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ABSTRACT

FACILITY LOCATION AND ITEM PRE-POSITIONING FOR
HUMANITARIAN RELIEF SYSTEMS UNDER UNCERTAIN DEMAND
AND ROAD-FACILITY VULNERABILITIES

Aslan, Ece
M.S., Department of Industrial Engineering
Supervisor : Assist. Prof. Dr. Melih Celik

August 2016, 225 pages

Disasters may have devastating effect on human life as well as economy, and Turkey
is a disaster prone country, especially to earthquakes. This study aims to propose a
multi-echelon humanitarian logistics network design by incorporation of demand
uncertainty and road-facility vulnerabilities with an application to a possible
earthquake scenario in Istanbul region of Turkey. In frame of the study, a two stage
stochastic programming model is formulated. In the first stage, warehouse and
distribution center locations as well as inventory pre-positioning decisions are made,
whereas in the second stage, relief distribution decisions are made. The stochastic
model considers different demand scenarios and also road and facility vulnerabilities
are incorporated as discrete binary scenario sets into the baseline model. The model
is executed under efficiency and equity based objective functions, to analyze the
effect of different objective measures to model key performance measures. Sample
average approximation heuristic method is utilized for the solution of the proposed
mathematical model. A sensitivity analysis is conducted on the baseline model to see
the effect of vulnerability as well as other parameters such as budget and facility

capabilities on the results and model key performance measures.

Keywords: Humanitarian Logistics, Mixed Integer Programming, Warehouse
Location Problems, Relief Item Pre-positioning, Vulnerability
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0z

BELIRSiZ TALEP VE YOL-TESIS KIRILGANLIGI ALTINDA iNSANi
YARDIM SISTEMLERI ICiN TESIS YERI VE MALZEME
KONUMLANDIRMA PLANLAMASI

Aslan, Ece
Yiiksek Lisans, Endiistri Miithendisligi Bolimii
Tez Yoneticisi: Yrd. Dog. Dr. Melih Celik

Agustos 2016, 225 sayfa

Afetlerin insan hayati ve yam sira ekonomi iizerinde yikict etkileri olabilir ve
Tiirkiye afetlere ozellikle de depremlere egilimli bir {ilkedir. Bu ¢aligmanin amaci,
belirsiz talep ve yol-tesis kirilganhigi altinda ¢ok kademeli insani lojistik agi
tasarlamak ve bu tasarimi Ozellikle Istanbul bolgesinde olabilecek muhtemel bir
deprem felaketine uygulamaktir. Calisma biinyesinde iki asamali olasiliksal
programlama modeli olusturulmustur. 1k asamada depolarin ve dagitim
merkezlerinin konumlarmin yani sira envanter miktarlarina karar verilirken, ikinci
asamda acil yardim malzemesi dagitim kararlari verilmektedir. Temel olasiliksal
model, farkli talep senaryolarint g6z onilinde bulundurur ve ayrica yollarin ve
tesislerin hassasiyetleri ayrik ikili senaryo takimlari halinde modele dahil edilmistir.
Model verimlilik ve esitlik temelli farkli amag fonksiyonlariyla ¢ozdiiriilerek farkli
amac fonksiyonlarinin temel performans gostergelerine etkileri analiz edilmisti.
Matematiksel modelin ¢oziimiinde 6rnek ortaklama yaklastirimsal sezgisel yontemi
kullanilmigtir. Kirtlganligin yani sira biitge ve tesis kapasitesinin temel performans
gostergelerine etkilerini gozlemlemek i¢in karsilastirma modelleriyle duyarlilik

analizi yapilmstir.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

The United Nations Office for Disaster Risk Reduction [1] defines a disaster as “a
serious disruption of the functioning of a community or a society involving
widespread human, material, economic or environmental losses and impacts, which
exceeds the ability of the affected community or society to cope using its own
resources”. According to The United Nations Office for Disaster Risk Reduction [1],
“disasters are often described as a result of the combination of the exposure to a
hazard, the conditions of vulnerability that are present, and insufficient capacity or
measures to reduce or cope with the potential negative consequences and disaster
impacts may include loss of life, injury, disease and other negative effects on human
physical, mental and social well-being, together with damage to property, destruction
of assets, loss of services, social and economic disruption and environmental
degradation”. Although most disasters are caused by nature, disasters may also have

human origins [2].

According to the International Disaster Database of Center for Research on the
Epidemiology of Disasters (EMDAT) [3], 11,285 disaster events have occurred in
our planet since the year 2000 resulting in 1,416,660 deaths, 4,650,481 injured
people, a total of 3,521,420,256 affected people (36,151,700 of whom have become
homeless), and a total economic damage of 1,872,897,745,000 USD. Since disasters
are mostly unpredictable in their nature and also have a massive scale of impact on
humans, disaster management is critical to minimize the suffering and to prevent
further damage. According to the Wisner and Adams [4], there are six main steps in
disaster management, namely (i) vulnerability assessment, (ii) prevention and
mitigation, (iii) emergency preparedness, (iv) planning, policy and capacity
building, (v) emergency response, and finally (vi) rehabilitation, reconstruction and



recovery stages. Among these steps of disaster management cycle emergency
preparedness, planning, policy and capacity building and emergency response stages

are closely related to humanitarian logistics activities.

Humanitarian logistics is defined as “the process of planning, implementing and
controlling the efficient, cost-effective flow and storage of goods and materials, as
well as related information, from point of origin to point of consumption for the
purpose of meeting the end beneficiary’s requirements.” according to Thomas and
Mizushima [5] and humanitarian logistics activities make up around 80% of entire

disaster relief efforts [6].

Humanitarian logistics is essential to provide rapid response to effected areas in a
timely and cost efficient manner. Balcik and Beamon [7] explain that “there are
fundamental differences between commercial supply chains and humanitarian relief
chains in terms of their strategic goals, customer and demand characteristics, and
environmental factors. The dominating characteristics that bring additional
complexity and unique challenges to relief chain design and management ... are:
unpredictability of demand, in terms of timing, location, type, and size, suddenly-
occurring demand in very large amounts and short lead times for a wide variety of
supplies, high stakes associated with adequate and timely delivery, lack of resources

(supply, people, technology, transportation capacity, and money”.

Turkish Republic Country Report on Disaster Management [8] states that due to its
geography, topography and climate, Turkey has always been a disaster prone
country. The major natural disasters that Turkey faces are earthquakes, landslides,
floods, drought, rock falls, avalanches, as well as deforestation and soil erosions.
Since early 20™ century, around 87,000 people have died, approximately 300,000
people have been injured and around 700,000 houses are damaged as a result of
natural disasters. Turkey is located on the Mediterranean part of the Alpine-
Himalayan orogenic system, which is one of the most seismically active regions of
the world. Three main plates surrender Turkey, namely African, Eurasian, Arabian,



as well as two minor plates: Aegean and Anatolian. The main reasons of the
earthquake disaster in Turkey are the relative motion between the Eurasian and
Arabian plates as well as the westward motion of the Anatolian block under this
compressional plate motion. Earthquakes are the main disasters in Turkey causing
massive suffering and damage. Table 1.1 represents summary data on disasters
caused by natural hazards in Turkey between the years 1980 and 2014 [9]. According
to Istanbul Seismic Risk Mitigation and Emergency Preparedness Project, financed
by The World Bank [9], 70% of the Turkey’s population is living in seismically
active areas, 66% of Turkey is located on active fault zones, and 75% of damaged
buildings as well as 64% of total disaster losses in the last century are because of
earthquakes. The Study on A Disaster Prevention / Mitigation Basic Plan in Istanbul
Including Seismic Microzonation in the Republic of Turkey report prepared by Japan
International Cooperation Agency (JICA) and Istanbul Metropolitan Municipality
(IMM) [10] suggests that “a large scale fault line called North Anatolian Fault (NAF)
is formed more than 1,000 km long from east to west in the northern territory of
Turkey and historically, many strong earthquakes have occurred along this fault
line”. The North Anatolian Fault passes through the Marmara Sea [10] in a region,
where Turkey’s largest city as well as economic and industrial capital Istanbul is
located, with a population around 14 million people [52] corresponding to around
18.5% of Turkey’s population in addition to other major industrial cities. According
to Turkish Economy Policy Research Foundation (TEPAV) [11], one sixth of
Turkey’s GDP is generated in Istanbul. Istanbul Seismic Risk Mitigation and
Emergency Preparedness Project [9] estimates that the probability of occurrence of a
large earthquake in next 30 years in Istanbul is greater than 62% and probability of
occurrence of a large earthquake in next 10 years is greater than 20%. The study also
estimates that after a probable 7.5 Richter scale earthquake in Istanbul;
approximately 70,000 dead people, 120,000 heavily injured people, 400,000 lightly
injured people, as well as a direct economic loss of approximately 50 billion USD are

expected.
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A possible earthquake disaster in Istanbul would have devastating impact on human
life and Turkey’s economy, and this importance is the main motivation of this study.
Therefore, in this study, we propose a humanitarian logistics network for facility
location planning and item pre-positioning with a specific application to a potential
earthquake in the Istanbul region of Turkey.

This study specifically focuses on the preparation stage of the humanitarian logistics
cycle to rapidly provide response in case of a potential earthquake disaster in
Istanbul. In particular, we consider the decisions of locating humanitarian relief
warehouses and distribution centers, as well as the pre-positioning of inventory in the
warehouses in expectation of the disaster. Pre-positioning, which refers to locating
relief facilities and stocking relief supply inventories in these facilities in the
preparedness stage of disaster management, is crucial to deliver aid quickly in an
uncertain environment. By means of pre-positioning, a more rapid and effective
response can be provided in case of a disaster, and investments can also be better
allocated.

Disasters not only threaten human life, but also the infrastructure of cities and towns.
In case of an earthquake, in addition to the buildings, transportation network is also
damaged most of the time. Therefore, facility and road network vulnerability should
be taken into account to confront the risk of malfunctioning of resources and
infrastructure in a study. By this way, pre-positioning decisions can be optimized to

accommodate possible vulnerabilities.

Exact timing, magnitude, as well as location of a potential earthquake are almost
impossible to know in advance. Since the effects of an earthquake are mainly
determined by its magnitude and location, there is no precise information about the
demand and supply of disaster relief, as well as the availability of resources,
infrastructure, facilities, and roads before the earthquake actually strikes. Hence, the
very nature of an earthquake disaster is stochastic, and therefore a stochastic
modeling approach is required to optimize the network.



The main objective of decisions made at the preparedness stage of a disaster is to
optimize success at the response stage and hence to minimize suffering. For this
reason, the proposed study should incorporate possible future demand and
vulnerability uncertainty to optimize first stage decisions. Therefore, a two stage
stochastic mixed integer programming model is formed in this study to determine
facility locations as well as to pre-position relief items to facilities to minimize
demand weighted arrival time to aggregated demand points. Vulnerability of
facilities and roads linking facilities to each other as well as facilities to demand
points are projected into discrete binary scenario sets. Then, these discrete binary
scenario sets are integrated into the mathematical model as parameters. Demand
uncertainty under different magnitudes and epicenter of an earthquake are also

reflected to scenario sets and integrated to model as parameters.

The main contribution of this thesis work arises from the incorporation of road and
facility breakdowns into the inventory pre-positioning and relief distribution models.
Unlike the limited number of studies in the inventory pre-positioning literature,
where road vulnerability is included as a deterministic factor that increases the travel
time on these roads, our study takes a scenario-based approach and considers cases
where roads become impossible to traverse due to the effects of the disaster, which is
a more realistic assumption given the nature of disasters such as earthquakes. The
resulting large-scale two-stage stochastic programs are solved heuristically by means
of sample average approximation, and a potential real-life disaster scenario is used as
a case study to assess the impacts of various policy-based decisions, incorporating
stochasticity of the problem parameters, and the sensitivity of the results to the

values of these parameters.



The remainder of this thesis is organized as follows: A literature review on relevant
humanitarian logistics studies is provided in Chapter 2. Following this, the problem
definition, proposed mathematical models, and the proposed solution approach are
presented in Chapter 3. Parameter settings as well as assumptions for a case study
based on a potential earthquake disaster in the Istanbul region of Turkey are
introduced in detail in Chapter 4. Preliminary experiments, computational results,
sensitivity analysis, and a comparison of the main model with the benchmark models
are presented in Chapter 5. The final chapter of this thesis comprises a general

summary and remarks on the work, as well as future work suggestions in Chapter 6.






CHAPTER 2

LITERATURE REVIEW

Disaster management is one of the areas in which operations research (OR) and
management science (MS) studies are widely applicable. In the recent years, interest
in disaster management studies has increased due to enhanced awareness of
importance of developing decision making mechanisms to take required actions in a
time- and cost-efficient way both for pre- and post-disaster stages, so that possible
devastating impacts of disasters on human life, on environment, and on economy can
be minimized. Altay and Green [12] show that research interests in mainstream
OR/MS research journals for disaster management increased twice as much between
1980s and 1990s. There are 109 articles published related to disaster management
between 1980 and 2004. While 12.8% of these articles are published in the 1980s,
40.4% of the articles are published in the 1990s, and the remaining 46.8% are
published between 2000 and 2004. Another study by Galindo and Batta [13] analyses
155 disaster management studies in the field of OR/MS between the years 2005 and
2010. The study [13] concludes that the research gaps observed by Altay and Green
[12] are not filled yet. The authors make some future work suggestions addressing to
the gaps observed: “(i) improvement of the coordination among DOM actors; (ii)
introduction of new technologies through more application studies; (iii) study of
DOM problems as a whole by exploring well-studied as well as understudied areas
that can benefit from OR/MS, using formal statistical analysis to establish realistic
assumptions in DOM maodels that reflect the stochastic nature of DOM; (iv) in-depth
exploration of methodologies such as Soft OR and interdisciplinary techniques that
are suitable to DOM; and (v) measurement of the effectiveness of adopted strategies
through the use of performance indicators.” Among these gaps, our study focuses

on the establishment of realistic assumptions reflecting the stochastic nature of the



environment by incorporating the stochasticity of road and facility vulnerabilities

into inventory pre-positioning and relief transportation models.

In this part of the thesis, studies related to facility and inventory pre-positioning as
well as relief distribution activities in humanitarian logistics are reviewed in Section
2.1. Since our work is focused on pre-disaster stage pre-positioning decisions,
majority of the reviewed papers are on pre-positioning. Nevertheless, additional
papers related to relief distribution that we consider substantial are also included.
Additionally, papers related to sample average approximation and its application to
humanitarian logistics are reviewed in Section 2.2, since we have used this method in
our solution process. Lastly, our contributions are introduced in section 2.2 of this
chapter.

2.1. Literature Review on Inventory Pre-positioning and Relief Distribution in

Humanitarian Logistics

Within the last decade, there has been an increased level of interest in the inventory
pre-positioning problem in the humanitarian logistics literature. The studies mainly
differ in terms of which additional decisions are included (e.g., facility location,
relief distribution), the main objective(s), solution methods, and side constraints
(e.g., minimum service levels, limits on number of facilities). In this part, we provide
a review of the relevant literature on inventory pre-positioning and subsequent relief
distribution. While this review is by no means comprehensive, we aim to present the

studies that, to the best of our knowledge, are most relevant to this thesis work.

