have used and
draw conclusions on the results. Peng et al. (2019) conducted a study involving the
delivery of packages by drones, which represents the future of the logistics industry,
in cooperation with vehicles. The authors utilized hybrid genetic algorithm in
scheduling and routing studies, and unlike other studies, they conducted a study
involving simultaneous cargo delivery to multiple customers with multiple drones
carried by 1 vehicle at the same time, not 1 vehicle and 1 drone. As a result of the
study, unlike previous studies, it was observed that efficiency increased significantly
with the use of more than one drone. In their study, Murray and Chu (2015) presented
heterogeneous fleet cargo delivery scheduling with drone-truck cooperation using a
mixed integer linear programming method and 2 heuristic approaches. Compared to
other studies, the authors proceed by considering many criteria, obtaining the solution
and evaluating the results. In particular, they published a real-world integrated study
that considers the limited payload capacity of UAVs, such as the fact that UAVs are
limited to visit only one customer at a time, that UAVs are subject to maximum flight
endurance, that UAVs can be separated and reconnected with a delivery truck multiple
times along a route, and finally that some customer demands may be too heavy for the

UAV.

2.3. Disaster Relief

Following their proven effectiveness in various missions over the years, drones are
now frequently utilized in natural disasters. In operations such as damage assessment,
sub-surface imaging using specialized cameras, and firefighting, drones are taking on

critical roles. A review of the existing literature on such applications reveals several



notable studies in this field. Chowdhurry et al. (2017) studied the transportation of
emergency relief supplies by drones to demand points in an earthquake-affected
region. The authors used the Continuous Approximation (CA) model to visualize and
validate the modeling results and used 3 counties of Mississippi (Hancock, Harrison,
and Jackson) on the disaster coast as a test region. The Disaster Centre (2016)
presented that the disaster relief lifecycle can be divided into four main phases:
prevention, preparedness, response and recovery. Drones have the potential to play an
important role in all four phases, but studies have mainly focused on their use in the
response phase. Rabta et al. (2018) proposed a mixed integer linear programming
model for the transportation of light relief supplies (vaccines, water, etc.) by drones to
the farthest points in the disaster area when transportation is closed and there is no
ground transportation. Considering the load quantity and energy constraints while
creating their model, the authors aimed to minimize the time/cost and extend the
operating distance of the UAV by charging stations. After solving the model, they
numerically demonstrated it with different scenarios. Estrada and Ndoma (2019)
published a literature review on how effective the use of drones can be in the disaster
area after an earthquake, flood, tsunami or any other natural disaster occurs. In their
research, they generally focused on three points for the use of UAVs (or drones) in
natural disaster response and humanitarian aid, namely (i) the aerial monitoring post-
natural disaster damage evaluation, (ii) natural disaster logistics and cargo delivery,
and (ii1) the post-natural disaster aerial assessment. On the other hand, they propose a
broad list of UAV applications such as military, commercial, natural disasters, health,
construction, special uses, education, research, entertainment, sports, national security,
logistics, firefighting, agriculture, geology, astronomy, meteorology and environment.
Finally, it will highlight the existing and easy to distinguish difference between RC
Aircraft, Quadcopters, Drones, Smart Platforms (SP) and Large UAVs (LUAVs)

respectively.

2.4. The Use of The Variable Neighborhood Search (VNS) Method in Drone
Scheduling

When the structure of various scheduling and optimization studies is examined, the
development of metaheuristics and other heuristic methods has accelerated over the
years since the solution cannot be obtained in acceptable times due to being NP-hard.

These methods have been used more commonly by researchers’ as they provide near-



optimal solutions within an acceptable time. Variable Neighborhood Search method,
which was developed by Mladenovic and Hansen (1997) and is one of the
metaheuristics in the literature, produces effective results in the scheduling studies of
drones emerging with today's developing technology due to its applicability to large
solution space, its ability to perform wider searches by leaving local searches and its
flexible structure that can be combined with other heuristic methods. In the literature,
Lei and Chen (2022) studied a Parallel Drone Scheduling Travelling Salesman
Problem (PDSTSP) in which trucks and drones work together in a hybrid manner to
deliver cargo. They used an Iterated Variable Neighborhood Search algorithm (IVNS)
to minimize the total completion time for all deliveries. First, they used a total of three
algorithms, one Longest Processing Time (LPT) and two Reduced Variability
Neighborhood Search (RVNS) algorithms to generate the initial solution. In the study,
which continued with the application of the Shaking and IVNS algorithm, the authors
conducted various experiments on 90 examples and found that 12 examples were the
best solution in the literature. Li et al. (2020) examined the use of drones in logistics
and developed a Mixed Integer Linear Program (MILP) model to optimize two
objectives, customer satisfaction and total completion time, in the problem of multiple
package delivery by multiple drones. In addition, they presented a special coding
method within the VNS algorithm framework to be used in solving smaller scale
problems. In their experimental results, they observed that the proposed algorithms
were effective for the problem they addressed. El-Adle et al. (2023) studied the
synchronized delivery of parcels to customers by a vehicle and a drone. A VNS
heuristic method is proposed for TSP-D by aiming to minimize the return time to the
warehouse in a Drone Travelling Salesman Problem (TSP-D) type study, where both
vehicles take off and land at the same point. In their proposed algorithm, they
developed the best available results in 113 out of 120 instances. On the other hand,
they achieved 1% to 8% improvement in delivery times in customer studies with
various locations. Nguyen et al. (2022) defined a new optimization problem called the
minimum cost Parallel Drone Scheduling Vehicle Routing Problem (PDSVRP), which
is a variant of the Parallel Drone Scheduling Travelling Salesman Problem (PDSTSP),
which is a sub-method of the Vehicle Routing Problem (VRP) problem on the hybrid
use of drones and trucks. In this problem, the authors aim to minimize the total

transport cost by using multiple trucks. After modelling with the MILP model, they



developed a Ruin and Recreate algorithm. They obtained the best new solution in 26

of the 90 cases they evaluated.

A closer look at the civilian side of drone studies, which can be divided into two main
categories as civilian and military, reveals many different studies ranging from
package transportation to agriculture, from imaging to fire fighting. When the
aforementioned studies are examined in more detail, solutions to single-objective or
multi-objective problems considering many criteria such as battery capacity, payload
capacity and flight distance have been proposed with complex integer programming,

dynamic programming and some heuristic algorithms, as summarized in Table 1

below.

Table 1. Literature Review of Scheduling for Civilian Application of Drone

Authors

Objectives

Solution Approaches

Liu et al. (2021)

Torabbeigi et al
(2021)

Saleu et al. (2018)
Yilmazer et al. (2021)

Choi and Scohonfeld
(2017)

Jung and Kim (2022)

Ibroska et al. (2023)

Liu et al. (2018)

Amico et al. (2020)
Huang et al. (2020)

Yuan et al. (2021)

Peng et al. (2019)

Minimize the number of drones

Minimize the expected loss of
demand

Minimize completion time

Maximize package delivery
accuracy and route optimization

Minimize the total cost changes

Minimize delivery amount

Minimize the total completion
time

Minimize the comprehensive
transportation cost

Minimize the total time

Minimize the completion time

Minimize the maximum
completion time

Minimize the total distance cost,
minimize the completion time

Mixed integer programming

Binary integer programming model,
Simulated Annealing (SA) heuristic
algorithm,

An iterative two-step heuristic

QR code generation and reading

The total cost function

Integer programming

General Variable Neighborhood
Search algorithm

Mathematical model

Enumeration method, the two-stage
method

Mixed integer linear programming
and Heuristic algorithms

Dynamic programming

Genetic-based algorithm

Hybrid genetic algorithm
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Table 1 (Continued). Literature Review of Scheduling for Civilian Application of

Drone
Murray and Chu Minimize the completion time Mixed 1nteg§r .hnear programming,
(2015) heuristic algorithms

Minimize total cost of
distribution

Chowdhurry et al
(2017)

Two-phase Continuous
Approximation (CA) model

Rabta et al. (2018) Minimize the total travelling

Mixed integer linear programming

distance
Estrada and Ndoma A review of qropes for various QDSPLTCE Table
(2019) missions
Lei and Chen (2022) Minimize the total completion Iterated Variable Neighborhood

time

Search algorithm (IVNS)

Maximize customer satisfaction
and minimize the total
completion time

Li et al. (2020)

Mixed integer linear program

Variable neighborhood search

El-Adle et al. (2023) Minimize the return time

Variable neighborhood search

Nguyen et al. (2022) Minimize the total transport cost

Mixed integer linear program

Ruin and recreate algorithm
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CHAPTER 3: METHODOLOGY

In this section, we start by defining the parallel drone scheduling problem, which is a
new sub-problem type of the parallel resources scheduling problems in the literature
with the drones of each warehouse dropping packages from multiple warehouses to
multiple demand points simultaneously and returning to the warehouse from which
they departed. After defining the problem, we present the mathematical model we
developed for the multi-warehouse and multi-demand point problem. After the model,
we describe in detail the entire structure of the VNS approach we propose for the

parallel drone scheduling problem, along with the neighborhood methods used.

3.1. Problem Definition

Every year, natural disasters such as earthquakes, floods, landslides, and fires cause
severe damage to residential areas in various parts of the world. In particular,
earthquakes and floods occur more frequently than other types of natural disasters and,
due to the extent of destruction they cause, result in significant loss of life and property,
especially when they strike residential areas. When earthquakes and floods occur, it
has been observed that roads, bridges, and streets are often destroyed or submerged,
making ground transportation nearly impossible and limiting manned interventions to
the restricted capabilities of sea and air routes. In our country, the earthquakes of
magnitude 7.8 and 7.5 that occurred on the same day in 2023 in Kahramanmaras
province once again revealed the devastating impacts of earthquakes on humanity and
demonstrated the severe limitations in ground and air access for emergency response
operations after a disaster. Rapid delivery of aid to surviving disaster victims in the
immediate aftermath of such disasters is crucial to support their survival until rescue
teams arrive. Although citizens are periodically informed by authorized institutions
about the preparation of emergency earthquake kits and their recommended contents,
not every household is equipped with such a kit due to the still-developing level of
disaster awareness. Moreover, even in households where kits are available, the
materials may not be sufficient to support survival during the long hours before
ground-based rescue teams can arrive following a major earthquake. Therefore, there
is a need for an additional logistics system to deliver basic supplies and first aid kits to
survivors in the aftermath of such disasters. In this study, it is aimed to deliver all life-

sustaining packages, such as basic first aid kits, biscuits, and water, from designated
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warehouses to surviving disaster victims as quickly as possible via drones, until search
and rescue teams reach them, in the aftermath of natural disasters such as earthquakes,
floods, and fires occurring in residential areas. The study is formulated as a parallel
resources scheduling problem involving the simultaneous delivery of packages from
m different warehouses to n different demand points, with the objective of minimizing

the total weighted delivery time.