Balcik and Beamon [7] develop a mixed integer programming model for location
planning of potential distribution centers and item pre-positioning. Different
scenarios with known probability are used to capture the stochastic elements of the
problem. Uncertainty of demand amounts, transportation costs, demand satisfaction
times at the demand points, and candidate distribution center coverage of various
relief items are considered. The model also includes lower and upper response time

limits for different relief items. The model is solved under two different budget
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restrictions: (i) for pre-positioning of distribution centers and relief items in the pre-
disaster stage, and (ii) for distribution of relief items in the post-disaster stage. The
computational analysis is made by utilizing historical data of earthquakes on
different global locations. In the study by Balcik and Beamon [7], vulnerabilities of
roads connecting distribution centers to disaster locations or those of the distribution

centers are not considered.

In the study by Duran et al. [14], a mixed integer programming model is developed
with an initial upfront investment in terms of the number of warehouses and total
inventory to allocate with the objective of minimizing average response time for the
demand points. The study considers global demand for relief items in case of
different type of disasters and a total of 233 separate demand instances are formed,
each corresponding to different demand quantities. The MIP model optimizes the
number and the location of warehouses, as well as the quantity and type of each item

to pre-position in the warehouses.

Mete and Zabinsky [15] propose a two-stage stochastic mixed integer programming
(MIP) model for the storage and distribution problem of medical supplies to disaster
areas under a variety of possible disaster types and magnitudes. In the first stage of
the model, which corresponds to preparedness stage, warehouse locations as well as
inventory amounts at warehouses are determined, whereas the second stage of the
model determines the amounts of medical supplies to be delivered to demand
locations under different demand scenarios. The objective is to minimize total cost of
warehouse opening, weighted arrival times, and penalty cost of unmet demand. A
secondary MIP model is introduced to find optimal routing from warehouses to
demand points based on optimal delivery amounts found in the second stage of the
stochastic model. The transportation model considers different vehicle types and
routes to minimize transportation time of assigned vehicles. A case study based on

potential earthquake scenarios in Seattle is also presented.
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Tzeng et al. [16] consider the overall design of a relief delivery system. There are
three objectives in the proposed fuzzy multi-objective linear programming model: (i)
minimization of total transfer and facility set up costs, (ii) minimization of total
travel time, and (iii) maximization of minimum demand satisfaction. Three echelons,
namely relief collection points, capacitated transfer depots, and relief demand points,
are considered in the supply network. As opposed to permanent facilities, these
temporary transfer depots that serve as distribution centers are also assumed to
deliver to isolated areas via helicopters. The study divides the time into discrete
periods and determines the optimal inventory levels and item quantities to transfer to
demand points in each period. Demand for relief items at different locations are
assumed to be deterministic, that is, different scenarios are not considered for
different magnitudes and epicenter of disaster. A case study of model is illustrated

based on The Taichung, Nantou City earthquake in September 1999.

Rawls and Turnquist [17] also consider a two-stage setting where facility locations,
facility sizes and stock quantities for various type of commodities are determined
before the disaster hits, whereas the second stage decisions involve distribution of
available supplies to demand locations in response to different demand scenarios and
network availability conditions. The objective function includes fixed facility
opening and item acquisition costs for the first stage, as well as transportation costs,
unsatisfied demand penalties, and holding cost of unused items for the second. A
two-stage stochastic MIP model for emergency response pre-positioning strategy is
proposed considering uncertainty in demand, transportation network availability, and
destruction of some or all of the pre-positioned inventory. Due to the complexity of
the model, a heuristic Lagrangian L-shaped method is developed for large instances.
The proposed two-stage MIP model is applied to a case study of hurricane disasters

in southeastern parts of USA.

Rawls and Turnquist [18] extend their previously proposed model in [18] and add
new service quality constraints to ensure that the probability of meeting all demand is

at least a certain specific percentage. They also impose maximal service distance
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constraints to ensure that demand for all commodities are supplied from facilities
where the average shipment distance is less than a specific limit. In this version of
the study, a reliable set of scenarios are defined and demand in these reliable sets are
covered from facilities serving from the maximal service distance. Total of
probabilities of the reliable scenarios is guaranteed to be greater than or equal to a
specified level. By this way, percentage of demand served from facilities within
maximal service distance is guaranteed to be greater than or equal to the specified

service level (reliability percentage).

Rawls and Turnquist [19] further extend [18] with service quality constraints and
include multiple time periods for planning short term urgent demands. This version
of the study has same settings as in [18], except that parameters and decision
variables related to forecasted demand and commodity delivery are added as a time
index. The horizon is divided into four 12-hour periods. The emergency response
policy developed in this study is that at least half of all demand should be in place by
the 12™ hour after disaster and other half should be in place by the 24™ hour. The
dynamic response model is tested on a case study of hurricane events that affect

North Carolina.

Abounacer et al. [20] study a three-objective location-transportation problem for
disaster response, which is quite similar to [16], except that it focuses on a location-
transportation problem. While the location model determines the locations of
distribution centers as well as the humanitarian aid quantities to stock to these
distribution centers, the transportation model determines distribution of humanitarian
aid from distribution centers to demand locations. The model is solved under three
conflicting objectives: (i) minimization of total transportation time from distribution
centers to demand locations, (ii) minimization of the number of first-aid agents
required to operate the opened distribution centers, and (iii) minimization of total
uncovered demand. Demand is assumed to be deterministic and known, while the
state of the roads connecting distribution centers to demand locations is reflected in

the travel time. An epsilon-constraint method is proposed to generate the exact
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pareto-front. It is also concluded that the solution time might be large for some
instances and therefore a heuristic method is also proposed which resulted in a good

approximation of pareto-front in relatively shorter computing time.

Wisetjindawat et al. [21] develop a hub location and routing optimization model for
the preparedness stage of disaster relief operations. The study assumes that demand
Is deterministic. On the other hand, similar to the work in this thesis, failure of roads
is considered as a stochastic parameter based on constant failure rate by intensity
level. The study also considers the recovery of damaged roads and assigns a
probability to each road for a possible recovery in 24 hours in which recovery rate is
incorporated. Additionally, stochastic travel times as well as stochastic shortest paths
are calculated under the road failure probabilities. These road failure probabilities as
well as stochastic travel times and shortest paths are incorporated into item routing
and location routing models. The multi-depot and multi-commodity routing model
for item delivery minimizes total response time and decides sequence of delivery
under maximum carrying capacity and maximum utilization of a truck constraints.
The location routing model determines location of hubs to deliver items to secondary
storage yards to minimize total response time under road network failure uncertainty.
The model is solved as an uncapacitated single allocation problem using a genetic
algorithm. The study is numerically illustrated with Tokai-Tonankai earthquake in

Aichi Prefecture in Japan.

Bozkurt [22] proposes a warehouse and relief item pre-positioning model for various
types of natural disasters on global scale. Emergency response scenarios are
generated and integrated as parameters to the model which minimizes demand-
weighted total arrival time. EMDAT database is used to obtain data on location and
type of disasters occurred as well as number of affected people. The author considers

possible set of warehouse locations provided by CARE International.
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Gormez et al. [23] consider a two-tier distribution system with permanent and
temporary facilities. Permanent facilities are to be built for relief supply pre-
positioning and temporary facilities are public facilities that are to be used as relief
distribution centers. In the study, affected population is assigned to temporary
distribution centers (schools) and relief supply is transferred from permanent
facilities to temporary facilities and hence to the affected population. Due to large
scale nature of the problem, two separate models are solved. The first model
determines the number of schools appointed as temporary distribution centers in each
neighborhood as well as number of people assigned to that temporary distribution
centers under the objective of total demand weighted distance. The second model, on
the other hand, determines location of permanent facilities and assignment of
temporary facilities-schools to permanent facilities under the objectives of
minimization of average traveled distance and minimizing the number of permanent
facilities. An epsilon constraint method is used for the solution of the proposed
model. The authors make sensitivity with benchmark models having min-max
distance objective, distance limits, backup requirements as well as capacitated
facilities. The authors used data of JICA & IMM Report [10] for demand generation
at districts of Istanbul.

The study by Renkli [24] develops a MIP model for warehouse location and item
pre-positioning in these warehouses at the preparedness stage of a possible
earthquake disaster in Istanbul region of Turkey. The proposed model minimizes the
demand weighted distance/arrival time to demand locations. The model considers
path vulnerability between warehouses and demand point and also guarantees that
items are delivered to demand points within a specific time period with a certain
reliability. Path vulnerability is expressed in terms of deterministic probabilistic
fraction rather than stochastic discrete scenario sets. A probabilistic vulnerability
constraint is formulated to meet the demand in every demand point for every relief

item with a specific reliability.
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Konu [25] develops a multi-commodity deterministic model considering
transportation network and facility vulnerabilities for item and warehouse pre-
positioning for the preparedness stage of a possible earthquake. The road network is
categorized into three types of roads: primary, secondary, and tertiary roads. The
proposed model determines location of warehouses, quantity of different types of
items transferred from these warehouses to demand points, as well as types of roads
to follow to send relief items. The objective is to minimize the demand weighted
traveled distance. Three alternative models are developed: The first model does not
consider road and facility vulnerabilities, the second model incorporates road
vulnerabilities and the third model incorporates both vulnerabilities to the model.
Road and facility vulnerabilities are expressed in terms of deterministic fractions and
these parameters are multiplied by length of roads and the model objective is
minimized over these combined vulnerability-distance multiplications. In contrast, in
this thesis, we assume binary road and facility vulnerability, that is, roads and
facilities either fully break down after the disaster, or they are fully operational.
Furthermore, we assume that these vulnerabilities are stochastic. The author uses
data from JICA & IMM Report [10] for demand, road vulnerability as well as
warehouse vulnerability generation at districts of Istanbul.

Baskaya [26] proposes a deterministic mathematical model for relief facility locating
and item-pre-positioning to these relief facilities considering road vulnerabilities and
lateral shipments between relief facilities. Two models are developed, without and
with lateral shipment. The model with direct shipment determines locations of relief
facilities, assignment of demand locations to relief facilities, quantity of relief supply
to pre-position to relief facilities as well as quantity of relief supply to send from
relief facilities to demand location under the objective of minimizing average
distance travelled by relief supply. The author assumes that road vulnerability affects
travel time and hence inflated road lengths are incorporated into the model which are
correlated to vulnerability. As vulnerability of a road increases its inflated road

length also increases. This is in contrast to our work, where we assume binary and
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stochastic vulnerability. The setting of lateral shipment model is the same as direct
shipment model except that supply delivery among relief facilities is assumed to be
possible also the road vulnerability among relief facilities are incorporated into the
model. The direct shipment and lateral shipment models are compared on a possible
earthquake scenarios in Istanbul, Turkey. Data from the JICA & IMM Report [10] is

used to generate demand, road length, and road vulnerability data.

Liberatore et al. [27] propose a network flow model for recovery of a damaged
distribution network so that the distribution plan can be completed. In the proposed
network, nodes represent the cities and towns and the edges correspond to roads,
tunnels, bridges etc. A hierarchical model is developed to consider long term
distribution horizon rather than a single objective. An uncapacitated commodity flow
network with no restriction on the capacity of supply centers is developed.
Furthermore, demand values of demand centers do not represent the exact need for
commodities in the model, but rather characterize the size of the center. The
hierarchical model assigns highest priority to maximizing total demand satisfied and
delivery time, and network security and reliability are the other objectives. The
model is solved under resource restrictions such as equipment and number of relief
teams. The proposed study is illustrated with a case study applied to infrastructure
recovery and distribution planning of the 2010 Haiti earthquake.

A comprehensive integrated logistics model is developed by Afshar and Haghani
[28] for response operations of real time large scale disasters. A seven layer supply
network, which is compatible with Federal Emergency Management Agency
(FEMA)’s complex network, is proposed in the study. The mathematical model
determines vehicle routing, pickup and delivery schedules, as well as optimal
location of temporary facilities considering capacity constraints for facilities and
transportation system by minimizing weighted unmet demand. The study does not
consider demand uncertainty or vulnerability of facilities and transportation network.
Several different type of vehicles with different capacities are assumed in the study.

A numerical experiment is conducted with imaginary scenarios where a natural
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disaster such as a hurricane strikes the southern coast of the United States, two

separate regions, one in Mississippi and one in Louisiana, are considered.

Liu and Guo [29] propose a multi-objective two-stage stochastic optimization model
for a post-disaster humanitarian logistics network. In addition to developing relief
supply delivery plan the authors also develop an evacuation plan for the critical
population. The model is solved under two objectives: maximization of expected
minimal fill rate where mismatch between demand and supply is penalized and also
under the objective of minimizing expected total costs. Uncertainty in demand and
affected critical population to be evacuated are reflected to possible pre-determined
scenario sets. Deliveries from facilities to demand points are assumed to be made
with different helicopter types, each having different capacity and costs. In the first
stage of the model, decisions regarding facility locations, supply amounts to stock in
these facilities as well as deployment of helicopters to facilities are made. In the
second stage, decisions regarding transportation plan of affected population as well
as supply items are made under each scenario. A lexicographic optimization
approach is deployed for the solution of the model. The two-objective model is
transformed into a sequence of single objective stochastic models. The first objective
about demand fill rate is given priority hence considering the second objective of
cost minimization not the best alternative but the sub-optimal solutions according to
fill rate are chosen. Then, scenario-decomposition based heuristics are developed to
solve the transformed models. A numerical case study is illustrated for disaster relief

logistics of Great Wenchuan Earthquake.

Ozdamar and Demir [30] develop an efficient network flow model, as well as a
hierarchical clustering and routing procedure for last-mile delivery transportation and
pick-up evacuation plans considering a large scale disaster relief network. The model
runs under the objective of minimizing total travel time of vehicles by obeying
supply, hospital capacity, and vehicle capacity restrictions. The study assumes pre-
known deterministic demand and also assumed that split delivery and pick-ups are

possible due to vehicle capacities. A multi-level clustering algorithm is used to group
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demand nodes and create smaller demand clusters at each level of planning. First,
demand nodes are divided into geographically dense clusters and then top-level
routing problem is solved to determine warehouse locations, amount of relief supply
to send each cluster center from warehouses, set of hospitals to accommodate injured
people as well as number of people to be sent to each hospital from each cluster. At
the next step, sub-cluster networks are formed and solution of a higher level network
are integrated as parameters to lower level network. At the lower level network,
optimal routing plan is determined. The algorithm uses divide and conquer approach
and recursively divides demand node clusters into smaller clusters till the cluster size
enables the optimal solution of the routing model. The authors re-run the algorithm
1,000 times to obtain best possible demand node partitioning in numerical
experiment on hypothetical disaster relief networks and on a large scale earthquake

scenario for Istanbul.

Ozdamar at al. [31] develop “an efficient optimization guided hierarchical clustering
and routing procedure (OHOC)” and propose a system including set of instructions
for rescue and evacuation operations carried out by helicopters at the post-disaster
stage. The developed algorithm first solves the problem on the aggregated demand
level by clustering demand nodes and finds the optimal allocation of warehouses and
hospitals to demand nodes. After obtaining the aggregated solution, detailed sub-
network routing problem is solved. In this stage solutions of the aggregated level
problem are integrated as parameters to the routing algorithm. The developed
algorithm is tested on a potential Istanbul earthquake and also on Katrina hurricane

flooding disaster scenario.

Cui et al. [32] develop a multiple emergency flow routing model that minimizes
evacuation-flow time cost, rescue-flow time cost, conflict cost, as well as lane
reversal cost. The model is a non-convex mixed-integer non-linear programming
model with bilinear, fractional and power components which is solved by branch and
reduce optimization navigator. A numerical case study of the proposed model is

applied to Nangang District, Harbin City, China with 27 intersections and 86 links.