For this parallel resources scheduling study involving package delivery with multiple
depots and multiple demand points, a mathematical model was developed by
incorporating constraints such as flight distance, calculated based on charge usage
related to the maximum load capacity carried by the drone, as well as drone charging

times and package weights.

3.2. Mathematical Model
In this section, we develop a mathematical model for the parallel drone scheduling
problem, which is a subcategory of parallel resources scheduling with simultaneous

package transportation from multiple warehouses to multiple demand points.

In the study, each depot has its own UAV set, and each UAV departs from its
respective depot, flies to a reachable demand point based on its range (R), delivers a
single package, and then returns to its original depot. This process continues until all
demands are met. Packages are defined as the package set J, based on the demand
points they are associated with, and each package j must be served by one UAV from
the UAV set 1. UAVs are identified with unique index ranges assigned to each depot.
For instance, UAVs with index / from 1 to ki belong to the first depot, which has a
total of &z UAVs. For the second depot, UAVs indexed from k:+1 to k2 belong to that
depot, and the total number of UAVs there is k»—k;. Similarly, demand points
(assembly areas) are defined by the indices of the packages, so that each demand point
corresponds to a specific index range. For example, packages with index j from 1 to n;
belong to the first demand point, which has a total demand of n: packages. For the
second demand point, the packages with index j from n,+1 to n: belong to that point,
and its total demand is n-—n: packages. In this way, the demand of each point is defined

based on index intervals of the packages, which are determined by variable factors
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such as population density, making the model simpler and more understandable. The
travel time between the depot to which a UAV belongs and the point where a package
is demanded is defined by ;. This duration is calculated based on the distance between
the depot and the demand point and the UAV's speed. The objective function is to
minimize the total weighted delivery time. By assigning weights (w;) to the packages,
the aim is to prioritize the demand points. These weights are based on the severity of
the damage at each location. For instance, in a demand point heavily affected by the
earthquake, assigning higher weights to the first packages and lower weights to the
later ones allows the model to prioritize those deliveries. It is assumed that an average

duration of S is required at the depots for charging the UAVs and loading the packages.

Sets:

I: Set of drones, ={1,2,...,m}
J: Set of demand points, J={1,2,...,n}
Indices:

i: Drone index i€l

Jj: Package (demand point) index JE]

[: Other packages (for priority comparison) [ €], | #j

Parameters:

w;: Weight of package j (priority coefficient)

¢;j: One-way flight time of drone i to package j (Straight-line distance)
M: A sufficiently large positive constant

R: Maximum range of the drone (Total round-trip flight time limit)

S: Constant preparation time for battery charging and packet loading for each packet

flight
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Decision variables:

¥ = {1, if drone i delivers the packet to point j
U |0, otherwise

V. = {1, if drone i delivers the package to point j before point |
YL 10, otherwise

Aj: Delivery time of the package to point j at the end of the process (Arrival time)

D;j: Departure time of Drone i from the depot for delivery of the package to point j

(Departure time)

Min X, w; 4; ey
Subject to
4; = E(Dij +cij X Xyj) vj )
i

Dijj = M X X;; Vi, j 3)
DKy =1 vj @)

i
ZxcinXij SR VL,] (5)
Dy=Dj+2xcj+S—Mx(1-Yy) Vi, j,l #j (6)
Xij+ Xi =2 x (Y + Yiy)) Vi, j,l #j (7
Xij+ Xy <Y+V;;+1 Vi, j,l #j (8)
D;j=0 Vi, j )
4520 vj (10)
Xij €{0,1} Vi, j (11)
Y € {0,1} Vi, j,l #j (12)

The objective function (1) tries to minimize the weighted sum of the arrival times to
all demand points. Constraint (2) calculates the arrival time of each UAV to the
demand point to which it is assigned. Constraint (3) allows the departure time to take
a positive value if UAV i is delivering package j. Constraint (4) ensures that each
package is delivered by a UAV. Constraint (5) limits the total flight time of each UAV

during a package delivery. Constraints (6), (7) and (8) are sequencing constraints. If
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packages j and | are delivered by UAV i, then the time for the later delivered package
to leave the depot should be after the earlier delivered package has returned to the
depot, charged and loaded. Constraints (9)-(12) define the values that the decision

variables can take.

When considering the necessity of delivering aid in the shortest possible time during
a disaster, solution time becomes a critical performance criterion. In this study, an
example problem involving the delivery of packages from 2 depots to 12 demand
points revealed that the six-hour time constraint was exceeded. When the time limit is
strictly observed, it was found that a maximum of 11 different demand points could be
served. The results of the example problem indicate that, despite working with a
relatively small data set, the solution time remains considerably high. It is evident that,
for a more extensive delivery network, the solution time would increase significantly.
Therefore, to reduce the solution time to a reasonable level and to systematically
explore potential improvements by utilizing and alternating between neighborhood
structures with different search mechanisms, the use of metaheuristic methods such as
Variable Neighborhood Search (VNS) becomes necessary. Among these methods,
VNS is selected due to its flexible structure and good performance on scheduling and

routing problems.

3.3. Proposed General Variable Neighborhood Search (GVNS)

Before presenting the VNS structure, we first describe the solution representation used
in this study. The solution is represented in the form of a structured assignment list
indicating which drone delivers which package to which demand point and in what
sequence. Each drone is treated as a parallel resource, and each package delivery is
considered a job to be scheduled. A solution vector includes information such as the
assignment of packages to drones, the order of deliveries, and the start-return times of
each delivery task. This representation allows the application of neighborhood
structures such as swap, move, and reverse by making localized changes on the
assignment sequences while preserving feasibility with respect to drone range and

delivery constraints.
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Variable Neighborhood Search (VNS) is a metaheuristic optimization method
developed by Hansen & Mladenovic (1997) with the ability to provide fast solutions
and easy applicability to problems. The purpose of the VNS structure, which is formed
by the combination of neighborhood methods with various assignment logic, is to
reduce the risk of getting stuck in local best solution sets. Due to the high preference
of the VNS structure, derivatives such as Basic VNS, Reduced VNS, Skewed VNS
and Variable Neighborhood Descent (VND) have been developed over the years for

various purposes Hansen and Mladenovic (2001).

In this section, we describe the VNS structure we propose for our problem with
multiple depots and multiple demand points. As described in 3.3.1., after obtaining the
initial solution of our problem, we use the Weighted Shortest Processing Time (WSPT)
output as the input of our VNS with various neighborhood structures. A certain number
of iterations are performed on the input for each neighborhood, randomly searching
for improvements in the local neighborhoods. If there is an improvement in a specified
iteration, the search continues locally in the neighborhood by going back to the
beginning in the relevant neighborhood method. If no improvement is encountered in
the search process, the process moves to the next neighborhood method. This process
continues until it is tested in each neighborhood. After completion in each
neighborhood, the best result obtained in the searches is recorded. A flowchart of the

process flow is presented in Figure 1.
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Start

Generation of initial
solution by WSPT

i

Search by the Reverse
neighborhood method
(k=1)

Is there any
improvement
within the certain
iteration?

No

Search by the Intra-
Swap neighborhood
method (k= k+1)

Is there any
improvement
within the certain
iteration?

No

Search by the Inter-
Swap neighborhood
method (k= k+2)

[s there any
improvement
within the certain
iteration?

Yes
Yes
Stop
Yes
Yes
Search by the Move .IS there any
neighborhood method .lm.provement.
(k=k+3) within the certain
iteration? No

Figure 1. Process Flow of the Proposed Variable Neighborhood Search Structure
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3.3.1. Initialization with Weighted Shortest Processing Time Method

In this study, before solving with the neighborhood methods used in the VNS structure,
an initial solution is created with the Weighted Shortest Processing Time (WSPT)
method for VNS, which is one of the dispatching rules. First used and developed by
Smith (1956), the WPST method was introduced for optimal scheduling of jobs with
different priorities in some cases single-machine problems. The method, which aims
to minimize the sum of the product of p; (processing time) and wj (priority weight) of

n jobs waiting in the queue, assigns the jobs by following the order from the largest to

the smallest by making the % ratio. The method, which has been used in parallel
J

resources scheduling with the developing industry over the years, is also used to obtain
the initial solutions of heuristic methods such as VNS. The neighborhood methods that
use the initial solution as input to their functions are discussed in detail in the sections

between 3.3.2 and 3.3.5.

3.3.2. Reverse Neighborhood Method

Reverse, also known as the inversion neighborhood operator, is used to search for
improvements in the large solution space by reversing the ordering between 2 packages
randomly selected among the jobs in the assigned machine or drone according to the
problem under consideration. In the literature, under the heading of neighborhood
search-based heuristic algorithms, the most effective example for the method, which
is seen to be used especially in Traveling Salesman Problems (TSP), is the reversal of
route points in Lin (1965)'s work. The usage logic of Reverse, which has a strong local

optimization capability, is shown in Figure 2 and Figure 3 as before/after cases.

b

Figure 2. Initial State of Reverse

k3 TRV

Figure 3. Reverse Implemented Solution
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3.3.3. Swap Neighborhood Method

The Swap method, which provides fast and effective results in scheduling and route
optimization studies with small neighborhoods, was first used in the literature by Lin
(1965) for route optimization. The Swap method can be integrated with all
neighborhood structures and thanks to this feature, Inter-Swap, Intra-Swap, Adaptive
Swap and Selective Swap variations have been developed over the years. Basically,
by swapping two jobs/packages and evaluating all alternatives, this approach aims to
improve the targeted objective. In this study, two variations, Inter-Swap and Intra-
Swap, are used in a single study to improve (minimizing) the total weighted time in

the package distribution operation.

Intra-Swap

It is to randomly select two packages from the packages assigned to the same drone
and swap them to improve it. The working algorithm of Intra-Swap is implemented on

Figure 2 and the aftermath is shown in Figure 4.

b3 W W

Figure 4. Intra-Swap Implemented Solution

3 4 5 6

Inter-Swap

In some problems with complex scheduling structure, such as this problem with
multiple drones and demand centers, more than one package is assigned to a drone.
The Inter-Swap variation, which was developed for these cases, swaps the assigned
drones of 2 packets assigned to different drones and is shown in Figure 5 and Figure 6

as before and after states.

Drone 1 1 2 3 4 5 6 7

Drone 2 8 9 10 11 12 13 14

Figure 5. Initial State of Intra-Swap
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Drone 1 1 2 z 4 5 6 7
N
NS
Drone 2 8 9 10 11 3‘ 13 14
N
N

Figure 6. Intra-Swap Implemented Solution

3.3.4. Move Neighborhood Method

When we look at the first use of the Move method, which has the ability to work
integrated with all metaheuristics and to generate large neighborhoods, we see that it
was applied in Travelling Salesperson Problem (TSP) and Vehicle Routing Problem
(VRP) studies. Lin & Kernighan (1973) employed it with their flexible k-opt
algorithm, which has the capability of exploring large solution spaces by avoiding
local optima. Move, which works with the logic of taking a package from where it is
assigned and assigning it to another drone/machine, has developed many variations
with different assignment logics such as Deterministic Move, Stochastic Move, Batch

Move, Most Time-Consuming Package Move, etc. over many years.

In this study, we aim to minimize the total weighted time with the Move algorithm
developed on Max Completion Time-Based Insert. The working logic of the Move
algorithm we developed has a similar logic with Greedy Local Balancing, Critical Path
Load Transfer and Iterative Balancing Move methods, which have been studied to
make the system operational by relieving the congested point called bottleneck in
parallel machine scheduling. The algorithm works by taking the last package from the
busy drone that carries the most packages from drones that do not have an equal
number of packages to be transported, and assigning the package to the drone that has
fewer packages to be transported compared to the others. The working algorithm of
Max Completion Time-Based Insert Move is shown in Figure 7 and Figure 8 for before

and after cases.
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Drone 1 1 2 3 4

Drone 2 5 6 7 8 9 10 11

Drone 3
12

Figure 7. Initial State of Move

Drone 1 1 2 3 4 11

Drone 2 5 6 7 8 9 10

Drone 3 12 13 14 15 16 17
e

Figure 8. Move Implemented Solution

Following the generation of the initial solution via the Weighted Shortest Processing
Time (WSPT) rule, an alternative search may be initiated either by utilizing the newly
improved solution set—generated as a result of local enhancements achieved through
neighborhood methods—or, in the absence of any local improvement, by employing
the original WSPT-based initial solution. In both cases, the process proceeds with a

global search by changing the solution through a shaking mechanism.

In this study, the improved solution set obtained through the application of
neighborhood methods was first subjected to shaking, and then a series of local
searches were performed on newly generated global candidate solutions over a certain
number of iterations. During the implementation phase, the steps presented in Figure
1 were followed; subsequently, Sections 3.3.5 and 3.3.6 were incorporated at the final
stage to realize the complete VNS structure proposed in Figure 9. Additionally, in this

structure, a stopping criterion such as a maximum number of iterations or a time limit
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can be defined, depending on the computational requirements or the scale of the

problem.

3.3.5. Shaking Phase

We apply the shake method, which aims to escape from local optima and explore
global improvements, to the solution obtained by following the steps outlined in the
flowchart presented in Figure 1. Within the structure of the shake method, one of the
Reverse, Swap (Intra and Inter), or Move operators, as detailed in Sections 3.3.2, 3.3.3,
and 3.3.4, is randomly selected and applied. After the perturbation introduced by one
of these operators, a local search phase is carried out, incorporating various
neighborhood structures as described in Section 3.3.6. The Move operator, which was
previously used before the shaking phase to explore potential improvements by
exchanging packages based on a specific logic, is now used after the shaking phase to
seek improvements by randomly exchanging packages according to its working

principle.

3.3.6. Local Search

In the local search phase, after perturbing the locally optimal solution to move to a
different point globally, the search aims to explore the surroundings of the new point
to find solutions that may be better than the previously obtained local optimum,
regardless of whether the immediate outcome of the perturbation is better or worse. In
the local search phase, the methods Reverse, Intra Swap, Inter Swap, and Move are
applied in a predetermined sequence. These methods do not rely on a specific
optimization logic; instead, they randomly select and exchange packages based on
their own operational principles in search of potential improvements. Although the
Move operator was previously applied based on a specific logic during the local optima
attainment phase, it is utilized according to a random selection approach during the

local search phase.
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Figure 9. Process Flow of The Proposed Extended Variable Neighborhood Search Structure
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CHAPTER 4: POST-DISASTER INTERVENTIONS USING
DRONES: THE CASE OF ISTANBUL

In this chapter, the application of the post-disaster drone utilization problem, which is
explained in detail in Chapter 3, to the case of the Istanbul earthquake — a disaster
projected by official institutions and leading scientists in the field to occur in the near
future with a magnitude of Mw=7.5, and which has been the subject of various projects
and workshops such as the Istanbul Province Possible Earthquake Loss Estimation
Update Project (2019) — is presented. Immediately after the earthquake, during the
first 24-48 hours referred to as the critical hours, before search and rescue teams reach
the earthquake victims, the aim is to deliver all life-sustaining packages, such as basic
first aid kits, biscuits, and water, to the surviving victims from predetermined
warehouses via drones as quickly as possible. In the study, the mathematical model
presented in Chapter 3 and the VNS structure shown in Figure 9 are employed to solve
a parallel machine scheduling problem, in which packages are simultaneously
delivered from m different warehouses to » different demand points. The objective is
to minimize the total weighted completion time. All data used in the study were
obtained from reports publicly shared by official institutions of the Republic of
Turkey.

When the reports published by Kandilli Observatory (2019) are analyzed, it is expected
that the earthquake will occur at a location parallel to the southern coast of the

European Side, as presented in Figure 10.

7S & ISTANBUL Iui
OLASI DEPREM KAYIP TAHMINLERININ &
GUNCELLENMES| PROJESI
Mw 7,5 SENARYO DEPREMI

i

Mw 7,5 Senaryo Depremi w—— ——

Figure 10. Mw 7.5 Scenario Istanbul Earthquake (Source: Bogazici University

Kandilli Observatory and Earthquake Research Institute, 2019)
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In case the earthquake occurs in the area shown in Figure 10, according to the report
prepared by Kandilli Observatory (2019) presented in Figure 11 and according to the
ArcGIS-based live map data shown in Figure 12 prepared by the Istanbul Metropolitan
Municipality Earthquake and Soil Investigation Branch Directorate (2023), it is
determined that the districts expected to receive the most damage are Avcilar, Bagcilar,
Beylikdiizli, Biiylikgekmece, Esenyurt, Fatih, Gaziosmanpasa, Kiiclikcekmece and

Zeytinburnu.

- ) Ry
Figure 11. Istanbul Earthquake Relief and Evacuation Map (Source: Istanbul

Metropolitan Municipality Earthquake and Soil Investigation Branch Directorate,
2023)

WNTRATT S PRONY ISTAMEA BUY U SEIR DELEDOYES
AN L AAAD et b T TP AP B T T COPAEN Wte O TR W CTRTI, SO AR Rl
A 4 A P VA N DAGHIM I o [ . A

Figure 12. Scenario Earthquake Ground Dependent Maximum Ground Velocity

Distribution Map (Source: Bogazici University Kandilli Observatory and Earthquake
Research Institute, 2019)
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When the reports prepared by the Istanbul Metropolitan Municipality Earthquake and
Soil Investigation Branch Directorate (2020) for the districts that are expected to suffer
the most damage are examined, it is observed that buildings located in various
neighborhoods within the boundaries of Avcilar are anticipated to be severely

damaged, as illustrated in Figure 13 for the Avcilar case.

Figure 13. Estimated Number of Severely Damaged Buildings in Avcilar District for
Mw=7.5 Scenario Earthquake (Source: Istanbul Metropolitan Municipality
Earthquake and Soil Investigation Branch Directorate, 2020)

Very severely damaged building maps for the other districts expected to be most
affected by the earthquake, namely Bagcilar, Beylikdiizii, Biiylikgekmece, Esenyurt,
Fatih, Gaziosmanpasa, Kiiciikcekmece and Zeytinburnu, have also been analyzed and

are presented in Appendix B.

In the districts where a high number of casualties are expected to occur after the
earthquake, the selection of warehouse locations is another important point to deliver
aid packages to the disaster victims as soon as possible. In the study, the locations
determined and shared by the official institutions of the Republic of Tiirkiye were used

in the process of determining the warehouse locations, and real data were used. When
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the locations of the warehouses are examined, points such as public warehouses on the
sides of highways, airports or ports for maritime transportation were selected to ensure
continuous supply from the main logistics points. The warehouses identified at 9
different points in 7 districts, namely Eylipsultan, Bakirkdy, Basaksehir, Esenyurt,
Biiyiikgekmece, Catalca, Sultangazi and Kagithane, are marked on Google Earth and
are presented in Figure 14 and Figure 15 for the European side base and the overview

map of Istanbul.

igsanbul

Figure 15. Overview of The Depots (istanbul Province Map)

A total of 173 different demand points were selected from the neighborhoods of 9
districts with high risk of destruction in order to quickly deliver the first aid packages
carried by drones from the warehouses to the disaster victims. Demand points were

selected from the disaster assembly areas determined by AFAD, one of the official
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institutions of the Republic of Tiirkiye and shared with the public in open sources.
When the details of the selected disaster assembly areas are examined, it is observed
that there are various types such as parks, school gardens, sports facilities, squares,
market areas and open parking lots. The selected disaster assembly areas determined
by AFAD and shared in Appendix A with their details are visualized on Google Earth

based map and shown on the European Side based in Figure 16 and on the provincial

map of Istanbul in Figure 17.