19



Ahmadi et al. [33] develop two mathematical models, the first of which is a
deterministic multi-depot location-routing model for real-life logistics network. The
first model determines operational level decisions such as location of local depots
from set of potential locations, quantity of supply to send to affected areas, routes of
vehicles, and number of vehicles to assign local depots as well as time of delivery by
minimizing total distribution time, penalty cost of unmet demand as and fixed local
depot opening costs. The deterministic model is extended into a two-stage stochastic
program to simulate possible earthquake scenarios for strategic level decisions at
preparation stage. These strategic level decisions are location of main distribution
centers considering probable road damage scenarios. The aggregated demand points
in the stochastic model correspond to potential local depots later in response stage. In
the stochastic model, travel time is also treated as random variables represented by
different scenarios. Small instances of model solved with a commercial software and
a variable neighborhood search algorithm is formed to solve the model with large
instances. A case study is illustrated for a possible earthquake disaster in San

Francisco based on GIS data of actual transportation network.

Salmeron and Apte [34] propose a two-stage stochastic optimization model for
budget allocation in case of a disaster. A single budget is identified for both first and
second stage activities. The authors divide affected population into three categories,
critical population refers to people who are in need to be evacuated to relief locations
by medical evacuation, stay-back population refers to people who can stay at where
they are but need relief item supply from supply locations and transfer population
needs to short term displacement to shelters. In the first stage, decisions regarding
relief locations, supply locations, shelter locations, and ramp spaces as well as
personnel assignment to relief locations are made. In the second stage, logistics
decisions such as allocation of relief supply to stay-back population and
transportation of the critical population to relief locations as well as transportation of
transfer population to shelters are made. The model is solved under two objectives,

the first objective is minimization of expected number of causalities from critical and
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stay-back populations and the second objective is minimization of expected
unsatisfied demand of transfer population. Since the exact location and magnitude of
a disaster cannot be pre-known second stage parameters as well as decision variables
are represented as scenarios with pre-known probabilities. The study is tested for a
possible hurricane disaster striking six different areas with different severities.

Specific data for the test study is obtained from public sources.

Huang et al. [35] formulate performance metrics for relief routing focusing on
efficiency, efficacy and equity. In the study, classical split delivery vehicle routing
problem (SDVRP) is solved under efficiency, efficacy, equity based objectives.
Efficiency based objective is about minimization of transportation cost, efficacy
objective is about minimization of total demand-weighted arrival time and equity
based objective is represented in terms of minimization of efficacy variation in
different demand nodes. Variation is efficacy is also represented in three different
forms: in terms of difference between maximum and minimum demand weighed
arrival times of nodes, in terms of standard deviation of demand weighted arrival
times and in terms of convex disutility function which minimizes disutility-weighted
arrival time. The disutility based equity objective minimizes total disutility of
unsatisfied demand over time and this objective prioritizes delivery to most urgent
locations and then gradually satisfies demand at other demand nodes to achieve full
coverage. The authors examine the effect of objective function in vehicle routing and
supply distribution decisions. While routing decisions determine set of nodes that
each vehicle visits as well as their visit sequence to nodes, supply distribution
decisions determine amount of supply delivered at each visit. The proposed models
having small instances are solved with a commercial software. However a
metaheuristic is developed to solve the models with larger instances. Numerical
examples are solved for small and large instances in the study. The results of models
having different objectives are compared based on number of vehicles, route shape,

node demand, differences in route structure, and similarities in route structure.
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Barbarosoglu and Arda [36] develop a multi-commodity, multi-modal two-stage
stochastic optimization model for the disaster transportation planning. The study
incorporates transportation system vulnerability in terms of finite scenario samples
for arc-route capacities, supply and demand. Both stages of the proposed model
include response stage decisions. While the in the first stage early disaster phase
decisions are made based on possible scenarios, in the second stage decisions are
given based on actualized impact of earthquake. The model is solved under the
objective of minimizing first stage transportation costs and second stage expected
recourse costs with demand, supply, capacity and recourse constraints. The proposed
model is validated by solving with real life data of 1999 Marmara Earthquake.

To the best of our knowledge, there are six studies considering application of their
proposed model to a potential earthquake scenario in Istanbul. Table 2.1 summarizes

characteristics of these studies.

Reviewing these studies we see that our study contributes in a way that both
transportation network and facility vulnerabilities are incorporated in a stochastic
scenario based approach rather than ignoring vulnerability or incorporating
vulnerability as a deterministic factor. Additionally, uncertainty in demand based on
the impact of earthquake is also integrated to our study in a stochastic scenario based

manner.
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Table 2.1: Studies with Application to a Potential Istanbul Earthquake

Gormez et al. [23] Renkli [24] Konu [25] Baskaya [26] Ozdamar et al. [31] Barlzrdo:ffggand Our Study
Optimization guided
Two-stage Deterministc - - hierarchical planning Two stage Two stage
Model Type deterministic model MIP Deterministc MIP | Determinisic MIP and clustering stochastic model | stochastic model
procedure
Demand Deterministic Deterministic Deterministic Deterministic Deterministic Stochastic Stochastic
Incpororated as
Incorporated as | Incorporated as finite scenario
Incorporated as . o Incopororated as
Road L deterministic deterministic samples for arc- o
- No deterministic . . . No " stochastic binary
Vulnerability .| coefficient to the  [coefficient to inflate route capacities, .
chance constraint| " . . scenaris sets
objective function travel times supply and
demand
. Incorporated as
Facil Incorporated as service deterministic Incopororated as
IIY. level costraints based No . No No No stochastic binary
Vulnerability o coefficient to the )
on wulnerability level 4 . scenaris sets
objective function
Modes of . . . . . . .

. Single Single Single Single Single Multiple Multiple
Transportation 9 9 ks 9 9 P P
Slngle/Mulﬂple Single Single Single Single Single Single Single

Period
Single/Multiple : . . . . . .
Commodity Single Multiple Multiple Single Single Multiple Single
Facility
Locating/ Yes Yes Yes Yes Yes No Yes
Allocating
Relief Routing Yes Yes Yes Yes (|nc.lud|ng Yes Yes Yes
lateral shipment)
Evacuat!onl Sheltering No No No Evacuation No No
Sheltering
miiize the average- Minimize first
weighted distance P
L L Minimize the stage -
- between casualty minimize total Minimize total . L . Minimize total
Objective . . . average distance | Minimize the total | transportation
. locations and closest weighted demand weigted A - expected demand
Function L ; . . travelled by the | flight distance or time | cost and second | A
facilities, and opening a distance distance o weigted arrival time
relief item stage exected
small number of
- recourse cost
facilities
Sample Average
. ) ) . ) Direct solve with . ) . . ) Approximation
Solution Direct solve with Single run with commercial Single runwith | CPLEX commercial | Single run with Hesfistic (Solved
Metedology | commercial software |CPLEX software CPLEX software software CPLEX software .
software with CPLEX
software)
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2.2. Literature Review on Sample Average Approximation

In this study, sample average approximation method is used as the solution method.
Therefore, papers related to sample average approximation, especially application of
this method to humanitarian logistics, are also reviewed. Studies by Kleywegt et al.
[37] and Ahmed and Shapiro [38] constitute a basis for this method. Sample average
approximation is a Monte-Carlo simulation based approach developed for discrete
stochastic optimization problems. Kleywegt et al. [37] describe sample average
approximation as “the basic idea of such methods is that a random sample is
generated and the expected value function is approximated by the corresponding
sample average function. The obtained sample average optimization problem is
solved, and the procedure is repeated several times until a stopping criterion is

satisfied.”

Several authors apply this methodology to humanitarian logistics problems, which

we review throughout the remainder of this section.

The study by Klibi et al. [39] proposes a two-stage stochastic optimization model for
emergency supply network design over a multi-period planning horizon. In the first
stage, decisions regarding distribution center locations, distribution center capacities
as well as quantities of items to stock in these facilities are made under a pre-
determined budget constraint. Possible disaster scenarios are generated through
stochastic processes and Monte-Carlo procedure. In the second stage, decisions
regarding item delivery to demand locations are made under different disaster
scenarios. Both first and second stage models run under the objective of minimizing
total procurement and transportation costs. The proposed model is solved using
sample average approximation and the model is tested with a real world data

obtained from North Carolina Emergency Management Division (NCEM).

Chang et al. [40] develop a two-stage programming model for the determination of a
rescue distribution system for urban flood disasters. The study considers multi-group,

multi-echelon, multi-level structure network structure with uncertain demand
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locations as well as demand amounts at these demand locations. The problem is
solved in two stages, in the first stage possible disaster locations are classified and
grouped according to level of risk of being attacked by flood by minimizing the
expected shipping distance. The second stage location-allocation model determines
the selected local rescue bases to be set up after disaster as well as the quantity of
rescue equipment in the storehouses of all levels and delivery plan of these
equipment to demand points. The second stage model minimizes current facility set
up costs, average equipment procurement costs, expected transportation costs, supply
shortage costs and demand shortage penalty costs. Sample average approximation
method is used to solve the stochastic model with three rainfall scenarios.

Garrido et al. [41] propose a multi-period stochastic optimization model for the
design of a flood emergency logistics system. The proposed model determines flow
amount of different types of items from depots to demand locations by means of
different types of vehicles in different time periods, inventory amounts to pre-
position to depots in different time periods as well as flow of empty vehicles among
affected zones. The proposed model is solved under the objective of transportation,
inventory carrying and vehicle moving costs. Due to unpredictable stochastic nature
of floods, a demand function is generated for each demand zone under each time
period. Demand forecasting is performed via Monte Carlo simulation where demand
follows a general correlation in time and space. The model is solved with sample
average approximation method since the size and stochasticity of the problem makes

the model difficult to solve due to its NP hard nature.

Salman and Yucel [42] consider a facility location and set coverage problem under
random network damage for emergency relief systems. The study considers the
vulnerability of paths constituting the network with dependency and hence failure of
a path results in failure of nearby paths which are structurally more vulnerable.
Demand is assumed to be deterministic and transportation network vulnerability is
modeled through set of discrete scenarios, each scenarios having a pre-determined

probability. The model determines facility locations, assignment of demand points to
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facilities under each scenario as well as weather a demand point will be covered or
not under a specific scenario under the objective of maximizing expected demand
coverage. In order to overcome computation difficulty due to large number of
possible outcomes, a tabu search heuristic is developed to estimate objective function
value of candidate solutions over a sample network scenarios by sample average

approximation method.

Barahona et al. [43] develop an agile inventory and transportation models for disaster
response as well as a simulation framework to evaluate these optimization models.
The inventory model determines inventory amounts to be shipped through each link
in each time step under the objective of maximizing coverage across stock nodes.
The transportation model determines the optimal vehicle routing in a multi-stage
distribution network with resource and delivery constraints under the objective of
maximizing demand fulfillment in delivery locations with fairness. The simulation
framework includes wide range of disaster scenarios as well as stressors to capture
uncertainty in demand and location of disaster. A robust set based on sampled
scenarios are generated and the solution is carried out using the sample average
approximation method, since full problem size is too large to solve optimally for

stochastic model.

Garrido [44] present different mathematical models for defense planning under
different cases of unknown terrorist attacks with probabilities. The proposed models
optimizes resource allocation to different targets and space locations under different
objective functions. Four different models are formulated for human and material
resource allocation under different cases and their solutions are provided to help
decision makers make rational decisions to optimize investment decisions as well as
to optimize risks of terrorist attacks. Due to the complexity of proposed mathematical
models (all are NP-hard) sample average approximation method is utilized to solve
the models. The models are not run under real life data and due to complexity of

proposed models it is not possible to present most desired outcome of the models.
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Rodriguez-Espindola and Gaytan [45] introduce a method which combines raster
geographic information system (GIS) with an optimization model for disaster
preparedness to achieve efficient and effective flood management. The GIS provides
information about flood situation and road failures in the first stage and enables
decision makers to discard floodable facilities. GIS is used to analyze several flood
scenarios as well as demand of rescue equipment. Then optimization model uses the
outcomes of the GIS and provides an optimal solution in the second stage.
This multi-commodity model determines the shelter and distribution center locations,
assignment of affected population to shelters, pre-positioning of relief items to
distribution center as well as routing of items to achieve effective delivery to
shelters. A two-objective model is solved using sample average approximation under

a weighted-sum method as well as the epsilon-constraint method.
2.3. Contributions of This Thesis

Studies on humanitarian logistics vary in their model settings, methodologies and
assumptions greatly. Since it is almost impossible to estimate exact location as well
as magnitude of a disaster developing advanced decision support mechanisms is
crucial to make rational investment decisions to able to provide immediate response.
Our study proposes a two-stage stochastic MIP optimization model for preparedness
decisions of emergency relief system. The main difference of our study is that we
consider vulnerabilities of facilities and transportation network simultaneously in
case of a possible disaster. The possible outcomes of a disaster are reflected into
discrete binary scenario sets to capture facility and transportation network
vulnerability. When the nature of large-scale disasters is considered, the main effects
on the road and facility networks are the generation of debris, collapsing of bridges,
and breakdowns of roads or facilities. In general, such effects render these roads or
facilities to be either completely unusable, or may leave them to operate at their full
or near-full capacity. Hence, by using a binary approach to the modeling of
vulnerability, we aim to provide a more realistic way to handle these effects. Usage
of discrete binary scenario sets to simulate vulnerability is also a new approach to

stochastic modeling.
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CHAPTER 3

PROBLEM DEFINITION AND MATHEMATICAL MODELS

In this study, stochastic integer programming models are utilized to design a multi-
echelon humanitarian logistics network involving facility location, item pre-
positioning, and relief distribution with a specific application to a potential

earthquake in the Istanbul region of Turkey.

The humanitarian logistics network that is proposed in this study is comprised of
three echelons, which are warehouses, distribution centers, and aggregated demand
points. The proposed network is presented in Figure 3.1. The network design
problem considered in this study encompasses the preparedness and response stages
for humanitarian logistics management. In the first stage (the pre-disaster period),
warehouse and distribution center locations as well as relief item amounts that are to
be pre-positioned in the warehouses are determined. No relief item is pre-positioned
in the distribution centers in this stage. In the second stage (the post-disaster period),
relief item allocations and routing decisions from (i) warehouses to distribution
centers and (ii) from distribution centers to demand points are made. In this stage, it
is also possible to outsource relief items to distribution centers to be delivered to
demand points. Deliveries from warehouses to distribution centers are made through
direct paths that connect the warehouses to the distribution centers using trucks. On
the other hand, deliveries from distribution centers to demand points are assumed to
be made through pre-determined routes. Here, delivery trucks start the route from
distribution centers and follow a pre-determined route comprising a number of
demand points. Additionally, when supply does not met demand for a demand point,
a helicopter or cargo airplane delivery may be made from a distant location from a
separate stock point that is further away from the demand points. For simplicity we
will refer to airfreight as helicopter delivery in the remaining parts of this study.
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The exact epicenter and magnitude of an earthquake are almost impossible to know
in advance. Due to the uncertain nature of earthquakes, potential damage on relief
facilities as well as on humanitarian logistics network cannot be estimated precisely.
For this reason, in making the facility location, pre-positioning and relief
transportation decisions, vulnerabilities of facilities as well as logistics network are
incorporated into the mathematical model in a stochastic manner. For our purposes,
vulnerability refers to the probability that a road becomes impossible to traverse or a
facility becomes unusable after the disaster. Vulnerability is incorporated into a two-
stage stochastic model by means of discrete scenario sets. In the first stage of the
mathematical model, scenario-independent warehouse and distribution center
location and item pre-positioning decisions are made, whereas in the second stage,
scenario-dependent item allocation decision are made. Additionally, the model
assumes uncertain demand, and therefore disaster-dependent demand is projected
into scenarios to capture demand difference under different magnitudes and
epicenters of the disaster. These decisions are made under pre-determined first and

second stage budget restrictions.