Figure 17. Overview of The Demand Points (Istanbul Province Map)

In this study, which was carried out with the aim of meeting the needs of the surviving
disaster victims as soon as possible in the immediate aftermath of the earthquake

expected to occur on the southern coast of the European Side of Istanbul province, a
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general representation of all the storage and demand points together is presented in

Figure 18.

Figure 18. Overview of All Depots and Demand Points (European Side Based)

The range times are calculated based on the distance (in kilometers) that the drone is
expected to travel between two points. These distances are computed using the
Haversine formula. An analysis of the technical specifications of the FLAYCART 30
drone reveals that it can cover 1 kilometer in 1 minute. Furthermore, as illustrated in
Figure 21, the package weights at the demand points decrease by 1 unit for every 2
kilometers of increased distance from the predicted disaster center (earthquake

epicenter).

The FLYCART 30 model shown in Figure 19, which has dual batteries and is produced
by one of the leading drone manufacturers in the sector, was selected to be used in
package transportation operations from 9 warehouses shown in Figure 18 to 173
demand points during first aid interventions after the disaster. Considering the features
of the drone selected for the task, it has a carrying capacity of 30 kg, a flight range of
17 km at full capacity, and a cruising speed of 72 km/h. The drone can stay airborne
for a maximum of 18 minutes, which would theoretically correspond to a flight
distance of 21.6 km under ideal conditions. However, due to factors such as air
resistance and wind effects, the practical flight range is assumed to be 17 km. In
addition to its high carrying capacity, wide operational range and high cruising speed,

it plays an important role in rapid interventions after disasters thanks to its ability to
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drop packages with the hook system without landing on the ground, as shown in Figure

20 (Dji, 2024).

\o:?—r— .
—— :‘s‘—-‘“;:;:; ‘ = -rc-—.f-"r. -
Figure 19. FLYCART 30 Drone Figure 20. Package Dropping with

Drone's Hook System

The distance measurements between the warehouses, where drones perform package
drop operations, and the demand points are calculated using the Haversine distance
formula, and the results are presented in Appendix C. The data represents the distance

in kilometers (km) between two points.

When the flight ranges of drones are examined, the fact that they have a maximum
flight range of 17 km reveals the constraint that the demand center must be within a
maximum radius of 8.5 km from the warehouse in order to go from a warehouse to a
demand center. On the other hand, there is a priority matrix for the ranking of package
transportation to demand centers. For demand centers with a weighting score between
1 and 10, a score of 10 means the most urgent need/critical, while a score of 1
represents the least criticality level. In the weight scoring, as presented in Figure 21,
horizontal lines were drawn to the coast on the southern European side, where the
earthquake is expected to occur, and a weight score was assigned by decreasing one
point every 2 km to the north. For example, the closest demand centers within 2 km as
the crow flies to the coast were given 10 points, while the farthest points towards the

north were given 1 point.

31



Gataica

Easan

Figure 21. Demand Points Weighting Map

According to the classification in the picture above, Appendix D presents each demand

point with its weight

This study, which focuses on drone-based package delivery in post-earthquake
response operations anticipated to take place in Istanbul, presents the results and

experimental findings obtained from the implemented scenarios in Chapter 5.
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CHAPTER 5: COMPUTATIONAL EXPERIMENTS

In this chapter, the experimental results obtained from the application of the
mathematical model presented in Chapter 3 and the developed Variable Neighborhood
Search (VNS) algorithm to the Istanbul earthquake scenario detailed in Chapter 4 are
presented. The problem aims to minimize the total weighted delivery time. The
coordinates of the depots and demand points used in the model were retrieved from
publicly available reports issued by official institutions of the Republic of Tiirkiye,
and are provided in Chapter 4 and the Appendices. During the solution process based
on the mathematical model and the proposed VNS algorithm, it is assumed—due to
cost-related constraints—that each depot is equipped with only one drone and that each
demand point requires exactly one package. In this study, one package is assumed to
be delivered to each demand point. We can also extend this case, and define demand
for multiple packages separately at the same point. This will also allow us to give
different priorities to different packages. The flight range (R) was set to 17 km, which
corresponds to the technical flight limit of the drone. The preparation time (S),
representing the time needed to change the battery and load a new package after the
drone returns to the depot following a delivery, was determined as 5 minutes.
However, the preparation time is excluded from the calculation following the delivery
of the final package and the return to the depot. The developed VNS algorithm was
implemented in Gurobi Python and executed on a system equipped with a 2.3 GHz 8-
core Intel Core 17 processor and 16 GB of 3200 MHz DDR4 RAM.

In the comparative solution process of the mathematical model and the VNS algorithm
presented in Table 2, five different datasets were evaluated for 9, 10, and 11 distinct
demand points, based on problem data involving 2 and 3 different depots. By entering
the distance matrix between the depots and the demand points along with the package
weight data, results were observed as the number of depots increased and the number
of demand points was gradually raised to 9, 10, and 11, respectively. In the model,
which was required to provide an exact solution and was defined as 'MIP Gap = 0', it
was observed that solution times significantly increased in datasets where the
complexity rose due to packages being accessible from multiple depots. For the
datasets in which the solution times increased, the VNS algorithm was observed to
produce optimal or near-optimal results in significantly shorter times, depending on

the dataset.
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Table 2. Solutions of Computational Experiments with Small Instances

Nl:il;lob;:s‘)f Number of soglliit(.m so\llli\tli?)n Opt. VNS Pel.‘ce‘n ¢
(m) pac(l; 2;ges time time solution solution de‘(,:;t)l on
(seconds) (seconds)
2 9 1.47 0.06 1868.74 1868.74 0
2 9 1.13 0.08 1811.65 1811.65 0
2 9 1.18 0.06 2203.84 2204.45 0.03
2 9 9.35 0.18 1844.25 1844.25 0
2 9 10.10 0.07 953.75 955.19 0.15
3 9 23.90 0.07 668.08 670.38 0.34
3 9 1.22 0.05 1154.70 1154.70 0
3 9 1.06 0.33 2469.43 2469.43 0
3 9 0.47 0.45 1172.10 1172.10 0
3 9 0.25 0.08 1819.86 1819.86 0
2 10 18.34 0.04 2282.87 2286.59 0.16
2 10 4.74 0.06 2248.03 2329.51 3.62
2 10 2.10 0.18 2800.18 2801.23 0.04
2 10 148.13 0.06 2307.37 2351.63 1.92
2 10 124.18 0.06 1149.08 1155.04 0.52
3 10 204.52 0.06 791.07 791.07 0
3 10 11.79 0.07 1550.84 1588.12 2.4
3 10 0.1 0.05 2512.73 2512.73 0
3 10 2.49 0.04 1539.90 1539.90 0
3 10 0.61 0.07 237598 237598 0
2 11 1943.74 0.43 2798.88 2800.08 0.04
2 11 87.59 0.09 2761.27 2761.27 0
2 11 24.64 0.08 3395.24 3396.65 0.04
2 11 5352.32 0.06 2838.72 2838.75 0.001
2 11 2311.50 0.08 1400.12 1402.66 0.18
3 11 2616.14 0.07 974.75 982.55 0.8
3 11 28.41 0.1 1773.96 1809.14 1.99
3 11 2.24 0.41 2638.85 2638.85 0
3 11 7.79 0.06 1695.29 1625.29 0
3 11 1.22 0.08 2467.19 2467.19 0
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As the number of instances in the dataset increased, attempts to obtain the optimal
solution using the mathematical model for a case with 2 depots and 12 demand points
exceeded the six-hour solution time limit, and no optimal solution could be reached
within a reasonable time frame. In light of this limitation—which also highlights the
motivation behind the development of heuristic methods—the Variable Neighborhood
Search (VNS), a metaheuristic approach, was employed to generate near-optimal
solutions within acceptable computational times for large-scale instances. In this
study, the solution obtained by the WSPT method was used as the initial solution for
VNS. As presented in Table 3, the improvement rates achieved by VNS over the initial
WSPT results were comparatively evaluated, and the corresponding percentage

improvements were recorded.

Table 3. Solutions of Computational Experiments with Large Instances

VNS
Vironcs. | packeges | Sluton | WSPT | VNS | R
(m) () time solution solution (%)
(seconds)
2 20 0.62 9611.17 9537.63 0.77
3 20 0.7 5555.13 5259.39 5.32
5 20 0.91 4256.44 4212.14 1.04
2 30 0.49 19758.74 19746.2 0.06
3 30 1.05 11934.08 10149.21 14.95
5 30 1.33 8813.79 8765.57 0.55
2 50 0.85 47189.87 47155.33 0.07
3 50 1.28 10716.48 10653.69 0.59
5 50 2.12 20026.65 19906.58 0.6

While working on large-scale instances, the problem size was increased by creating various
combinations of depot and package numbers within the dataset. Even in scenarios where
WSPT produced strong solutions, the VNS algorithm managed to achieve small but
measurable improvements within a restricted solution space. In particular, improvement rates
such as 5.32% and 14.95% obtained in certain problem sets have provided valuable insights
into the algorithm’s stability and overall effectiveness. On the other hand, in small-scale

problem sets where the mathematical model required long computation times, the algorithm
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reached either the optimal solution or solutions with less than 1% deviation from the optimum
in 90% of the tested instances and did so in significantly shorter time—demonstrating strong
performance in terms of both solution quality and computational time. Moreover, in large-
scale instances, the improvement rates achieved over WSPT results show that VNS is an

effective solution method not only for small problems but also as the problem size increases.

Following the evaluation of the VNS algorithm’s performance on different problem
sizes, the study proceeded with the real-scale problem involving 9 depots and 173
demand points. Due to the cost of drone systems, it was initially assumed that each
depot would be equipped with only one drone. However, in order to provide aid to
disaster victims as quickly as possible during the critical hours following a disaster,
the impact of increasing the number of drones per depot to two and three, respectively,
on the delivery time of the last package was analyzed. The results of this analysis are

presented in Table 4.

Table 4. 9 Depots, 173 Demand Points, Different Values for Number of Drones
(Istanbul Case)

Numberof | V0O VNS Largest
. solution . arrival
drones in . solution .
each depot time (seconds) time
(seconds) (minutes)
1 16.35 179334.79 402.52
2 14.2 88524.99 202.29
3 12.61 58656.07 129.95

The results indicate that when each depot is equipped with only one drone, 6.7 hours
are required to deliver the last package to disaster victims. When the number of drones
per depot is increased to two, this time decreases to 3.37 hours and further drops to
2.17 hours when three drones are used. These findings suggest that increasing the
number of drones per depot has a significant impact on ensuring faster response in the

aftermath of a disaster.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

In this study, we consider the parallel drone scheduling problem, which is a
subcategory of parallel resources scheduling, for distributing packages from multiple
warehouses to multiple demand points simultaneously in post-disaster first aid
interventions, which is one of the many uses of drones, a product of developing
technology. This subcategory, which emerged as a result of developing technology,
deals with the optimization of problems for the use of drones in military and civilian
sides for various objectives. In this thesis, it is aimed to minimize the total weighted
time to deliver packages containing basic health kits and food to disaster victims as
soon as possible so that they can survive until the ground teams arrive. We first develop
a mathematical model and found the optimal solution to small size problems. Since
this parallel drone scheduling with multiple warehouses and multiple demand centers
is NP-Hard and the optimal solution could not be found in reasonable time, we have
developed a VNS algorithm, which is one of the effective metaheuristics that provides

fast results for complex problems.

We used various neighborhood structures to build the structure of the VNS algorithm,
which is fast and very close to the optimum with the results it provides. After the VNS
structure was created, we used the shaking method to abandon local neighborhood
clusters on the current problem set and then used the local search method to search for

better results at more distant points.

All data collected for the modeling and algorithms in the study were taken from open-
source reports shared by official institutions of the Republic of Tiirkiye such as
Disaster and Emergency Management Presidency (DEMP (AFAD in Turkish)),
Istanbul Metropolitan Municipality, Kandilli Observatory, various district
municipalities and municipal earthquake research units affiliated to Istanbul

Metropolitan Municipality.

In our study, small and large problem sets were addressed by using various

combinations of increasing numbers of depots and packages. In small problem sets,
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the results of the VNS algorithm were analyzed by comparing them with the optimal
solutions. The proposed model is primarily intended to evaluate disaster scenarios and
support preparedness planning using current data. After a real disaster occurs, the same
model can be re-applied using actual field data to enhance operational efficiency. As
the problem size increased, optimal solutions could not be obtained within a reasonable
time frame, and therefore, the metaheuristic method VNS was applied. Despite strict
range constraints and the use of the strong WSPT initial solution, the VNS algorithm
demonstrated stable performance—producing either the optimal result or a solution
with less than 1% deviation from the optimum in 90% of the small problems.
Moreover, as the scope of the problem expanded, it continued to achieve meaningful

improvements.

Following the small and large problem sets, a sensitivity analysis was conducted on
the real-scale problem instance involving 9 depots and 173 demand points (Istanbul
case). The results of our experiments revealed that increasing the number of drones at
each depot had a significant impact on the delivery time of the last package. It was
concluded that the number of drones assigned to each depot is a critical parameter for
ensuring rapid response to disaster victims during the early hours following a disaster,
which are often referred to as the critical hours. In this study, the drone model used
(DJI Flycart 30) is limited to carrying only one package at a time, with a maximum
payload capacity of 30 kg. As a result, it is restricted to visiting a single demand point
per trip. Additionally, the drone has a maximum flight range of 17 km and an airtime
of up to 17 minutes, which imposes strict operational constraints on feasible delivery

routes.

For future studies, by using the mathematical model and VNS algorithm developed in
this study-or with the structure that can be developed with different neighborhood
methods, studies can be carried out for Erzincan, Bingdl and Izmir North Gediz
earthquakes, which are expected to occur larger than magnitude 7 in the near future,
such as the Istanbul earthquake. As another further research area, uncertainty in the
number of people at the assembly areas can be considered. In addition, as detailed in

the previous sections, drones can be used in many different areas on the military and
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civilian side, and in future studies for various purposes can be carried out by
considering fleets in which drones with different characteristics are used
heterogeneously together. By doing so, the limitations encountered in this study can
be addressed, and the scheduling structure can be extended to allow a single drone to
deliver multiple packages of different types to more than one demand point in a single
trip. For example, after the earthquakes predicted to occur in the eastern provinces of
Turkey during the winter season, in addition to the fight against the disaster, there will
also be a fight against the cold in provinces with an average temperature of -30 degrees
in winter. In this case, in multi-purpose operations such as maximum customer
satisfaction and minimum total completion time, large drones with high carrying
capacity and long flight time will be needed to carry heavy heating products such as
quilts for warmth, while smaller drones will be needed to carry basic first aid kits, and

different drones may be used to meet the demands at the same time.
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APPENDICES

Appendix A - The Disaster Assembly Areas (Demand Points) Respectively — Turkish

Demand
Point Code District Names of The Demand Points
DP-1 AVCILAR Inonii Tlkokul Bahgesi
DP -2 AVCILAR Avcilar Belediyesi Terminal Arkasi
DP-3 AVCILAR Denizkoskler Spor Sahasi Parki
DP -4 AVCILAR Firiizkoy Kadm Yasam Merkezi ve Firuzkdy Cocuk Evi
DP-5 AVCILAR Adnan Menderes Parki
DP-6 AVCILAR Merkez Mahellesi Ispark Alanm
DP-7 AVCILAR Vali Ridvan Yenisen Ilkokulu Bahgesi
DP -8 AVCILAR Tahtakale Kent Parki
DP-9 AVCILAR Sehit Kom. Onb. Hakan Kuyucu Parki
DP- 10 BAGCILAR Matbaacilar Parki
DP-11 BAGCILAR Fatih Sultan Mehmet Parki
DP- 12 BAGCILAR Plevne Cami Parki
DP- 13 BAGCILAR 211 Sokak Park Alant
DP- 14 BAGCILAR Ummii Mihcen Kiz Anadolu Imam Hatip Lisesi Bahgesi
DP- 15 BAGCILAR Hazim Ersu Ilkokul Bahgesi
DP- 16 BAGCILAR Ceviz Bahgesi
DP-17 BAGCILAR Maresal Fevzi Cakmak Parki
DP - 18 BAGCILAR Seyh Samil Park1
DP-19 BAGCILAR Mehmet Niyazi Altug Anadolu Lisesi Bahgesi
DP - 20 BAGCILAR Giineslitepe ilkokulu Bahgesi
DP -21 BAGCILAR Gaziosmanpasa Parki
DP - 22 BAGCILAR Molla Giirani Park1
DP - 23 BAGCILAR 264 Sokak Park1
DP - 24 BAGCILAR 1.T.0O Ozel Egitim Uygulama Okulu I. Kademe Bahgesi
DP - 25 BAGCILAR Kirazli Metro Istasyonu Alani
DP - 26 BAGCILAR Aliya Izzet Bogovig Anadolu Lisesi Bahgesi
DP - 27 BAGCILAR Aile Parki
DP - 28 BAGCILAR 897 Sokak Yesil Alani
DP - 29 BAGCILAR Bagcilar Ciftlik Meydam
DP - 30 BAGCILAR Bagcilar Cemil Meri¢ Ortaokulu Bahgesi
DP-31 BAGCILAR Bagcilar Anadolu Lisesi Bahgesi
DP - 32 BEYLIKDUZU Krvircik Ali Parki
DP-33 BEYLIKDUZU Sezen Aksu Park1
DP - 34 BEYLIKDUZU Cumbhuriyet Parki
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DP - 35 BEYLIKDUZU Mithat Pasa Agaclandirma Alani

DP - 36 BEYLIKDUZU Cizgi Sokak Park1

DP - 37 BEYLIKDUZU Mustafa Kemal Caddesi Park1

DP - 38 BEYLIKDUZU Hiirriyet Parki Karsis1 Refiij Alani

DP - 39 BEYLIKDUZU Miinir Ozkul Park1

DP - 40 BEYLIKDUZU Sehit Piyade Asb Bilal Ozcan Parki

DP - 41 BUYUKCEKMECE | Canakkale Sehitleri Anafartalar Parki

DP - 42 BUYUKCEKMECE | Pembe Panter Parki

DP - 43 BUYUKCEKMECE | Ahmet Yesevi Cad. Yesil Alan

DP - 44 BUYUKCEKMECE | Lodos Sokak Parki

DP - 45 BUYUKCEKMECE | Ali Efendi Sk. Parki

DP - 46 BUYUKCEKMECE | ifakat Geng Parki

DP - 47 BUYUKCEKMECE | Biiyiikgekmece Gélii Dogal Yasam Parki

DP - 48 BUYUKCEKMECE | Mehtap Sokak 1 Parki

DP - 49 BUYUKCEKMECE | Esin 1 Sokak Parki

DP - 50 BUYUKCEKMECE | Ziilfii Livaneli Kiiltiir ve Sanat Merkezi Bahcesi

DP-51 BUYUKCEKMECE | Riiya Caddesi Parki

DP-52 ESENYURT Alkop Camii Avlusu

DP - 53 ESENYURT Oba Evleri Park1

DP - 54 ESENYURT Sehitler flkogretim Okulu Bahgesi

DP - 55 ESENYURT Ardiclhi Mahellesi Otoban Yani Yesillik Alan

DP - 56 ESENYURT Atatlirk Yiriiylis Parki

DP - 57 ESENYURT Necmettin Erbakan Parki

DP - 58 ESENYURT Osmanli Parki

DP - 59 ESENYURT Ahmet Temel Park1

DP - 60 ESENYURT Borusam Asim Kocabiyik Anadolu Teknik Lisesi Bahgesi

DP-61 ESENYURT Kadir Topbas Parki

DP - 62 ESENYURT Koru Park

DP - 63 ESENYURT Thlamur Parki

DP - 64 ESENYURT Esenyurt Atatiirk Ortaokulu Bahgesi

DP - 65 ESENYURT Mustafa Yesil Ortaokulu Bahgesi

DP - 66 ESENYURT Abdullah Giil Parki

DP - 67 ESENYURT Niliifer Parki

DP - 68 ESENYURT Fidan Sokak Kres Parki

DP - 69 ESENYURT Fevzi Danis {lkdgretim Okulu Karsis1 Otoban Yani Yesil
Alan

DP-170 ESENYURT ISK1 Parki

DP-71 ESENYURT Akbat1 Kargis1 Otoban Yani1 Yesillik Alani

DP-72 ESENYURT Sehitler Parki
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DP-73 ESENYURT Sebahattin Bagkan Parki