In the proposed humanitarian logistics network, if a direct path connecting a
warehouse and a distribution center becomes impossible to traverse after the disaster,
then delivery is not possible from that specific warehouse to that specific distribution
center. In addition, since deliveries from distribution centers to demand points are
assumed to be made through pre-determined routes, if a road segment is blocked at
some point of these routes, the demand point(s) sequenced after this blocked road
segment in the route cannot receive the delivery even if the remaining segments are
not blocked. For example, in case there is a route visiting demand points A-B - C in
sequence, if the road segment A - B is not traversable, then both demand point B and
C cannot receive the delivery even if road segment B - C is functioning. It is also
assumed that road damage cannot be repaired in a short time period to be utilized
during the disaster; therefore, if a road is blocked, it cannot be re-opened and cannot
be used for delivery.
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Facility vulnerability is incorporated into this study in the following way: If a facility
(warehouse or distribution center) becomes unusable after the disaster, no deliveries
can be made starting from that facility. Although this does not prevent any shipments
to pass through that node. When a facility is operational after the disaster, we assume
that its full capacity is available.

Our models find optimal decisions under the objectives of minimizing total expected
demand weighted arrival time and minimizing maximum expected demand weighted
arrival time under pre-determined first and second stage budget constraints.
Minimization of total expected demand weighted arrival time is an efficiency-based
objective and both delivery amounts as well as arrival time to demand points are
covered in this objective. In case of a disaster, response time is critical to prevent
further suffering and while considering response time demand amounts should also
be considered to meet the demand as much as possible with the available resources.
The other objective is minimizing maximum expected demand weighted arrival time,
which is an equity-based objective, and also captures both response time as well as
demand amounts. However, this equity based objective only minimizes the
maximum rather than the total expected demand weighted arrival time. Having these
two different objectives enable us to compare the results under efficiency- and

equity-based objectives.
3.1. Mathematical Models

As mentioned before, road and facility vulnerabilities refer to the probability that a
road segment is not traversable and a facility becomes unusable, respectively. The
corresponding problem of pre-disaster facility location and item pre-positioning and
post-disaster relief transportation can be modeled as a two-stage stochastic program.
Road vulnerability is integrated into the stochastic programs as discrete binary
parameters. For every road between districts, random scenario sets are generated. In
these scenario sets, road condition takes value of 1 or 0. If the road condition is 1,
then the road is not blocked and can be used for item transportation under that
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specific scenario. Similarly, if the road condition is 0, then the road is blocked and

cannot be used under that specific scenario for item transportation.

Facility vulnerability is also integrated into the stochastic mathematical model as
discrete binary parameters. For every facility (warehouses and distribution centers),
random scenario sets are generated. In these scenario sets the facility condition takes
value of 1 or 0. If the facility condition is 1, then the facility is not damaged and can
be used for item pre-positioning and transportation under that specific scenario. If
facility condition is 0, then facility is damaged and cannot be used under that

scenario.

In what follows, we describe two alternative models based on two different

objectives.

Model 1.1. Efficiency-Based Baseline Model

Model 1.1 is formed as a stochastic model. Accordingly, road and facility
vulnerabilities as well as demand amounts are projected into scenario sets, which are
integrated into the mathematical model. This model assumes that delivery from
warehouses to distribution center is possible only with trucks and delivery from
distribution centers to demand points is possible either with trucks and helicopters.
Helicopter delivery is possible when supply does not meet demand for a demand
point, and is assumed to be made from a distant location with a separate stock with a
100 km distance to each demand point. It is also possible to outsource relief items to
distribution centers from local suppliers rather than transferring them from
warehouses to be further delivered to demand points. The objective function
minimizes expected total demand weighted arrival time to demand points with truck

and helicopter deliveries over different scenarios.
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The sets, parameters, and decision variables for Model 1.1 are as follows:
Sets

| : set of potential permanent warehouses

J : set of potential temporary distribution centers

D : set of aggregated demand points

R : set of truck routes

S : set of scenarios

First Stage Parameters

B; : budget for first stage investments which comprises costs of permanent
warehouse and temporary distribution center opening and item pre-positioning in the

warehouses (TL)

fi : fixed cost of opening and operating a permanent warehouse i (TL)
ci : capacity for permanent warehouse i (m®)

p : procurement cost for the relief item-tent (TL)

In : Inventory keeping cost for the relief item at the permanent warehouse and

temporary distribution center (TL)
fd; : fixed cost of opening and operating a distribution center j (TL)

cd; : capacity for distribution center j (m?)
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Second Stage Parameters

B, : budget for second stage investments which comprises costs of item distribution
from warehouses to distribution centers and from distribution centers to demand
points via trucks, cost of item outsourcing to distribution centers and item
distribution to demand points via helicopters from a separate stock keeping point
(TL)

Wgs : demand for relief item-tent at aggregated demand point d under scenario s
(units)

Mk : a large number

vt : volume of relief item (m®)

Ccarg - arrival time on road r to demand point d (hour)

cah : arrival time with helicopter (or cargo airplane) to demand points (hour)
cau : arrival time penalty for unsatisfied demand (hour)

vtr : interior volume of a truck (m?)

bl : liters of fuel consumed per kilometer of a truck delivery

pb : price of fuel per liter (TL)

vh : interior volume of a helicopter (or cargo airplane) (m®)

hd : service distance of helicopter (or cargo airplane) to demand points (km)
kI : liters of fuel (kerosene) consumed per helicopter (or cargo airplane) delivery
kp : price of fuel per liter (TL)

prs : probability of scenario s occurring

bdijr : distance between warehouse i and distribution center j on route r with truck
(km)
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gdjer : marginal distance between distribution center j and demand point d on route r
with truck (km)

pwis : 1 if permanent warehouse i is in operating condition after disaster under

scenario s,0 otherwise

dcjs : 1 if distribution center j is in operating condition after disaster under scenario

s,0 otherwise

bijrs : 1 if route r that connects warehouse i and distribution center j to each other is in

operating condition under scenario s,0 otherwise

jars - 1 if route r that includes distribution center j and demand point d is in operating

condition under scenario s,0 otherwise

Decision Variables

Binary Variables

xi . 1 if potential permanent warehouse i is opened,0 otherwise
m; : 1 if potential distribution center j is opened,0 otherwise
Urs - 1 if route r is used under scenario s,0 otherwise

Continuous Variables

yi . units of relief item pre-positioned at permanent warehouse i

Viirs © units of relief item sent on road r under scenario s from warehouse i to

distribution center j

Stjars - units of relief item sent on route r under scenario s from distribution center j to

demand point d

Q;s - units of relief item outsourced to distribution center j under scenario s
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pngs : units of relief item directly sent with helicopter to demand point d from a

distant location with a separate stock under scenario s
udgs : unsatisfied demand under scenario s (units) for demand point d

The resulting mathematical model is as follows:

min ZSES (prs) * [ZjE] ZdED ZrER (Stjdrs * Card) + ZdED (pnds * Cah)

+ Xaep (udgs * cau)] 1)
subject to

Yier (fi * %) + Xier (0 +1In) * y;) +Xjey (fdj*m;) <By )
yi*vt<c; Vi€l (3)

Zje] (st *p) + Zje] (st *In) + Yic; Zje] Xrer (vijrs * In)
+Yier XLjeg Zrer (bdijr * (Wijrs * vE)/VET) * bl * pb)
+Yjes Zaep Xrer (Gdjar * ((Stjgrs * VE)/vET) * bl * pb)

+Xaep (((pnas * vt)/vh) x kl « hd * kp) + Xaep (Pnas *p)<Bz VS€S 4)

Yier 2rer ((Qjs + Vijrs) *vt) < cdj*m; VJEJ,VSES (5)
Yjes Xrer Wijrs) < Yi*pwWis VIEL, VSES (6)
Vijrs < Yi*bijjrs VIEI,V]EJ,VIER,VSES @)
Qjs + Xicr 2rer Wijrs) > Xaep Xrer (Stjgrs) fOrvj€J,Vs€ES (8)
Yje Zrer (Stjars) + Pngs +udgs >wdys VAdED,VSES )
aep (PNas) <0.1%* Xgep (Wgs) VSES (10)
Gy <Mk *des Vi€, VSES (11)
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Vijrs <MKk * bjjrs *pwis *x; VIiEI,VJEJ,VIER,VSES
Stigrs <Mk * gjgrs * dcjs*m; Vj€J,VAdED,VIreER,VS€ES
Vijrs <Mk *u,; Vi€l ,Vje€J,VIER,VSES

Stjgrs <Mk *u,; Vj€J,VdED,VI€eR,VseS
xi€{0,1} Vi€l

m;€{0,1} VjeJ

Uus€{0,1} VreR,VseS

yi>0Vviel

Vis 20 ViEel,VjeJ,VreR,VsSES

Stigs >0 Vj€eEJ,VdeD,VreR,vVseS

Qs>0 Vj€eJ,VseS

pngs >0 VvdeD,VseS

udgs >0 vdeD,VseS

(12)
(13)
(14)
(15)
(16)
A7)
(18)
(19)
(20)
(21)
(22)
(23)

(24)

Obijective function (1) minimizes total expected demand weighted arrival time for

truck and helicopter deliveries to demand points as well as total expected penalized

weighted arrival time of unsatisfied demand over all different scenarios.

In the first part of the equation, delivery amount to each demand point from each

distribution center on each truck route under each scenario is multiplied by arrival

time to each demand point on each truck route and also by probability of each

scenario occurrence. This multiplication is then summed for every distribution

center, demand point, truck route and scenario. Hence, the first part gives total

expected demand weighted arrival time with truck delivery over all scenarios.
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In the second part of the objective function, delivery amount to each demand point
via helicopter under each scenario is multiplied by the arrival time to demand points
via helicopter and also by the probability of each scenario becoming true. In the
study it is assumed that helicopter delivers relief item-tent to demand points from a
100 km distant location with a separate stock apart from the stock of distribution
centers. Average speed of helicopter is assumed as 300 km/hour and hence delivery
and arrival time to each demand point is assumed as 0.333 hours (20 minutes) via
helicopter. This multiplication is summed overall demand points and scenarios. This
part gives total expected demand weighted arrival time via helicopter over all

scenarios.

In the third part of the objective function, unsatisfied demand amount for each
demand point under each scenario is multiplied by the arrival time penalty for
unsatisfied demand and also by probability of each scenario coming true. It was
assumed that in case delivery of relief items cannot be made to demand points right
after the disaster, unsatisfied demand is met 1,000 hours (41.66 days) later with
donations. A high value constant of 1,000 is used in the objective function to
penalize unsatisfied demand, since the objective function is minimizes demand
weighted arrival time. The multiplication is summed for all demand points and for all
scenarios. Hence this part gives total expected demand weighted unsatisfied demand.

Constraints (2), which are the first stage budget constraints, restrict first stage costs.
The first part gives total warehouse opening and operating costs, the second part
gives the item procurement and inventory keeping costs for item pre-positioned to
warehouses, and the third part gives total distribution center opening and operating

costs.

Constraints (3) restrict units of item stored at each warehouse in terms of volume

(m).

Constraints (4), which are the second stage budget constraints, include the following

costs: The first and second parts give procurement and inventory keeping costs for
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items outsourced at distribution centers respectively. The third part calculates
inventory keeping costs for items sent to distribution centers from the warehouses,
whereas the fourth part gives transportation costs for items transferred from
warehouses to distribution centers. The fifth part yields the transportation costs for
item transferred from distribution centers to demand points via trucks, the sixth part
gives transportation costs via helicopters from a distant location with a separate stock
to demand points, and the last part gives item procurement cost for item urgently
outsourced for delivery to demand points from a distant location with a separate

stock.

Here, in calculating the transportation costs via trucks, total amount transferred in
terms of volume (m®) is divided by 79, which is the interior volume (m®) of jumbo
trucks [46]; hence yielding the number of trucks. This amount is multiplied by 0.35,
which is the average liters of benzene consumed by jumbo trucks per km [47], and
then with 4.3, which is the average price (TL) per liter of fuel [48]. Finally, this cost
per km is multiplied by the distance traveled (km).

Similarly, while calculating the transportation costs via helicopters, total amount
transferred in terms of volume (m°) is divided by 120, which is the interior volume of
helicopter [49], hence number of helicopters required is found. This amount is
multiplied by 5, which is the approximate liters of kerosene consumed by helicopter
per km [50], and then with 2.8, which is average price (TL) per liter of kerosene [51].
Finally, this cost per km is multiplied by the distance traveled (km).

Constraints (5) restrict units of item stored at each distribution center under each
scenario in terms of volume (m®). This constraint accumulates volumes of item
outsourced to distribution centers as well as item transferred from warehouses to
distribution centers. These constraints also prevent item accumulation to distribution

center if that potential distribution center is not opened.
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Constraints (6) ensure that units of item transferred from each warehouse to all
distribution centers though all routes is less than or equal to units of item pre-
positioned at this warehouse under each scenario. In addition under each scenario no
item is sent from a warehouse to a distribution center if that warehouse is not

operating under that scenario.

Constraints (7) ensure that units of item transferred from each warehouse to each
distribution center though each route is less than or equal to units of item pre-
positioned at this warehouse under each scenario. Furthermore, under any scenario,
no item is sent from a warehouse to a distribution center through a specific route if
this specific route does not connect the warehouse and distribution center to each
other.

Constraints (8) guarantee that for each distribution center and under each scenario,
total amount of item sent from warehouses plus total amount of item outsourced to
that distribution center is greater than or equal to units of items send from that

distribution center to all demand points on all routes.

Constraints (9) ensure that amount of item sent from all distribution centers to a
demand point through all routes and units of item delivered with helicopter to that
demand point plus unsatisfied demand for that demand point is guaranteed to be

greater than or equal to demand at that demand point under each scenario.

Constraints (10) ensure that total units of item delivered to all demand points is less
than or equal to 10% of total consolidated demand of all demand points under all

scenarios.

Constraints (11) guarantee that no item is outsourced to a non-opened distribution

center under each scenario for all distribution centers.

Constraints (12) guarantee that for every warehouse, every distribution center, every
route, and under each scenario; no item is sent from a warehouse to a distribution

center though a route if that warehouse is not opened or if that warehouse not in an
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operating condition or if the road does not connect these warehouse and distribution
center to each other. These constraints also ensure that since no item is sent from a
warehouse no item is pre-positioned in that warehouse. Hence no item is pre-

positioned at a warehouse if that warehouse is not opened.

Constraints (13) guarantee that for every distribution center, every demand point,
every road, and under each scenario; no item is sent from a distribution center to a
demand point though a road under a scenario if that distribution center is not opened,
or if that distribution center not in an operating condition, or if the route does not
connect these distribution center and demand point to each other. These constraints
also ensure that since no item is sent from a distribution center no item is pre-
positioned to that distribution center. Hence no item is pre-positioned at a

distribution center if that distribution center is not opened.

Constraints (14) ensure that for every warehouse, every distribution center, every
route, and under each scenario; no item is sent from a warehouse to a distribution

center through a route if that route is not used under that scenario.

Constraints (15) guarantee that for every distribution center, every demand point,
every route, and under each scenario; no item is sent from a distribution center to a

demand point through a route if that road is not used under that scenario.