DP - 74 ESENYURT Yunus Balta Parki

DP-75 ESENYURT Toplum Sagligi Merkez Bahgesi

DP - 76 ESENYURT Mesire Alan1 Parki

DP - 77 ESENYURT Esenyurt {Ikdgretim Okulu Bahgesi

DP - 78 ESENYURT Imam Hasan Camii Avlusu

DP-79 ESENYURT 15 Temmuz Sehitler Anadolu Lisesi Bahgesi

DP - 80 ESENYURT Haci1 Kamer Torun Camii Bahgesi ve Yani Yesil Alant

DP - 81 ESENYURT Ardig Parki

DP - 82 ESENYURT Cumhuriyet Meydani

DP - 83 ESENYURT Tevfik Bey Ortaokulu Bahgesi

DP - 84 ESENYURT Lale Park1

DP - 85 ESENYURT Yenikent Kiiltiir Merkezi

DP - 86 ESENYURT Spor Park1

DP - 87 ESENYURT Incirtepe Park1

DP - 88 ESENYURT Yeni Belediye Onii Meydani

DP - 89 FATIH Marmaray Yenikap1 Istasyonu

DP - 90 FATIH Bali Pasa Camii Avlusu

DP . 01 Al Cagaloglu Geleneksel Tiirk Sanatlar1 Mesleki ve Teknik
Anadolu Lisesi Bahgesi

DP-92 FATIH Fatih Camii Avlusu

DP-93 FATIH Yavuz Selim Cocuk Parki1

DP - 94 FATIH Molla Aski Parki

DP-95 FATIH Beyazit Meydant

DP - 96 FATIH Mesnevihane Camii Avlusu

DP - 97 FATIH Binbirdirek Parki

DP - 98 FATIH Mehmet Akif Ersoy Parki

DP - 99 FATIH Davutpasa Anadolu Lisesi Bahgesi

DP - 100 FATIH Bostan Hamami Sk. Cevahir Otoparki

DP - 101 FATIH Ozel Sultan Fatih Koleji Bahgesi

DP - 102 FATIH Istanbul Manifacturacilar Carsis1 Parki

DP - 103 FATIH Dr. Metin Alatli Parki

DP - 104 FATIH Atikali Tlkokulu Bahgesi

DP - 105 FATIH Arkeoloji Parki

DP - 106 FATIH Sehzade Camii Bahgesi

DP - 107 FATIH IBB Fatih Spor Kompleksi

DP - 108 FATIH IBB Ana Hizmet Binas1 Yan1 Otopark ve Park

DP - 109 FATIH Fatih Belediyesi Marmara Semt Konag1 Avlusu

DP-110 FATIH Kadirga Mesleki ve Teknik Anadolu Lisesi Bahgesi
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DP- 111 FATIH Atik Tbrahim Pasa Camii Avlusu

DP- 112 FATIH Cemberlitas Meydan1

DP-113 FATIH Fatih Atatiirk Imam Hatip Ortaokulu Bahgesi
DP-114 FATIH Emindnii Nisanc1 Mehmetpasa Camii Avlusu
DP-115 FATIH Yenicamii Meydan Park1

DP- 116 FATIH Tevfik Kut Ortaokulu Bahgesi

DP- 117 FATIH Kadirga Parki

DP - 118 FATIH Koca Mustafapasa Meydani

DP-119 FATIH Fatih Rehberlik ve Arastirma Merkezi

DP - 120 FATIH Sultanahmet Meydam

DP - 121 FATIH Fevziye Kiigiikefendi Camii Avlusu

DP - 122 FATIH Istanbul Erkek Lisesi Bahgesi

DP - 123 FATIH Ozel Topkap1 Doga Ilkokulu Bahgesi

DP - 124 FATIH Yedikule Ekipler Parki

DP - 125 FATIH Mehmet Emin Tokadi Tiirbe Cevresi

DP - 126 GAZIOSMANPASA | Fahreddin Pasa Parki

DP - 127 GAZIOSMANPASA | Mustafa Yesil Imam Ortaokulu Bahgesi

DP - 128 GAZIOSMANPASA | Sehit Gokhan Topgu Anadolu Lisesi Bahgesi
DP - 129 GAZIOSMANPASA | Hiirriyet Parki

DP - 130 GAZIOSMANPASA | Evliya Celebi Imam Hatip Ortaokulu Bahgesi
DP - 131 GAZIOSMANPASA | Yildiz Camii Bahgesi

DP - 132 GAZIOSMANPASA | Dértyol Camii Otoparki

DP - 133 GAZIOSMANPASA | 805 Sokak Park1

DP - 134 GAZIOSMANPASA | Cumhuriyet Meydani

DP - 135 GAZIOSMANPASA | Muhsin Yazcioglu Parki

DP - 136 GAZIOSMANPASA | Sehit Tamer Vardar Park1

DP - 137 GAZIOSMANPASA | Bekir Sami Dedeoglu flkokulu Bahgesi

DP - 138 GAZIOSMANPASA | Sehit Hiiseyin Kiiltufan Parki

DP - 139 GAZIOSMANPASA | Karlitepe Ortaokulu Bahgesi

DP - 140 GAZIOSMANPASA | Sehit Er Engin Danyildiz Parki

DP - 141 KUCUKCEKMECE | 5. Cadde No: 4

DP - 142 KUCUKCEKMECE | Ikitelli Spor Kuliibii Futbol Sahas:

DP - 143 KUCUKCEKMECE | Dostluk Parki

DP - 144 KUCUKCEKMECE | Dr. Oktay Duran Mesleki ve Teknik Anadolu Lisesi Bahgesi
DP - 145 KUCUKCEKMECE | Yesilyuva Ortaokulu Bahgesi

DP - 146 KUCUKCEKMECE | Seyir Parki

DP - 147 KUCUKCEKMECE | Maresal Fevzi Cakmak Ilkokulu ve Ortaokulu Bahgesi
DP - 148 KUCUKCEKMECE | Sehit Mahmut Ergiil Parki

DP - 149 KUCUKCEKMECE | Sultan Resat Ortaokulu Bahgesi
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DP - 150 KUCUKCEKMECE | Inénii Parki

DP - 151 KUCUKCEKMECE | Kiigiikgekmece Anadolu imam Hatip Lisesi Bahgesi
DP - 152 KUCUKCEKMECE | Mehmet Akif inan imam Hatip Ortaokulu Bahgesi
DP - 153 KUCUKCEKMECE | Nikah Saray1 Alt1 Parki

DP - 154 KUCUKCEKMECE | Kartaltepe Ortaokulu ve Anasifi Bahgesi

DP - 155 KUCUKCEKMECE | Mustafa Kemal Pasa {lkokulu Bahgesi

DP - 156 KUCUKCEKMECE | Tahsin Banguoglu flkokulu Bahgesi

DP - 157 KUCUKCEKMECE | Kiigiikgekmece Mesleki Egitim Merkezi Bahgesi
DP - 158 KUCUKCEKMECE | 11173 Parsel Hali Saha

DP - 159 KUCUKCEKMECE | 12939 Parsel Park

DP - 160 KUCUKCEKMECE | Sultan Murat Ortaokulu Bahgesi

DP - 161 KUCUKCEKMECE | Sehit Binbas1 Bedir Karabiyik flkokulu Bahgesi
DP - 162 KUCUKCEKMECE | Sehit Piyade Er Vedat Kutluca Parki

DP - 163 KUCUKCEKMECE | Tepeiistii Meydan

DP - 164 KUCUKCEKMECE | Behiye Selim Pars Ortaokulu Bahgesi

DP - 165 ZEYTINBURNU Zeytinburnu Millet Bahgesi

DP - 166 ZEYTINBURNU Ziibeyda Hanim Parki

DP - 167 ZEYTINBURNU Topkapi Kiiltiir Parki

DP - 168 ZEYTINBURNU Panorama 1453 parki

DP - 169 ZEYTINBURNU Yenidogan Meydani

DP - 170 ZEYTINBURNU | Atatiirk Parki

DP- 171 ZEYTINBURNU Hasan Dogan Spor Tesisleri

DP - 172 ZEYTINBURNU Okullar Bolgesi

DP-173 ZEYTINBURNU Zeytinburnu Stad1
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Appendix B - Estimated Number of Severely Damaged Buildings for Mw=7.5 Scenario
Earthquake
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Appendix C - Distances Between Depots and Demand Points