Constraints (16)-(24) are the set constraints including binary and non-negative

decision variables.

Model 1.2. Equity-Based Baseline Model

In Model 1.2., the objective function is changed to minimize maximum expected
demand weighted arrival time for truck and helicopter deliveries to demand points as
well as the penalized weighted arrival time of unsatisfied demand over all scenarios
rather than the expected total demand weighted arrival time version of objective

function in Model 1.1.
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In the frame of this new model; a new decision variable and a new constraint are

defined in addition to existing variables and constraints in Model 1.1.

The additional decision variable wmg denotes the maximum demand weighted arrival
time for truck and helicopter deliveries at any demand point including penalized
weighted arrival time of unsatisfied demand under each scenario. Using this variable,

the following constraint is added to the model:
wmg > (stjgrs * carq) + (pngs * cah) + (udys *cau) VjeJ,vdeD,
VreR,VseS (25)

Constraints (25) ensure that variable wms is greater than or equal to sum of weighted
arrival time to each demand point from every distribution center though each truck
route and weighted arrival time to each demand with helicopter as well as the

penalized weighted arrival time of unsatisfied demand under each scenario, if any.
The objective function of Model 1.2 is then as follows:

min ZSES (prs * Wms) (26)

Obijective function (26) minimizes maximum expected arrival time for truck and
helicopter deliveries to demand points as well as penalized weighted arrival time of

unsatisfied demand under each scenario.

Model 1.2 is solved to minimize objective function (26), subject to constraints (2)-
(25).

3.2. Deterministic Benchmark Models

We formulate two deterministic models as benchmarks to the proposed stochastic
models in Section 3.1 to observe and represent the differences in results and
decisions in case (i) no vulnerability is assumed, and (ii) road vulnerability is
integrated into the model as an expected inflation in travel time, and facility
vulnerability is integrated into the model as an expected deflation in the service
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capacities of the warehouses and distribution centers, rather than as binary discrete

scenario sets.

The first of these models does not take road and facility vulnerabilities or demand
uncertainty into account. In the second deterministic model, inspired by Baskaya
[26], road vulnerability is reflected into the mathematical models by assuming that
all roads are still traversable after the disaster, but travel time on these roads is
increased by an additional percentage. Additionally, in the second model, warehouse
and facility vulnerabilities affect the service capacities of these facilities and facility

capacities are decreased by a certain percentage depending on their vulnerability.

Model 2.1. Efficiency-Based Model with No Road or Facility Vulnerabilities

Models with no road or facility vulnerabilities (Models 2.1 and 2.2) provide lower
bounds on the objective function of Model 1.1 and 1.2, respectively. The main aim in
formulating these models is to observe the effect of incorporating road and facility
vulnerabilities on the objective values and the facility location and inventory pre-

positioning decisions.

The main differences in the formulation of Model 2.1, as opposed to Model 1.1, are

the following:

e The scenario set S is no longer considered. Scenario indices are removed
from all second-stage parameters and decision variables.
e All second stage binary parameters take a value of 1, as all warehouses and

road segments are assumed to be in operating condition.

The resulting mathematical model is as follows:
Min Yje; Xaep Xrer (Stjar * €ara) + Xaep (Pg * cah)

+ Yaep (udy * cau) (27)
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subject to

ier (fixx) + Xier (p+1In) * y;) +Xje; (fd; xm;) <By
yixvt<c; Vie l

Yie; @j*p)+Xje; (qj xIn) + Xic; Xje) Xrer (Vijr * In)
+Xier Xjej Zrer (bdijr * ((vijr * vt)/vitr) * bl + pb)
+Xjej Laep Zrer (9djar * ((Stjar * V) /vir) * bl * pb)
+Xaep (((png * vt)/vh) * kl* hd * kp) + Xgep (png *p) <B
Yier 2rer ((qj +vijp) xvt) < cdjxm; V€

Yjejrer Wijr) <y Vi€El

Vijr < Yi*bijr VIEI,VJEJ, VI€ER

qj + Xicr Zrer Wijr) = Xaep Zrer (Stjar) VjEJ

Yjej Zrer (Stjar) +png +udg>wd, VdeD

aep (Png) <0.1* Yyep (Wa)

q; <Mk*m; Vel

Vi Mk * by *x; Vi€l , Vjed, VreR

Stigr <Mk * gjgr *m; Vj€J,VdED,VreRr

xi€{01} Vi€l

m;e{0,1}Vjel

yi>0Vviel
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(29)

(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
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VierOViE|,VjEJ,VI’€R (43)

Stigr >0 Vj€J,VdED,VreRr (44)
>0 VjeEJ,Vs€ES (45)
png >0 VdeD (46)
udg >0 vdeD (47)

Model 2.2. Equity-Based Model with No Road or Facility Vulnerabilities

In Model 2.2, the objective function is changed to minimize maximum demand
weighted arrival time for truck and helicopter deliveries to demand points as well as

the weighted penalty for the arrival time of unsatisfied demand.

In frame of this new model; a new variable wm, which represents the maximum
demand weighted arrival time for truck and helicopter deliveries to demand points as
well as the weighted penalty for the arrival time of unsatisfied demand, is introduced.
In addition, the following constraint is added into Model 2.1 to calculate the value of

wm:
wm > (Stjgr * carq) + (png * cah) + (udy *cau) Vje€J,vdeD,VreR (48)
min wm (49)

The resulting objective function (49) is the minimization of wm and the model is
subject to constraints (28)-(48).

Model 3.1. Efficiency-Based Model with Deterministic Vulnerabilities

The third model is formulated using deterministic road and facility vulnerabilities for
warehouses and distribution centers, which are used to inflate the travel times on the
roads and to deflate the capacities of the warehouses and distribution centers. In
addition, demand is considered as deterministic and assumed to be equal to expected

demand of different demand values under different magnitudes of disaster.
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To incorporate road vulnerability into travel times, we define a new parameter, caiyq,
which represents the inflated total arrival time on route r at demand point d. To
calculate caiyq, arrival times cayq in the previous models are multiplied by 1/(1-vr))),
where vr; is the vulnerability of road segment r. It is assumed that road vulnerability
affects arrival times on roads, and hence arrival time increases as road vulnerability

increases.

In mathematical terms, the following equation adjusts the arrival time of route r at

demand point d:
caiyg=ca,q*(1/(1 - v7;.)) (50)
In the objective function, the term cayq is replaced by caig.

To incorporate facility vulnerability, we introduce the following additional

parameters:
vn;: expected facility vulnerability for warehouse i
vl;: expected facility vulnerability for distribution center j

Warehouse and distribution center service capacity constraints (constraints 6 and 8 in
Model 1.1) are then modified as follows:

Yjej Zrer(Wijr) S yi*(1—vn;) Vi€l (51)
qj + Xier Zrer Wijr * (L — 1)) > Yaep Xrer (Stjar) VJEJ (52)

Model 3.2. Equity-Based Model with Deterministic Vulnerabilities

As in Model 2.2, Model 3.2 involves the change of the objective function to
minimization of the maximum expected demand weighted arrival time for truck and
helicopter deliveries to demand points as well as the weighted penalty for the arrival

time of unsatisfied demand.
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As in Model 2.2, we define wm as the maximum of summation of demand weighted
arrival time for truck and helicopter deliveries to demand points as well as the

weighted penalty for the arrival time of unsatisfied demand and define the constraint:
wm > (Stjgr * carq) + (png * 0.333) + (ud,y *1,000) forvjeJ,vdeD,VreR
(53)

The objective function of Model 3.2 is defined as:

min wm (54)
3.3. Solution Approach

The number of potential scenarios in Model 1.1 and 1.2 are too large to handle. If we
have |R| road segments, |I| potential warehouse locations and |J| potential distribution
center locations, there are 2RM'™ potential scenarios, which makes the model

impossible to solve optimally even for very small instances.

Hence we use a sample average approximation heuristic as described by Kleywegt et

al. [37] and Ahmed and Shapiro [38], which works in the following way:

(i) We perform a set of rp replications, in each of which a model with sp
scenarios are formed. To determine the values of rp and sp, we perform
preliminary experiments and construct confidence intervals on the value
of the objective function for each (rp,sp) pair.

(i) Once the values of rp and sp are determined, we sample a large number of
N>>sp scenarios by fixing the first-stage decisions in each of the rp
replications. Out of these, we pick the solution that yields the smallest

expected objective value; which is the resulting heuristic solution.

The idea here is to sample through as many scenarios as possible, so that the
expected objective value is an accurate approximation of the original objective
function. Hence, we would like to have the values of rp and sp as high as possible in
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Step (i) and the value of N should be as high as possible in Step (ii). However,
increasing the values of these parameters may lead to significant increases in the
computational burden. Thus, to resolve this trade-off, we determine these values after

performing preliminary experiments in Chapter 5.1.
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CHAPTER 4

A CASE STUDY BASED ON A POTENTIAL EARTHQUAKE DISASTER IN
ISTANBUL, TURKEY

The proposed mathematical models are applied on a potential earthquake scenario
affecting the European side of Istanbul where the great majority of Istanbul’s

population resides with a total population of 9,162,919 [52].

Istanbul has suffered greatly from a major Earthquake in 1999 and since main
commercial and industrial facilities of Turkey are located in Istanbul, large-scale
fatalities and economic damage occurred. A study conducted within the framework
of Istanbul Seismic Risk Mitigation and Emergency Preparedness Project [9]
estimates that with a probability greater than 62%, a large earthquake will occur in
Istanbul within the next 30 years. Additionally, the occurrence of a large earthquake
within 10 years is greater than 20%. The study further estimates that in case of a 7.5
Richter scale earthquake in Istanbul, nearly 70,000 deaths, 120,000 heavily injured
people, 400,000 lightly injured people, and economic damage around 50 billion USD
is expected.

4.1. Model Settings and Assumptions
4.1.1. Data Sets and Parameters

In this chapter, model settings as well as the parameters regarding the application of
mathematical models to a potential earthquake in Istanbul, Turkey are explained in
detail.

This part of the study explains how distances, paths and routes, road vulnerabilities
and their vulnerability scenario settings, transportation and arrival times, demand

amounts, potential facility locations and their vulnerability scenario settings, facility
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storage capacities, facility fixed costs, relief item volumes, relief item costs as well

as first and second stage budgets are obtained.
4.1.1.1. Distances between Districts of Istanbul

The distances between districts are taken from Baskaya [26], where Google Maps is
utilized to find the distances between districts. A district center is determined for
each district and represented with a latitude and longitude coordinate (N°; E°).
Coordinate of each district center is obtained by calculating the population weighted
average of coordinates of neighborhoods in this district. The mukhtar office
(headman office) of each neighborhood is assumed as the center of that
neighborhood and the coordinate of the mukhtar office is used as the coordinate of
each neighborhood. In Google Maps, distances between the district centers are found
by utilizing these coordinates. Coordinates of district centers and distances between
districts of Istanbul from Baskaya [26] are presented in the Tables Al and A2 of
Appendix A, respectively.

4.1.1.2. Path and Route Generation

In the model, a direct path between a warehouse-distribution center pair is assumed
and hence items are first transferred from the districts where warehouses are located
to the districts where the distribution centers are located. On the other hand,
deliveries from distribution centers to demand points are assumed to be made
through routes that visit multiple districts. Delivery trucks start the route from
distribution centers and follow a pre-determined route comprising two or three
demand points. If the path is blocked at some point of these routes, the demand
point(s) sequenced after this district in the route cannot receive the delivery, even if

the remaining road segments are not blocked.

Direct paths starting from warehouses and reaching to distribution centers are
determined based on the distances between districts that potential warehouses and
potential distribution centers to be located. Three, four or five direct paths are
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determined to start from each potential warehouse to set of different potential
distribution centers. The distribution centers that are closest to a specific warehouse
are allocated to that warehouse and hence pre-determined roads between warehouses
and distribution centers are formed. Each distribution center is allocated to at least
two potential warehouses in this setting.

Route sets starting from distribution centers and reaching out to demand points are
determined based on distances as well. The demand point closest to the distribution
center is appointed as the first demand point of the route and the other demand point
closest to that first demand point is appointed as the second demand point, similarly
another demand point closest to the second demand point in the route is appointed as
the third demand point of the route. To avoid duplication, if a demand point is
appointed as the first point in a route starting from a specific distribution center, then
in another route, another demand point is appointed as the first demand point starting
from the same distribution center. Each demand point is allocated to at least two
potential distribution centers.

The maximum route length is restricted to 40 kilometers with two exceptions. Two
of the roads reaching out to Silivri and Catalca districts are longer than 40
kilometers, since these two districts are quite distant from other districts. Maximum
number of demand points that can be assigned to a route is restricted to three.
Therefore, some routes can be comprised of only two demand points, while other
may include three demand points.

For all roads and routes, the origin district is also the first district that is visited
throughout this route. Some districts are both potential warehouse and distribution
center locations and all districts are also demand points. Hence, a road starting from
a warehouse in a specific district first visits the distribution center in this district.
Similarly, a road that starts from a specific distribution center firstly visits the
demand point in this same specific district. Distance and travel times through the

visits in the same district are assumed to be zero.
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The pre-determined roads and routes are presented in Tables B1 and B2 of Appendix
B for roads connecting warehouses to distribution centers and for routes connecting

distribution centers to demand points, respectively along with the distances.
4.1.1.3. Road Vulnerabilities

In order to obtain data regarding facility and road vulnerabilities of Istanbul in case
of an earthquake, “The Study on A Disaster Prevention / Mitigation Basic Plan in
Istanbul Including Seismic Microzonation in the Republic of Turkey” report [10]
prepared by Japan International Cooperation Agency (JICA) and Istanbul
Metropolitan Municipality (IMM) is utilized.

In JICA & IMM Report [10], four different earthquake damage models are generated
according to research on the North Anatolian Fault (NAF). Model A is the most
probable damage model among these four damage scenarios and moment magnitude
(Mw) is assumed to be 7.5. In model B, moment magnitude is assumed to be 7.4.
Model C is the worst case scenario with an assumed moment magnitude of 7.7 and
model D assumes the moment magnitude (Mw) as 6.9. Among these four models,
data of model A and model C are used in this thesis study, since these models
correspond to the most probable and worst case scenarios, respectively. 25 districts
of Istanbul (all districts on the European side) are taken into consideration.

Vulnerabilities of roads between districts are regarded as the probability that these
roads are blocked due to building collapse, debris generation, road failure, etc., and
these data are taken from Baskaya [26], where the vulnerabilities of roads are
calculated according to road blockage probability of roads of 7 to 15 meters wide
[10]. In JICA & IMM Report [10], roads are segmented into six categories, namely
red, orange, yellow, green, blue, and gray for which the vulnerability values are over
0.5, between 0.3 and 0.5, is between 0.2 and 0.3, between 0.1 and 0.2, between 0.05
and 0.1 and between 0 and 0.05, respectively. This segmentation is presented in

Figure 4.1.
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Figure 4.1: Road Vulnerabilities for Medium Width (7-15m) Road
Segmentation [26]

The total vulnerability of a path connecting two districts is found by multiplying the
road vulnerability of each type of road in the path with the length of that type of road
(number of grids) and then summing up this multiplication for all type of roads. This
total is then divided by the total length of all roads in the path (total number of grids).
Detailed calculation in Baskaya [26] is shown in equation (55).