DPs/Depots Depot Depot Depot Depot Depot Depot Depot Depot Depot

1 2 3 4 5 6 7 8 9
DP1 19.31 9.07 13.23 8.44 16.45 1990  26.39 9.25 24.98
DP 2 19.21 8.93 13.22 8.49 16.63  20.09  26.56 9.37 24.93
DP3 17.00 6.60 11.78 9.40 1794 2205 2875 11.70  22.99
DP 4 18.70  10.80  10.26 3.42 12.11 1729 2480 10.87 22.86
DPS 18.70  10.80  10.26 3.42 12.11 1729 2480 10.87 22.86
DP 6 18.10 8.14 11.91 7.92 16.29 2030 27.06 1036  23.67
DP 7 18.65 9.55 11.31 5.74 14.13 1849 2556 9.95 23.59
DP 8 1726 11.93 7.52 3.47 11.23 1812 26.23 14.60  20.10
DP9 18.55 9.19 11.50 6.34 1470 1893  25.90 9.95 23.66
DP 10 9.07 9.37 1.22 11.94 19.19 2659 3475 21.69 11.89
DP 11 9.24 6.43 3.53 1129 1940 26.18 34.08 19.75 13.89
DP 12 9.16 6.12 3.84 11.41 19.59 2631 34.18 19.71 13.99
DP 13 7.40 5.89 4.86 1326 2143  28.15 3599 2120 12.87
DP 14 5.42 7.73 5.27 15.06 2290 2993 3789 2344 10.64
DP 15 6.09 5.71 6.45 1492  23.18 29.80 37.56 2235 1247
DP 16 7.42 8.33 3.03 13.21 20.80 28.01 36.08 2230 11.27
DP 17 6.15 8.33 4.25 1442 2206 2924 37.28 2324 10.49
DP 18 8.48 9.26 1.80 12.48 1978 27.16 3531 2210 11.44
DP 19 8.42 6.83 3.37 12.06  20.04 2695 3489 20.66 13.00
DP 20 5.52 7.11 5.60 15.01 2299 2990 37.81 23.11 11.18
DP 21 8.30 5.99 4.22 1230 2046 27.19 35.05 2044 13.40
DP 22 6.76 6.36 4.96 13.83 2191 2872 36.59 21.87 1223
DP 23 7.04 6.19 4.86 13.57 21.68 2846 3632 2159 1249
DP 24 6.93 8.35 3.48 13.68 2128 2849 36,55 22.68 1093
DP 25 7.21 6.74 4.22 13.29 2128 28.18 36.10 21.64 1222
DP 26 9.54 8.34 1.62 11.09 18.69 2587 3395 2051 13.02
DP 27 6.11 5.12 7.61 15.61 2401 3044 38.09 2247 13.08
DP 28 6.17 7.46 4.64 1431 22.16 29.18 37.14 22776 11.16
DP 29 6.88 8.15 3.61 13.69 2135 2852 3656 22.60 11.04
DP 30 7.81 7.88 2.93 12.74 2044 27.57 35.60 21.72 11.86
DP 31 6.00 6.09 6.07 1481 2299 29.70 3751 2246 12.13

DP 32 19.04 1143 1031 2.69 11.40 1675 2436 1098 2297
DP 33 2416 1495 16.06 6.49 11.58  13.71  20.19 5.29 28.66
DP 34 2434 1522 16.13 6.38 1126 1337 19.91 5.36 28.75
DP 35 27.41 17.27  20.11 10.97 1483 1450 19.30 1.03 32.52
DP 36 27.83 17.89  20.23 10.69 1399 13.46 18.34 1.11 32.74
DP 37 24.08 14.17 16.76 8.28 1392 1554 2146 4.40 29.14
DP 38 2224 1271 14.70 6.55 13.21 1599 2249 6.39 27.13
DP 39 24.73 14.44 1792 9.90 1545 1652  21.93 3.85 30.13
DP 40 21.64 11.84 1451 7.18 1422 17.06  23.48 6.82 26.78
DP 41 28.07 1941 19.18 8.38 9.14 9.21 15.68 5.98 31.85
DP 42 2747  18.64  18.75 8.10 9.74 10.12 1647 5.32 31.43
DP 43 27.53 18.77 18.74 8.03 9.46 9.88 16.32 5.59 31.42
DP 44 43.10 3476 3357 22.69 17.01 8.50 0.73 18.05  45.95
DP 45 33.34 2420 2459 13.76  12.27 7.76 11.40 7.22 37.26
DP 46 3453 2520 2590 15.11 13.59 8.45 10.92 7.69 38.57
DP 47 3129 2283 22112 11.16 9.05 6.19 12.27 7.99 34.73
DP 48 31.81 2322 22,69 11.75 9.65 6.24 11.88 7.89 35.31
DP 49 28.60 1994  19.69 8.86 9.19 8.80 15.16 6.08 32.36
DP 50 3329 2393 24.73 14.02  13.09 8.79 12.05 6.52 37.41
DP 51 37.82  29.00 28.68 17.72  13.92 6.44 6.57 12.00 41.27
DP 52 24.83 18.64 14.86 4.80 4.10 10.67 1898 1240  27.05
DP 53 21.14  12.74  12.68 3.60 11.03 1524 2251 8.64 25.31
DP 54 19.53 1132 11.18 3.53 1190 16.68  24.07 9.96 23.78
DP 55 20.04 1298  10.81 1.05 9.76 1545 2327 1121 2347
DP 56 2194 1555 1219 1.71 7.13 13.41 2152 11.89  24.66
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DP 57
DP 58
DP 59
DP 60
DP 61
DP 62
DP 63
DP 64
DP 65
DP 66
DP 67
DP 68
DP 69
DP 70
DP 71
DP 72
DP 73
DP 74
DP 75
DP 76
DP 77
DP 78
DP 79
DP 80
DP 81
DP 82
DP 83
DP 84
DP 85
DP 86
DP 87
DP 88
DP 89
DP 90
DP 91
DP 92
DP 93
DP 94
DP 95
DP 96
DP 97
DP 98
DP 99
DP 100
DP 101
DP 102
DP 103
DP 104
DP 105
DP 106
DP 107
DP 108
DP 109
DP 110
DP 111
DP 112
DP 113
DP 114
DP 115
DP 116

23.83
21.43
19.52
24.56
22.59
21.87
23.45
20.86
21.05
24.33
21.85
23.67
20.18
19.81
22.41
21.71
19.48
23.28
22.79
24.56
25.41
22.19
23.33
22.64
20.72
2091
20.18
22.00
21.08
22.32
19.49
20.20
3.22
1.64
4.43
2.02
1.03
1.45
3.60
1.70
4.45
4.53
2.58
2.57
1.26
2.70
2.39
1.23
2.57
2.81
0.36
2.46
3.04
4.35
3.63
4.20
2.79
3.68
3.80
3.82

15.99
13.93
12.63
15.96
14.85
14.43
14.85
14.68
13.35
16.01
13.08
15.61
12.54
10.80
15.73
13.23
10.51
14.62
14.84
18.71
19.18
14.39
15.04
15.19
13.85
13.35
11.14
13.56
13.75
14.27
11.55
11.95
11.71
11.70
13.73
12.16
11.79
12.55
12.96
12.58
13.62
13.77
10.69
13.06
12.15
12.68
11.24
11.52
12.24
12.45
11.16
12.14
10.10
13.23
13.40
13.45
12.72
12.55
13.79
12.73

14.67
12.30
10.25
15.88
13.48
12.64
14.88
11.10
12.08
15.46
13.61
14.68
11.30
12.12
12.75
13.23
11.81
14.77
13.80
14.51
15.43
13.16
14.53
13.36
11.30
11.87
12.46
13.46
11.87
13.45
10.93
11.77
13.12
11.85
14.68
12.28
11.30
11.22
13.82
11.85
14.68
14.78
12.08
12.81
11.47
12.97
12.25
11.45
12.78
13.03
10.60
12.66
12.02
14.52
13.90
14.44
13.05
13.79
14.06
13.96

3.83
1.80
1.22
5.48
2.79
1.90
4.79
1.08
2.10
4.86
4.55
4.01
2.11
5.15
1.97
3.85
5.14
4.82
3.24
4.89
5.35
2.66
4.14
2.47
0.46
1.82
5.17
3.85
1.37
3.17
3.00
3.37
22.77
21.87
24.62
22.35
21.49
21.66
23.74
22.17
24.58
24.71
21.65
23.04
21.74
23.03
21.99
21.51
22.74
23.00
20.75
22.62
21.35
2432
23.95
24.35
23.11
23.56
24.20
23.75
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8.07
9.16
10.05
9.65
8.69
8.69
10.14
8.00
9.80
9.00
11.41
8.69
10.44
13.17
7.04
10.83
13.30
10.38
8.99
3.96
3.63
9.10
9.43
8.10
8.88
9.70
13.02
10.57
9.18
9.51
11.49
11.43
30.83
29.73
32.55
30.19
29.24
29.23
31.67
29.84
32.53
32.64
29.73
30.77
29.44
30.87
30.00
29.34
30.64
30.90
28.52
30.52
29.52
32.33
31.81
32.29
30.96
31.57
32.01
31.75

12.00
14.21
15.93
12.21
13.18
13.73
13.25
14.50
14.73
12.02
15.01
12.37
15.59
17.27
12.94
14.77
17.53
13.50
13.15
11.10
10.11
13.63
12.96
12.94
14.70
14.78
16.97
14.45
14.49
13.71
16.50
16.03
37.66
36.76
39.51
37.24
36.36
36.50
38.63
37.03
39.47
39.60
36.53
37.92
36.60
37.92
36.88
36.40
37.63
37.89
35.62
37.51
36.22
39.22
38.84
39.24
38.00
38.45
39.09
38.64

19.53
21.90
23.79
19.16
20.76
21.45
20.28
22.62
22.33
19.21
22.04
19.76
23.20
2431
20.99
21.98
24.61
20.50
20.62
19.47
18.44
21.19
20.21
20.67
22.60
22.44
23.96
21.65
22.24
21.13
24.00
23.39
45.44
44.66
47.35
45.14
4431
44.52
46.47
45.00
47.30
47.43
4431
45.86
44.57
45.81
44.70
4431
45.50
45.76
43.56
45.38
43.95
47.02
46.72
47.08
45.89
46.26
46.99
46.44