Total Vulnerability of a path: [(# of red squares * coefficient of red square) + (# of
orange squares * coefficient of orange square) + (# of yellow squares * coefficient of
yellow square) + (# of green squares * coefficient of green square) + (# of blue
squares * coefficient of blue square) + (# of grey squares * coefficient of grey
square)] / (# of total squares on the path) (55)
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Low, average, and high vulnerabilities used as the coefficient of each road segment
[26] are shown in Table 4.1.

Table 4.1: Road Vulnerability Coefficients from Baskaya [26]

Vulnerability Coefficient

Low Average High
Vulnerability | Vulnerability | Vulnerability

Red 0.5 0.75 0.99
Orange 0.3 0.4 0.5
Yellow 0.2 0.25 0.3
Green 0.1 0.15 0.2
Blue 0.05 0.075 0.1
Gray 0 0.025 0.05

Road vulnerabilities for each district pairs are shown in Table C1 of Appendix C,
where average and high vulnerabilities are summed to calculate total road

vulnerabilities.
4.1.1.4. Road Vulnerability Scenario Generation

In this thesis study, road vulnerabilities are integrated into the mathematical models
as binary parameters. For every road between districts, a number of random
scenarios are generated in excel. In each scenario, condition of a road takes value of
1 or 0. If the road condition is 1, then the road is not blocked and can be used for
item transportation under that specific scenario and similarly if road condition is O,
then the road is blocked and cannot be used under that specific scenario for item
transportation. In generating the scenarios, percentage of scenarios where a road

condition takes a value of 0 is approximately equal to the vulnerability of that road.
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These sets are generated first by using the RAND function of excel to create random
numbers between 0 and 1. Then IF function of Excel is used to specify that if the cell
value is less than road vulnerability then in a new spreadsheet a new cell value of 0 is
appointed similarly if the cell value is greater than or equal to road vulnerability then
a new cell value of 1 is appointed in a new spreadsheet. By this way scenario sets are
created in which percentage of time the road condition takes value of 0 is
approximately equal to road vulnerability and in the same way percentage of time
road condition takes value of 1 is approximately equal to percentage of time road is
not blocked.

The vulnerabilities of the pre-determined routes are presented in Tables D1 and D2
of Appendix D.

4.1.1.5. Transportation and Arrival Times

Transportation with truck delivery is assumed to be made with an average speed of
30 km/hour. Travel time between districts in terms of hours is calculated
accordingly. While the delivery is made directly from warehouses to distribution
centers, delivery from distribution centers to demand points is made through pre-
determined routes. Travel time from warehouse to distribution center is calculated by
dividing the distance between warehouses and distribution centers to the average

speed of 30 km/hour.

Arrival time at a distribution center is considered as the longest travel time from any
warehouse which serves this distribution center. It is assumed that once all the
delivery is made to a distribution center, this distribution center starts transporting
the item to demand points through pre-determined routes. Arrival time at the demand
point at the start of a route is equal to the sum of the arrival time at the distribution
center serving it and the total travel time from distribution center to that demand
point. Arrival time at a demand point not at the start of a route is equal to arrival time

at the preceding demand point in the route plus the travel time from the preceding

57



demand point to that demand point. Travel and arrival times at the warehouses,

distribution centers, and demand points are given in Table E1 of Appendix E.

For the deterministic models 3.1 and 3.2, arrival times are inflated to reflect expected
road vulnerability into the mathematical model. Hence, arrival times that are

presented in Table E1 of Appendix E are multiplied by 1/ (1-road vulnerability).

Inflated travel and arrival times at the warehouses, distribution centers, and demand

points roads are given in Table E2 of Appendix E.
4.1.1.6. Demand

We consider the distribution of a single relief item (tent). In the model, each district
Is assumed as a demand point, so there are a total of 25 demand points. Demand for
each relief item is determined based on the percentage of people affected as well as
the percentage of damaged buildings in each district. In the JICA & IMM Report
[10], expected percentage of dead and severely injured people as well as percentage
of heavily and moderately damaged buildings are given for each district of Istanbul
under two different damage scenarios. While model A is the most probable damage
scenario, model C is the worst case scenario and demand for the item is generated
separately under these two different scenarios. It is assumed that one tent is allocated
to every four persons. Demand for tents is calculated by subtracting the number of
deaths from total population and then multiplying this number with the percentage of
moderately and severely damaged buildings, and finally dividing this number by
four. Populations of districts are taken from the 2013 population census report of the
Turkish Statistics Institute [52].

Demand for tent in a district = ((District Population-(District Population *Percentage
of Death))*Percentage of Heavily and Moderately Damaged Buildings)/4 = ((District
Population —Total Number of Deaths) * Percentage of Heavily and Moderately
Damaged Buildings)/4 (56)

Figures showing affected population as well as demand for each district according to
demage Models A and C are presented in Tables 4.2 and 4.3, respectively.
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4.1.1.7. Potential Warehouse and Distribution Center Locations

Potential districts are identified for locating warehouses and distribution centers in
European side of Istanbul. In order to identify the potential facility locations, volume
weighted total demands (m®) for all districts are calculated. Additionally, two
threshold values are calculated for warehouses and distribution centers to decide
which districts to include as potential warehouses and distribution centers,
respectively.Since Model C of JICA & IMM Report [10] simulates a more severe
earthquake damage scenario, potential facilities are determined based on volume
weighted demands in this model. However, the threshold values are calculated using
the volume weighted demands of Model A [10]. Model A represents a less severe but
more probable demage scenario, therefore the average volume weighted demand and
hence threshold value is lower in Model A compared to Model C. Considering a
lower threshold value enhances the set for potential facility locations and enables

considering all possibly feasible districts for locating facilities.
The threshold values are calculated as follows:

Warehouse threshold value = 0.75*(Average Volume Weighted Demand of 25
Districts According to Model A) (57)

Distribution Center threshold value = 0.75*(Average Volume Weighted Demand of
25 Districts according to Model A-Standard Deviation of Volume Weighted Demand
of 25 Districts According to Model A) (58)

Threshold value for warehouses is 3,680 and hence districts with more volume
weighted demand (according to demage scenario C of JICA & IMM Report [10] )

than the threshold value are included as potential warehouse locations in the model.

Similarly, the threshold value for distribution centers is 1,234. However, an
exception is made for the Silivri district, whose volume weighted demand is
1,245.34, by not including it as a potential distribution center since its volume

weighted demand is very close to the threshold value.
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Volume weighted demand for districts under Models A and C as well as their

average and standard deviations are given in Table F1 of Appendix F.

Furthermore, potential warehouse and distribution center locations are presented in

Tables F2 and F3 of Appendix F, respectively.
4.1.1.8. Facility Vulnerabilities

JICA & IMM Report [10] is utilized to obtain reliable data on facility vulnerabilities
of the potential warehouses and distribution centers. In the JICA & IMM Report
[10], building damage rates are provided for districts of Istanbul under damage
models A and C. In this study, summation of percentage of heavily and moderately
damaged buildings are taken into consideration for facility vulnerability calculation.
Since JICA & IMM Report [10] was published in 2002, only the districts of that time
were included in the report. However, in 2008, some parts of different districts were
united to create new districts. Vulnerability of newly created districts were assumed
to be the same as the district that they are originated from or assumed to be equal to
average vulnerability of districts that they are originated from. The facility
vulnerabilities of 25 districts that are included in the mathematical model are given in
Table G1 and G2 of Appendix G for earthquake scenarios A and C in the JICA &
IMM Report [10].

For the deterministic models 3.1 and 3.2, average vulnerability coefficients of two
damage models A and C are taken as expected facility vulnerability. These expected
vulnerability coefficients that are integrated as parameters to Model 3.1 and Model

3.2 are presented in table G3 of Appendix G.
4.1.1.9. Incorporation of Facility Vulnerabilities into the Scenarios

As with road vulnerabilities, we incorporate facility vulnerability into the stochastic
mathematical model as binary parameters. For every facility (warehouses and
distribution centers), random scenario sets are generated, the average of which reflect
the damage percentages of Models A and C of the JICA & IMM Report [10].
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We generate a set of scenarios, the percentage of time facility condition takes value

of 0 is approximately equal to the facility vulnerability value.

In these scenario sets, the facility condition takes value of 1 or 0. If the facility
condition is 1 then the facility is not damaged and can be used for item pre-
positioning and transportation under that specific scenario and similarly if facility
condition is 0, then facility is damaged and cannot be used under that scenario.
These sets are generated first by using the RAND function of Excel to create random
numbers between 0 and 1. Then IF function of excel is used to specify that if the cell
value is less than facility vulnerability then in a new spreadsheet a new cell value of
0 is appointed similarly if the cell value is greater than or equal to facility
vulnerability then a new cell value of 1 is appointed in a new spreadsheet. By this
way a set of scenarios is created in which percentage of time the facility condition
takes value of 0 is approximately equal to facility vulnerability and in the same way
percentage of time facility condition takes value of 1 is approximately equal to
percentage of time facility is not damaged.

4.1.1.10. Facility Storage Capacities and Facility Costs

Storage capacities of potential facilities (potential warehouses and potential
distribution centers) in terms of volume (m® are calculated by multiplying the
volume weighted demand (m®) of the district that the facility is to be opened

according to damage Model C by a pre-determined constant.

The constant that is to be multiplied by volume weighted demand of each potential

facility district is calculated as follows:

Storage Capacity Constant for Warehouses = 5*(Total Volume Weighted Demand of
All Districts According to Model C /Total Volume Weighted Demand of Potential
Warehouse Districts According to Model C) (59)
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Storage Capacity Constant for Distribution Centers = 5*(Total Volume Weighted
Demand of All Districts According to Model C/Total Volume Weighted Demand of
Potential Distribution Center Districts According to Model C) (60)

Storage capacity of each potential facility is then calculated by multiplying the
volume weighted demand of the district that the facility is to be opened with the
constant value calculated in Equations (59) and (60) for warehouses and distribution

centers, respectively.

Storage Capacity for a Potential Warehouse = (Storage Capacity Constant for
Warehouses)*(Volume Weighted Demand of District that Warehouse is to be
Opened According to Model C) (61)

Storage Capacity for a Potential Distribution Center = (Storage Capacity Constant
for Distribution Centers)*(VVolume Weighted Demand of District that Distribution
Center is to be Opened According to Model C) (62)

Fixed cost of opening and operating a warehouse and distribution center is assumed
as 10 TL/m?® of storage capacity. Hence, the cost is positively related with storage

capacity in terms of volume.

Storage capacities of potential facilities that are the potential warehouses and
potential distribution centers are presented in Tables H1 and H2 of Appendix H,
respectively, in terms of volume (m®) as well as the fixed opening and operating

costs of warehouses and distribution centers.
4.1.1.11. Relief Item VVolumes and Costs

Sheltering becomes an essential need for survival after disasters, and therefore
emergency tent is considered as the relief item in frame of this study. The tent
specifications in the website of International Federation of Red Cross and Red
Crescent Societies [53] are considered in frame of this study. The tent has storage
(shipment) volume of 0.28175 m® with a price of 310 CHF (approximately 930 TL).
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One tent is allocated to each 4-person family. The inventory keeping cost is assumed
to be 25% of item procurement cost, since this is the commonly accepted ratio for

inventory keeping cost over value of inventory on hand as a thump up practice [54].
4.1.1.12. Budget

A total of 600,000,000 TL is assumed as the total budget for earthquake disaster
management of Istanbul’s European side. First stage and second stage budgets are
determined after preliminary runs of the mathematical model with a very large initial
first and second budget of 1,000,000,000,000 TL. After several compilations of the
mathematical model by gradually lowering the second stage budget, it is seen that
below the second stage budget value of 150,000,000 TL, the model is infeasible;
therefore, the second stage budgets is determined as 150,000,000 TL. Additionally,
first stage budget is determined as 450,000,000 TL since below this fisrts stage
budget level with the second stage budget of 150,000,000 TL the model results in
infeasibility.

First stage budget covers warehouse and distribution center opening and operating
costs as well as item pre-positioning and inventory keeping costs. Hence, first stage
pre-disaster costs are covered by the first stage budget. Second stage budget covers
item outsourcing to distribution centers and item delivery costs to demand points
either with trucks and helicopter delivery. In the second stage, items are first
transferred from warehouses to distribution centers, and then from distribution
centers to demand points. It is possible to outsource items to distribution centers
rather than transferring from warehouses, and also transfer relief item via helicopters

to demand points from a 100 km distant location with a separate stock.
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CHAPTER 5

PRELIMINARY EXPERIMENTS AND COMPUTATIONAL RESULTS

In this chapter, we first present the preliminary experiments conducted to determine
the parameter values of the sample average approximation heuristics. Afterwards, we
discuss the results of the baseline settings, and sensitivity analysis of the problem
parameters, as well as comparison of the proposed methods to benchmark
approaches.

All mathematical models in this chapter are solved using CPLEX 12.6 through
GAMS 23.9.

5.1. Preliminary Experiments

Since the number of potential vulnerability scenarios are too large to solve the
models optimally, we use a sample average approximation heuristic to find near-
optimal solutions. To set the parameter values of the heuristic (humber of
replications and number of scenarios in each replication), we conduct preliminary
experiments and vary these parameters to find the best pair in terms of how

accurately the objective values are represented as well as the CPU times.

We generate the following pair of number of replications and number of scenarios in
each replication, and solve Model 1.1 with under these settings: (1) 10 replications,
each with 30 scenarios, (2) 20 replications, each with 30 scenarios, (3) 10
replications, each with 60 scenarios, (4) 20 replications, each with 60 scenarios, (5)
20 replications, each with 120 scenarios, (6) 50 replications, each with 120 scenarios,
and (5) 100 replications, each with 120 scenarios. The maximum size of a subset is
120 scenarios, since Model 1.1 cannot be solved with more scenarios in a single run.
The objective function values are obtained for each run of stochastic Model 1.1 with

the different scenario sets, which are presented in Table 11, 12 and I3 of Appendix I.
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Average objective function values as well as 95% confidence interval limits are
calculated for each model solved with different scenario sets through the scenario
subsets which are presented in Table 5.1. The confidence interval of objective
function values of Model 1.1 with different scenario sets are calculated with one
sample t test utilizing Minitab software.

The choice of the two parameters depends on the trade-off between two different
measures. As a first measure, for each scenario, the difference of confidence interval
upper and lower limits of the objective function values is divided by the average of
these objective function values, which is then used as an indicator of deviation of
objective function value based on scenarios set size. A smaller ratio means that the
objective function value deviation is less, and hence the actual objective function is
represented more accurately. The ratios of different scenario sets are presented in the
fifth column of Table 5.1. As can be observed, the ratio varies between 11.04% (for
the set with 10 replications and 30 scenarios in each replication) and 1.19% (for the
set with 100 replications and 120 scenarios in each replication).

While solving a scenario set with higher number of replications and scenario subsets
increases the accuracy of the approximation, the CPU times increase as a result. For
example, while the set with 10 replications and 30 scenarios in each replication takes
833 seconds to run, the run time of the set with 100 replications, each with 120

scenarios is 97,037 seconds.

As a result of our preliminary experiments, we select to proceed with 50 replications,
each with 120 scenarios, as both the width of the confidence interval (2.57% of the
mean) and the total CPU time (46,525 seconds) are acceptable. While increasing the
number of replications decreases the confidence interval width ratio to 1.19%, the

CPU time, which exceeds a day, poses an important burden on the computations.