8.51
9.94
11.70
6.48
9.08
9.91
6.95
12.45
9.78
7.23
7.62
8.03
10.29
8.98
11.26
8.17
9.30
6.92
8.58
13.14
12.41
9.10
7.66
9.64
11.28
10.06
8.63
8.04
10.39
8.57
10.31
9.46
29.77
29.43
31.79
29.92
29.32
29.83
30.97
30.10
31.70
31.85
28.69
30.77
29.64
30.52
29.18
29.16
30.12
30.36
28.60
30.01
28.17
31.34
31.34
31.51
30.58
30.62
31.69
30.80

27.32
24.96
2291
28.55
26.14
25.30
27.54
23.59
24.75
28.13
26.21
27.35
23.97
24.54
25.26
25.87
24.22
27.42
26.47
26.58
27.59
25.83
27.20
26.00
23.93
24.55
2491
26.11
24.53
26.12
23.56
24.39
10.29
8.79
9.89
8.70
8.11
7.06
9.64
7.66
10.04
9.99
10.28
8.16
7.82
8.87
9.81
8.61
9.19
9.24
8.27
9.17
10.91
10.32
9.20
9.90
8.93
10.13
8.91
10.13




DP 117
DP 118
DP 119
DP 120
DP 121
DP 122
DP 123
DP 124
DP 125
DP 126
DP 127
DP 128
DP 129
DP 130
DP 131
DP 132
DP 133
DP 134
DP 135
DP 136
DP 137
DP 138
DP 139
DP 140
DP 141
DP 142
DP 143
DP 144
DP 145
DP 146
DP 147
DP 148
DP 149
DP 150
DP 151
DP 152
DP 153
DP 154
DP 155
DP 156
DP 157
DP 158
DP 159
DP 160
DP 161
DP 162
DP 163
DP 164
DP 165
DP 166
DP 167
DP 168
DP 169
DP 170
DP 171
DP 172
DP 173

4.28
2.70
3.26
4.65
3.14
4.21
0.99
3.86
2.62
4.44
6.34
5.05
5.09
7.10
6.83
3.46
5.42
3.51
3.51
3.27
345
5.95
3.84
3.89
12.27
11.81
11.81
11.71
13.37
13.22
11.87
11.96
10.83
10.90
13.24
13.09
10.58
10.66
11.66
10.88
12.30
12.20
11.63
12.31
10.82
13.61
13.25
13.05
4.12
4.80
1.06
1.30
5.18
1.47
4.75
4.61
4.08

13.17
10.14
12.79
13.75
9.43
13.76
10.69
9.10
12.84
12.99
13.15
13.43
12.55
13.25
14.13
13.26
13.72
12.30
12.30
13.57
12.49
13.42
13.34
13.59
8.88
9.48
9.48
2.64
3.87
4.76
4.28
3.06
6.71
5.26
6.76
5.00
3.07
3.67
3.44
9.26
7.87
4.12
4.21
3.71
4.28
7.56
4.23
3.85
7.84
7.77
10.11
9.95
7.40
10.35
6.83
7.19
8.24

14.45
11.77
13.49
14.88
11.53
14.47
10.78
11.88
12.89
8.16
6.63
8.11
7.08
6.09
7.39
9.45
8.13
8.25
8.25
10.14
8.50
7.28
9.15
9.46
2.94
1.98
1.98
8.06
8.69
7.61
6.69
7.89
3.65
5.10
5.79
7.23
7.01
6.49
7.29
1.17
3.80
7.12
6.56
7.61
5.98
5.54
8.17
8.29
10.78
11.46
10.04
10.16
11.45
8.80
10.15
10.52
11.22

24.25
21.20
23.45
24.77
20.72
24.49
20.71
20.79
23.03
19.09
17.57
19.07
18.03
16.97
18.27
20.31
19.10
19.10
19.10
20.98
19.35
18.24
20.06
20.36
8.32
9.03
9.03
11.29
10.03
9.10
9.94
10.86
9.71
10.06
7.67
8.91
11.56
11.10
10.66
9.98
8.18
9.91
10.12
10.21
10.61
7.07
9.62
9.99
19.46
19.85
19.95
19.98
19.65
19.07
18.52
18.95
19.95

32.25
29.33
31.36
32.73
28.94
32.37
28.61
29.10
30.83
25.96
24.08
25.78
24.84
23.34
24.56
27.36
25.71
26.20
26.20
28.06
26.44
24.78
27.02
27.31
16.04
16.41
16.41
20.09
18.86
17.91
18.67
19.66
17.91
18.57
16.27
17.70
20.27
19.77
19.42
17.34
16.29
18.68
18.83
19.01
19.24
15.58
18.45
18.82
27.81
28.28
27.85
27.92
28.12
26.75
26.92
27.35
28.29

39.14
36.08
38.34
39.66
35.59
39.38
35.60
35.63
3791
33.64
31.90
33.53
32.54
31.21
32.48
34.95
33.51
33.75
33.75
35.64
34.01
32.60
34.66
34.96
23.10
23.69
23.69
25.65
24.13
23.49
24.55
25.23
24.60
24.89
22.46
23.40
26.17
25.78
25.16
24.65
23.06
24.42
24.75
24.62
25.35
21.93
23.86
24.21
34.28
34.64
34.84
34.87
34.40
33.93
33.32
33.76
34.77

46.94
43.83
46.19
47.48
43.29
47.24
43.49
43.27
45.83
41.86
40.19
41.79
40.78
39.52
40.80
43.14
41.78
41.92
41.92
43.81
42.18
40.89
42.86
43.16
31.17
31.84
31.84
32.97
31.35
30.89
32.06
32.57
32.49
32.61
30.18
30.86
33.65
33.32
32.59
32.79
31.02
31.88
32.28
32.00
32.95
29.73
31.17
31.50
41.91
42.19
42.73
42.74
41.92
41.92
40.91
41.35
42.39

31.27
28.15
30.75
31.85
27.49
31.77
28.31
27.26
30.63
28.50
27.49
28.66
27.59
27.08
28.35
29.41
28.79
28.21
28.21
29.96
28.46
28.07
29.28
29.58
18.13
19.13
19.13
16.83
15.12
15.22
16.58
16.53
18.34
17.74
15.71
15.37
17.87
17.77
16.78
19.92
17.39
16.24
16.82
16.14
17.65
15.67
15.19
15.42
25.94
25.99
27.61
27.53
25.64
27.28
2491
25.31
26.38

10.28
10.60
9.42
10.18
11.17
9.55
8.99
11.89
8.56
5.23
6.07
4.93
5.97
6.60
5.30
4.97
4.75
5.85
5.85
4.86
5.66
5.45
4.83
4.60
15.55
14.66
14.66
17.92
19.34
18.76
17.44
18.03
15.21
16.01
17.83
18.49
16.65
16.48
17.56
13.77
16.16
17.86
17.21
18.15
16.37
17.85
19.03
18.95
12.18
12.88
9.09
9.35
13.25
8.10
12.67
12.61
12.16
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Appendix D - Weight Table of Demand Points

Dem.and Weight Dem.and Weight Dem.and Weight Dem.and Weight
Point W) Point W) Point W) Point W)
(DP) (DP) (DP) (DP)

DP 1 9 DP 56 5 DP 111 7 DP 166 9
DP2 9 DP 57 6 DP 112 8 DP 167 7
DP 3 9 DP 58 6 DP 113 7 DP 168 7
DP 4 7 DP 59 6 DP 114 8 DP 169 9
DP 5 9 DP 60 7 DP 115 7 DP 170 6
DP 6 9 DP 61 6 DP 116 8 DP 171 8
DP7 8 DP 62 6 DP 117 8 DP 172 8
DP 8 5 DP 63 7 DP 118 8 DP 173 8
DP9 8 DP 64 5 DP 119 7
DP 10 5 DP 65 6 DP 120 8
DP 11 6 DP 66 7 DP 121 8
DP 12 6 DP 67 7 DP 122 7
DP 13 7 DP 68 6 DP 123 7
DP 14 6 DP 69 6 DP 124 8
DP 15 7 DP 70 8 DP 125 7
DP 16 5 DP 71 5 DP 126 4
DP 17 6 DP 72 7 DP 127 4
DP 18 5 DP 73 8 DP 128 4
DP 19 6 DP 74 7 DP 129 4
DP 20 6 DP 75 6 DP 130 3
DP 21 6 DP 76 4 DP 131 3
DP 22 7 DP 77 4 DP 132 5
DP 23 7 DP 78 6 DP 133 4
DP 24 5 DP 79 7 DP 134 5
DP 25 6 DP 80 6 DP 135 3
DP 26 5 DP 81 5 DP 136 5
DP 27 8 DP 82 6 DP 137 S
DP 28 6 DP 83 8 DP 138 4
DP 29 6 DP 84 7 DP 139 4
DP 30 6 DP 85 6 DP 140 4
DP 31 7 DP 86 6 DP 141 5
DP 32 6 DP 87 7 DP 142 5
DP 33 8 DP 88 7 DP 143 5
DP 34 8 DP 89 8 DP 144 8
DP 35 10 DP 90 7 DP 145 8
DP 36 9 DP 91 8 DP 146 8
DP 37 9 DP 92 7 DP 147 8
DP 38 8 DP 93 7 DP 148 8
DP 39 10 DP 94 6 DP 149 6
DP 40 9 DP 95 7 DP 150 7
DP 41 7 DP 96 6 DP 151 7
DP 42 7 DP 97 8 DP 152 8
DP 43 7 DP 98 8 DP 153 8
DP 44 5 DP 99 8 DP 154 8
DP 45 8 DP 100 7 DP 155 8
DP 46 8 DP 101 6 DP 156 5
DP 47 6 DP 102 7 DP 157 6
DP 48 6 DP 103 7 DP 158 8
DP 49 7 DP 104 7 DP 159 8
DP 50 8 DP 105 7 DP 160 8
DP 51 7 DP 106 7 DP 161 7
DP 52 4 DP 107 7 DP 162 6
DP 53 7 DP 108 7 DP 163 8
DP 54 7 DP 109 8 DP 164 8
DP 55 6 DP 110 8 DP 165 8
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