In the second part of the heuristic approach, each of the 50 different first stage
decisions regarding warehouse and distribution center locations and item pre-

positioning amounts in the warehouses are then integrated as parameters into the
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same model with 1,000 newly generated vulnerability scenarios. Since model size is
too large to solve in a single run, the 1,000 scenario sets are divided into10 subsets,
each having 100 different scenarios. Each of these new models are solved 10 times
with the 10 different vulnerability scenario subsets. Average objective function
values of 10 runs for 10 different vulnerability scenario sub-sets are calculated for
each separate model. In this solution setting, second stage scenario sets of 1,000 are
the same for each of these 50 separate models, but each of these 50 models have
different first stage decisions. First stage solutions of the model having the minimum
average second stage objective function value of 10 runs for 10 different
vulnerability scenario subsets is regarded as the heuristic solution to the problem.

The objective function values of the 10 set runs as well as the average of 10 set runs
for these 50 different models are represented in Table J1 of Appendix J for Model
1.1.
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5.2. Computational Results Under the Baseline Settings

Since the 39" replication has the minimum average second stage objective function
value of 10 runs for 10 different vulnerability scenario sub-sets, first stage decisions
of 39™ model are considered as the heuristic solution for Model 1.1. The first stage

decisions of the 39" model are provided in Tables 5.2, 5.3 and 5.4.

Table 5.2: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 1.1

Warehouse Pre-positioned Amounts
BAGCILAR 103,582
BEYLIKDUZU 92,925
ESENLER 48,446
EYUP 88,166
SULTANGAZI 48,042
TOTAL 381,161

Table 5.3: Distribution Center Locations for Model 1.1

Opened Distribution Centers
arnavutkoy buyukcekmece
avcilar esenler
bagcilar esenyurt
bahcelievler eyup
basaksehir gaziosmanpasa
bayrampasa gungoren
besiktas kagithane
beylikduzu sisli
beyoglu sultangazi
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Table 5.4: Optimal Solution Statistics for Model 1.1

Average Objective Function Value 113,955,346

Average Helicopter Delivery (Units) 46,652
Average Helicopter Delivery % 10.00%

Average Outsourced Amount (Units) 1,560
Average Outsourced Amount % 0.33%

Average Unsatisfied Demand (Units) 113,864
Average Unsatisfied Demand % 24.41%
Average Total Demand (Units) 466,521

In Table 5.4, average objective function value, average helicopter delivery amount,
average helicopter delivery percentage ,average outsourced amount, average
outsourced amount percentage, average unsatisfied demand amount, average
unsatisfied demand percentage are calculated per scenario. Solution statistics are the
average results of 1,000 scenarios.

In the baseline model, 5 warehouses are opened, namely Bagcilar, Beylikduzu,
Esenler, Eyup and Sultangazi, with the pre-positioned item amounts of 103,582 units,
92,925 units, 48,446 units, 88,166 units and 48,042 units, respectively. Total amount
of items pre-positioned in opened warehouses is 381,161 units. Additionally, 18
distribution centers are opened, which are Arnavutkoy, Avcilar, Bagcilar,
Bahcelievler, Basaksehir, Bayrampasa, Besiktas, Beylikduzu, Beyoglu,
Buyukcekmece, Esenler, Esenyurt, Eyup, Gaziosmanpasa, Gungoren, Kagithane,
Sisli, Sultangazi. The baseline model results in 10% average helicopter delivery
which is the upper limit for helicopter delivery. Also on the average 0.33% of total
demand is outsourced to distribution centers not from warehouses but from outside

resources and average unsatisfied demand percentage is 24.41%.

Deterministic mathematical models 2.1, 2.2 and 3.1, 3.2 are extensively explained in
Section 3.2 of this study. These models are also solved using CPLEX software

directly with single runs. Since these models are deterministic, model size is
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adequate to solve with a single run. The results of these models and their comparison

to the baseline case are given in Chapter 5.3.
5.3. Sensitivity Analysis and Comparison to Benchmarks

The baseline model formed in this study is the stochastic Model 1.1. In order to
observe the effect of objective function (efficiency-based vs. equity-based) as well as
the values of main parameters such as budget, capacity and vulnerability on the
results, benchmark models are formed and solved. These benchmark models are
formed in the same model setting as Model 1.1 and the solution method is the same
for these stochastic benchmark models (sample average approximation method) as

extensively explained in Chapter 3.3 of this study.

First benchmark is Model 1.2, where the objective function is changed to minimize
the maximum expected demand weighted arrival time rather than minimizing total
expected demand weighted arrival time. The results of Model 1.2 are presented in
Tables 5.5, 5.6, and 5.7.

Comparing the results of Model 1.2 to those of stochastic Model 1.1, we observe that
the number of opened warehouses increases from 5 to 13. However, total units of
items pre-positioned in warehouses at the pre-disaster stage decreases from 381,161
to 375,923 units. Number of distribution centers are also increases from 18 to 22 in
Model 1.2 compared to Model 1.1. Hence, by changing objective from minimizing
total expected demand weighted arrival time (efficiency-based) to minimizing
maximum expected demand weighted arrival time (equity-based), a higher number of
warehouses are opened with less stock units, which is in line with the requirements
of an equity based objective; to decrease the arrival times for every demand point, a
larger number of warehouses and distribution centers are opened so that items are

pre-positioned closer to the demand points and transportation times are less.

Delivery with helicopter is restricted as 10% of total demand in all mathematical
models and both stochastic Model 1.1 and 1.2 result in 10% cargo air-craft delivery.
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Units of relief item outsourced from distribution centers decreases from 1,560 units
to 820 units, which correspond to 0.33 % and 0.18 % of total demand for stochastic

Models 1.1 and stochastic Model 1.2, respectively.

Unsatisfied demand increases from 113,864 units to 139,981 corresponding to
24.41% and 30.01% of the total demand for stochastic Model 1.1 and 1.2,
respectively. This increase is also expected, as the equity-based objective increases
the transportation costs and due to the budget limit for the second stage, less demand

can be satisfied.

The objective function value of efficiency based Model 1.1 is 113,955,346, and the
equity based objective value of Model 1.1 is 30,030,778. The objective function
value of equity based Model 1.2 is 6,562,855 and the efficiency based objective of
Model 1.2 is 139,642,879.

Table 5.5: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 1.2

Warehouse Pre-positioned Amounts
AVCILAR 15,862
BAGCILAR 43,148
BAHCELIEVLER 8,194
BASAKSEHIR 20,702
BEYLIKDUZU 33,680
BUYUKCEKMECE 36,413
ESENLER 48,207
ESENYURT 25,054
EYUP 30,199
FATIH 22,724
KUCUKCEKMECE 37,870
SULTANGAZI 39,031
ZEYTINBURNU 14,841
TOTAL 375,923
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Table 5.6: Distribution Center Locations for Model 1.2

Opened Distribution Centers
arnavutkoy esenler
avcilar esenyurt
bagcilar eyup
bahcelievler fatih
bakirkoy gaziosmanpasa
basaksehir gungoren
bayrampasa kagithane
besiktas kucukcekmece
beylikduzu sisli
beyoglu sultangazi
buyukcekmece zeytinburnu

Table 5.7: Optimal Solution Statistics for Model 1.2

Average Objective Function Value 6,562,855
Average Helicopter Delivery (Units) 46,652
Average Helicopter Delivery % 10.00%
Average Outsourced Amount (Units) 820
Average Outsourced Amount % 0.18%
Average Unsatisfied Demand (Units) 139,981
Average Unsatisfied Demand % 30.01%
Average Total Demand (Units) 466,521

In addition to Model 1.2, the main parameters of stochastic Model 1.1 are changed
by keeping everything else constant to analyze the effect on the results. For this end,
Model 1.1 is solved with different budget, facility capacity and road and facility

vulnerability parameters.

In the benchmark model with budget change, the first and second stage budgets are
increased by two-thirds and the total budget is increased from 600,000,000 TL to
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1,000,000,000 TL. Specifically, model first stage budget is increased from
450,000,000 TL to 750,000,000 TL and the second stage budget is increased from
150,000,000 TL to 250,000,000 TL. In the benchmark model, budget is increased
rather than decreased, since in the original model minimum possible budgets that
make the solution feasible were used. The results of the benchmark model with

budget change are presented in Tables 5.8, 5.9, and 5.10.

By increasing the first and second stage budgets, we observe that compared to Model
1.1 number of opened warehouses increases from 5 to 13 and total units of items pre-
positioned in the warehouses at the pre-disaster stage increases from 381,161 to
634,445 units. Hence, by increasing the budget, a higher number of warehouses are
opened with more stock units. Similarly, number of distribution centers is also

increased from 18 to 22 as result of increasing the budget.

The objective function value decreases from 113,955,346 to 17,828,255 when budget
of Model 1.1 is increased 66.67%, which corresponds to an 84.35% decrease in the

objective function value.

The main reason for the decrease in the objective function is the decrease in
unsatisfied demand. Unsatisfied demand deceases from 113,864 units to 17,732
units; these amounts correspond to 24.41% and 3.80% of the total demand for Model
1.1 with initial and increased budget parameters, respectively. Hence, by increasing
the budget, more demand can be satisfied by opening more facilities, pre-positioning

more items and by means of more efficient transportation.

Units of relief item outsourced to distribution centers decreases from 1,560 units to
768 units; these amounts correspond to 0.33 % and 0.16% of total demand for Model

1.1 with initial and increased budget parameters, respectively.
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Table 5.8: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 1.1 with Budget Change

Warehouse Pre-positioned Amounts
AVCILAR 45,504
BAGCILAR 78,843
BASAKSEHIR 46,253
BAYRAMPASA 18,588
BEYLIKDUZU 45,715
BUYUKCEKMECE 52,052
ESENLER 60,149
ESENYURT 44,765
EYUP 63,974
FATIH 35,938
KUCUKCEKMECE 44,454
SULTANGAZI 70,771
ZEYTINBURNU 27,439
TOTAL 634,445

Table 5.9: Distribution Center Locations for Model 1.1 with Budget Change

Opened Distribution Centers
arnavutkoy esenler
avcilar esenyurt
bagcilar eyup
bahcelievler fatih
bakirkoy gaziosmanpasa
basaksehir gungoren
bayrampasa kagithane
besiktas kucukcekmece
beylikduzu sisli
beyoglu sultangazi
buyukcekmece zeytinburnu
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Table 5.10: Optimal Solution Statistics for Model 1.1 with Budget Change

Average Objective Function Value 17,828,255

Average Helicopter Delivery (Units) 46,629
Average Helicopter Delivery % 9.99%

Average Outsourced Amount (Units) 768
Average Outsourced Amount % 0.16%

Average Unsatisfied Demand (Units) 17,732
Average Unsatisfied Demand % 3.80%
Average Total Demand (Units) 466,521

Another benchmark model is solved by changing the capacity and fixed opening and
operating costs of potential warehouses and distribution centers. Here, both
warehouse and distribution center capacities as well as the fixed opening and
operating costs are increased by 30%, and integrated in this way into the benchmark
model. The increased facility capacities and fixed costs are presented in Tables K1
and K2 of the Appendix K. The solutions of the benchmark model with facility
capacity and fixed cost change are presented in Tables 5.11, 5.12, and 5.13.

By increasing the potential warehouse and distribution center capacities as well as
fixed opening and operating costs, number of open warehouses decreases from 5 to
4. Compared to the baseline in fact, all warehouses except Esenler are opened. Total
amount of items pre-positioned in warehouses at the pre-disaster stage decreases
from 381,161 to 379,736 units. Number of distribution centers stays at 18. Open

distribution centers are identical to those under Model 1.1.

Units of relief item outsourced to distribution centers increases from 1,560 units to
2,702 units; these amounts correspond to 0.33 % and 0.58 % of total demand for
Model 1.1 with initial and increased facility capacity and fixed cost parameters,

respectively.
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Unsatisfied demand increases from 113,864 units to 114,201 units these amounts
correspond to 24.41% and 24.48 % of the total demand for Model 1.1 with initial and

increased facility capacity and fixed cost parameters, respectively.

The objective function value increases from 113,955,346 to 114,307,243 when
capacity and fixed cost parameters of Model 1.1 is increased by 30% which
corresponds to a 0.31% increase in objective function. Hence, we can conclude that
capacity and fixed cost changes do not significantly affect the facility location and

item pre-positioning decisions.

Table 5.11: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 1.1 with Capacity and Fixed Cost Change

Warehouse Pre-positioned Amounts
BAGCILAR 136,546
BEYLIKDUZU 92,771
EYUP 51,191
SULTANGAZI 99,229
TOTAL 379,736

Table 5.12: Distribution Center Locations for Model 1.1 with Capacity and
Fixed Cost Change

Opened Distribution Centers
arnavutkoy buyukcekmece
avcilar esenler
bagcilar esenyurt
bahcelievler eyup
basaksehir gaziosmanpasa
bayrampasa gungoren
besiktas kagithane
beylikduzu sisli
beyoglu sultangazi
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Table 5.13: Optimal Solution Statistics for Model 1.1 with Capacity and Fixed

Cost Change
Average Objective Function Value 114,307,243
Average Helicopter Delivery (Units) 46,652
Average Helicopter Delivery % 10.00%
Average Outsourced Amount (Units) 2,702
Average Outsourced Amount % 0.58%
Average Unsatisfied Demand (Units) 114,201
Average Unsatisfied Demand % 24.48%
Average Total Demand (Units) 466,521

Vulnerability is also another important parameter affecting the model results;
therefore, the baseline model is benchmarked by changing the road and facility
vulnerabilities while keeping everything else the same. In the original model,
summation of average and high vulnerabilities for each road is used as total road
vulnerability, as shown in Tables C1, D1, and D2 of Appendices C and D. In the
benchmark model, only high vulnerabilities for each road are used rather than
summation of high and average road vulnerabilities as in Model 1.1, lowered road
vulnerabilities are presented in Tables L1 and L2 of Appendix L. Similarly, in the
benchmark model, only the percentage of heavily damaged buildings are taken into
consideration rather than summation of heavily and moderately damaged building
coefficients as in Model 1.1 and these new facility vulnerability values are presented
in Tables M1 and M2 of Appendix M. Results of the benchmark model with road
and facility vulnerability changes are presented in Tables 5.14, 5.15, and 5.16.

By decreasing the vulnerability coefficients of roads and potential facilities, it is
observed that number of opened warehouses are identical to those in the baseline
model and total units of items pre-positioned to warehouses at the pre-disaster stage
slightly increases from 381,161 to 381,725 units. However, number of distribution

centers decreases from 18 to 16.
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Units of relief item outsourced in the distribution centers decreases from 1,560 units
to 1,523 units, which correspond to 0.33 % and 0.3265 % of total demand for Model
1.1 with initial and with lower road and potential facility vulnerabilities parameters,

respectively.

The decrease in the objective function value is mainly due to the decrease in the
unsatisfied demand, which decreases from 113,864 units to 67,709 units,
corresponding to 24.41% and 14.51% of the total demand for the original model and
the one with lower road and potential facility vulnerabilities parameters, respectively.
The main reason behind why unsatisfied demand is lower due to a larger number of
roads being traversable, as well as a larger number of relief facilities are functioning
and hence a larger number of demand points being reachable with the same budget.

The objective function value decreases from 113,955,346 to 67,805,631 when the
vulnerability coefficients of roads and potential facilities parameters of Model 1.1 are

lowered which corresponds to a 40.50% decrease in the objective function.

Table 5.14: Warehouse Locations and Pre-positioned Item Amounts in

Warehouses for Model 1.1 with Lower Road and Facility Vulnerabilities

Warehouse Pre-positioned Amounts-Units
BAGCILAR 77,544
BEYLIKDUZU 71,362
ESENLER 84,982
EYUP 59,424
SULTANGAZI 88,414
TOTAL 381,725
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Table 5.15: Distribution Center Locations for Model 1.1 with Lower Road and
Facility Vulnerabilities

Opened Distribution Centers

arnavutkoy buyukcekmece

bagcilar esenler
bahcelievler esenyurt
basaksehir eyup
bayrampasa gungoren

besiktas kagithane
beylikduzu sisli

beyoglu sultangazi

Table 5.16: Optimal Solution Statistics for Model 1.1 with Lower Road and
Facility Vulnerabilities

Average Objective Function Value 67,805,631

Average Helicopter Delivery (Units) 46,652
Average Helicopter Delivery % 10.00%

Average Outsourced Amount (Units) 1,523
Average Outsourced Amount % 0.3265%

Average Unsatisfied Demand (Units) 67,709
Average Unsatisfied Demand % 14.51%
Average Total Demand (Units) 466,521

Apart from the aforementioned stochastic benchmark models, two different
deterministic benchmark models are also formed (as described in Section 3.2) and
solved to observe the effects of (i) ignoring road and facility vulnerabilities when
making the facility location, item pre-positioning, and relief transportation decisions,
and (ii) incorporating road vulnerabilities as constant travel time increase and
incorporating facility vulnerabilities as constant service capacity decrease into the

models.
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In the first deterministic benchmark model, road and facility vulnerabilities as well as
demand uncertainty are not taken into account. The resulting model is solved with
the objectives of minimizing total expected demand weighted arrival time
(Model2.1) and minimizing maximum demand weighted arrival time (Model 2.2).
Results of Model 2.1 are presented in Tables 5.17, 5.18, and 5.19. Similarly, results
of Model 2.2 are presented in Tables 5.20, 5.21, and 5.22.

Comparing Model 2.1 to the baseline case, we observe that the number of opened
warehouses decreases from 5 to 4, and the total units of items pre-positioned in the
warehouses at the pre-disaster stage slightly increases from 381,161 to 385,213 units.
Additionally, number of distribution centers decreases from 18 to 6. The decrease in
the number of open warehouses and distribution centers underlines the effect of
ignoring road vulnerability, which allows satisfying more demand with fewer
facilities due to increased efficiency of transportation. It also shows that if
vulnerabilities and demand uncertainty are ignored, far fewer facilities are opened

than is actually necessary.

Under Model 2.1, virtually no units are outsourced at the distribution centers. Despite
this fact, total unsatisfied demand decreases from 113,864 units to 34,654 units,

which corresponds to 7.43% of the total demand.

Compared to the baseline case, the objective function value decreases from
113,955,346 to 34,869,071. This implies that the optimal objective function value is
underestimated by 69.40% when road and facility vulnerabilities are ignored, which
further underlines the importance of incorporating vulnerabilities and demand

uncertainty into the models.

When the objective function of model 2.1 is changed to minimize maximum demand
weighted arrival time in model 2.2, the solution of model 2.2 is almost identical to
solution of model 2.1 only the units of relief item pre-positioned to warehouse
ESENLER has slightly increases from 110,584 to 113,115 and unit of item pre-
positioned to EYUP decreases from 88,166 units to 85,634.
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Comparing Model 1.2 to model 2.2, it is seen that number of opened warehouses

decreases from 13 to 4 and number of distribution centers decreases from 22 to 6.

Also the total units of relief item pre-positioned in warehouses at pre-disaster stage
increases from 375,923 to 385,213. In the model with no vulnerability, fewer number
of warehouses are opened with higher amount of stocks. While the percentage of
outsourced items corresponds to 0.18% of total demand in Model 1.2 this percentage
is 0.0004% in Model 2.2. Additionally, unsatisfied demand is decreased to 34,654
units in Model 2.2 compared to 139,981 units in Model 1.2. While the ratio of
unsatisfied demand is 30.01% in Model 1.2, this ratio is 7.43% in Model 2.2. While
the objective function value was 6,562,855, in Model 1.2 the objective function value
of model 2.2 is 1,400,961 in case no vulnerability is considered. Hence, when
vulnerability is not considered, the equity-based objective is underestimated by a

factor of nearly 78.7%.

Table 5.17: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 2.1

Warehouse Pre-positioned Amounts-Units
BUYUKCEKMECE 80,108
ESENLER 110,584
EYUP 88,166
SULTANGAZI 106,355
TOTAL 385,213

Table 5.18: Distribution Center Locations for Model 2.1

Opened Distribution Centers
arnavutkoy beylikduzu
bayrampasa esenler

besiktas gaziosmanpasa
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Table 5.19: Optimal Solution Statistics for Model 2.1

Obijective Function Value 34,869,071

Helicopter Delivery (Units) 46,652
Helicopter Delivery % 10.00%

Outsourced Amount (Units) 2.00
Outsourced Amount % 0.0004%

Unsatisfied Demand (Units) 34,654
Unsatisfied Demand % 7.43%
Total Demand (Units) 466,521

Table 5.20: Warehouse Locations and Item Pre-positioned Item Amounts in
Warehouses for Model 2.2

Warehouse Pre-positioned Amounts-Units
BUYUKCEKMECE 80,108
ESENLER 113,115
EYUP 85,634
SULTANGAZI 106,355
TOTAL 385,213

Table 5.21: Distribution Center Locations for Model 2.2

Opened Distribution Centers
arnavutkoy beylikduzu
bayrampasa esenler

besiktas gaziosmanpasa
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Table 5.22: Optimal Solution Statistics for Model 2.2

Obijective Function Value 1,400,961
Helicopter Delivery (Units) 46,652
Helicopter Delivery % 10.00%
Outsourced Amount (Units) 2
Outsourced Amount % 0.0004%
Unsatisfied Demand (Units) 34,654
Unsatisfied Demand % 7.43%
Total Demand (Units) 466,521

In the second deterministic model, vulnerability is integrated into the model as
percentage factor that increases the travel time on a road [26], rather than using
binary discrete scenario sets. Also, facility vulnerability is incorporated into the
model as a percentage factor that decreases the service capacities of facilities. This
deterministic model also takes expected demand uncertainty into account. This
model is solved with the objectives of minimizing total expected demand weighted
arrival time as well as minimizing maximum demand weighted arrival time. These

two versions (Models 3.1 and 3.2) are explained in Section 3.2 of this study.

The solutions of Model 3.1 are presented in Tables 5.23, 5.24, and 5.25. Similarly,
the solutions to Model 3.2 are summarized in Tables 5.26, 5.27, and 5.28.

The results of Model 3.1 show that compared to the baseline case, number of opened
warehouses decreases from 5 to 4. Furthermore, total units of items pre-positioned in
warehouses increases from 381,161 to 384,497 units. The number of open
distribution centers decreases from 18 to 7. Hence, as in the case of ignoring
vulnerabilities, treating vulnerability as a percentage factor that increases the travel
time and lowers service capacities of facilities results in significantly fewer facilities

opened than necessary.

The objective function value for Model 3.1 is 138,724,153 which corresponds to a
21.74% increase compared to the baseline case. This is mainly due to the increase in
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the unsatisfied demand from 113,864 units to 138,538 units, which represents
29.70% of the total demand. The main reason behind this increase is the significant
increase in travel times, which substantially contributes to the usage of the second
sage budget, thereby preventing further demand from being satisfied. When the
objective function is changed to minimize the maximum demand weighted arrival
time, the number of open warehouses further decreases to 3, and the number of open
distribution centers further decreases from 7 to 2. This decrease from Model 3.1 to
Model 3.2 is in contrast to the increase from Model 1.1 to Model 1.2. The units of

item pre-positioned at warehouses also slightly decreases from 384,497 to 384,416.

Comparing Model 1.2 to Model 3.2, it is observed that the number of open
warehouses decreases from 13 to 3, and the number of open distribution centers
decreases from 22 to 2. Additionally, unsatisfied demand is increases to 417,372
units in Model 3.2, compared to 139,981 units in Model 1.2. While the ratio of
unsatisfied demand is 30.01% in Model 1.2, this ratio is 89.54% in Model 3.2. The
objective function value also increases from 6,562,855 in Model 1.2 to 16,713,289 in
Model 3.2. The main factor causing these is the inflated travel times on the roads as
well as the requirement of equity, which together allow for the satisfaction of only a
small part of the demand, hence increasing the objective function value due to the
penalty for unsatisfied demand.

Table 5.23: Warehouse Locations and Pre-positioned Item Amounts in
Warehouses for Model 3.1

Warehouse Pre-positioned Amounts
BAGCILAR 76,860
ESENLER 113,115
EYUP 88,166
SULTANGAZI 106,355
TOTAL 384,497
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Table 5.24: Distribution Center Locations for Model 3.1

Opened Distribution Centers
arnavutkoy kagithane
bagcilar sisli
esenler sultangazi
gaziosmanpasa

Table 5.25: Optimal Solution Statistics for Model 3.1

Objective Function Value 138,724,153
Helicopter Delivery (Units) 46,652
Helicopter Delivery % 10.00%
Outsourced Amount (Units) 103
Outsourced Amount % 0.0221%
Unsatisfied Demand (Units) 138,538
Unsatisfied Demand % 29.70%
Total Demand (Units) 466,521

Table 5.26: Warehouse Locations and Pre-positioned Item Amounts in

Warehouses for Model 3.2

Warehouse Pre-positioned Amounts-Units
BAGCILAR 205,641
BAHCELIEVLER 164,950
KUCUKCEKMECE 13,825
TOTAL 384,416

Table 5.27: Distribution Center Locations for Model 3.2

Distribution Centers
bahcelievler

bakirkoy
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Table 5.28: Optimal Solution Statistics for Model 3.2

Obijective Function Value 16,713,289

Helicopter Delivery (Units) 46,652
Helicopter Delivery % 10.00%

Outsourced Amount (Units) 35
Outsourced Amount % 0,0075%

Unsatisfied Demand (Units) 417,732
Unsatisfied Demand % 89.54%
Total Demand (Units) 466,521

Including the baseline Model 1.1 and benchmark models a total of 9 models are

solved in frame of this study.

Figures 5.1 and 5.2 show total number of times each warehouse and distribution
center is opened in these 9 solutions.

Warehouse Locations

GUNGOREN
BAKIRKOY
BAYRAMPASA
ZEYTINBURNU
FATIH
ESENYURT
BASAKSEHIR
BAHCELIEVLER
AVCILAR
KUCUKCEKMECE
BUYUKCEKMECE
BEYLIKDUZU
ESENLER
BAGCILAR
SULTANGAZI
EYUP

M Total
Number
of Times
Opened

Figure 5.1: Total Number of Times Each Warehouse is Opened in 9 Different
Models
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zeytinburnu
kucukcekmece
fatih

bakirkoy
avcilar
gungoren
eyup
esenyurt
buyukcekmece
beyoglu
basaksehir
sisli
sultangazi
kagithane
bagcilar
bahcelievler
gaziosmanpasa
bayrampasa
besiktas
beylikduzu
esenler
arnavutkoy

Distribution Center Locations

H Total
Number
of Times
Opened

10

Figure 5.2: Total Number of Times Each Distribution Center is Opened in 9

Different Models

All these warehouses are also included in the solution of baseline model.

The solutions of nine different models show that Eyup, Sultangazi, Bagcilar, Esenler
and Belikduzu are opened as warehouses in eight out of nine, eight out of nine, seven
out of nine, seven out of nine and five out of nine solutions, respectively. These are

the warehouses listed among the opened warehouses in most of the model solutions.

On the other hand, Gungoren, Bakirkoy, Bayrampasa, Zeyinburnu, Fatih, Esenyurt,

Basaksehir, Bahcelievler and Avcilar are not listed among the opened warehouses in

90

most of the solutions. As a matter of fact these warehouses are listed two, one or



zero times in the warehouse list of the optimal solutions. None of these locations are

included in the optimal warehouse locations of the baseline model.

The solutions of the nine models list Arnavutkoy and Esenler in the distribution
center list in eight out of nine times; Beylikduzu, Besiktas, Bayrampasa and
Gaziosmanpasa are listed seven out of nine times in the distribution center list.
Additionnaly, Bahcelievler, Bagcilar, Kagithane, Sultangazi and Sisli are listed six
out of 9 times in the distribution center list. All these distribution centers are also

included in the solution of baseline model.

On the other hand, Avcilar is listed in four out of nine solutions in the distribution
center list whereas Bakirkoy is listed in three out of nine solutions, Fatih,
Kucukcekmece and Zeytinburnu are listed in two out of nine solutions. Except for
Avcilar, none of these distribution centers are included among the optimal

distribution center locations of the baseline model.

Table 5.29 shows the percentage of unsatisfied demand under each model.
Comparing the percentages of unsatisfied demand under each model, it is seen that
while the deterministic model with no vulnerability results in 7.43% percentage of
unsatisfied demand, when vulnerability is incorporated percentage of unsatisfied
demand increases significantly to 24.41% in the baseline model. Additionally, it is
also important to note that when vulnerability is incorporated in terms of discrete
binary stochastic parameters then the resulting unsatisfied demand percentage is
24.41% in the baseline model which is less compared to the case where vulnerability
is incorporated into the model in terms of expected deterministic constraints. In this
case percentage of unsatisfied demand is 29.70% in the deterministic model with

expected vulnerability.

Furthermore, models with efficiency based objective results in lower unsatisfied
demand percentages compared to equity based models when vulnerability is
incorporated. However, when vulnerability is not incorporated, then the percentage

of unsatisfied demand is the same under these two different objectives.
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While increasing the budget significantly decreases the unsatisfied demand from
24.41% in the baseline model to 3.80% , increasing the facility capacities and facility
opening fixed costs does not improve the percentage of unsatisfied demand but rather
this percentage is slightly increased from 24.41% to 24.48%.The major reason why
unsatisfied demand is not improved when facility capacities increased is that in this
case facility opening fixed costs are also increased and this situation leads to opening
of slightly less number of facilities. Benchmarking the model with lower facility and
supply network vulnerabilities results in lower percentage of unsatisfied demand as

expected.

Table 5.29: Percentage of Unsatisfied Demand Under Each Model

Unsatisfied
eaels Demand %
Baseline Model with (Efficiency Based Objective) 24.41%
Benchmark Model with Objective Function Change (Equity
o 30.01%
Based Objective)
Benchmark Model with Budget Change 3.80%
Benchmark Model with Capacity Change 24.48%
Benchmark Model with Vulnerability Change 14.51%
Deterministic Model with No Vulnerability (Efficiency 7 43%
Based Obijective) '
Deterministic Model with No Vulnerability (Equity Based 7 43%
Objective) o7
Deterministic Model with Expected Vulnerability 29.70%
(Efficiency Based Objective) P70
Deterministic Model with Expected Vulnerability (Equity
A 89.54%
Based Objective)
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The computational experiments in this part allow us to derive a set of policy-based

implications, which can be summarized as follows:

A specific set of potential warehouses and distribution centers can be
regarded as critical facilities, as these are opened in almost all of our
experiments, regardless of the way vulnerability is treated, whether
uncertainty is involved, and budget and capacity levels.

When equity is of concern, more facilities are opened to deliver commodities
to the demand points from closer locations.

Our results are quite sensitive to how vulnerability is estimated. Hence,
substantial effort should be spent to estimate it accurately.

While total budget plays an important role in how the decisions are made, the
resulting decisions are quite robust in terms of the changes in capacity and
fixed facility opening costs.

When vulnerability is ignored, the objective function is substantially
underestimated, and a significantly lower number of facilities are opened than
necessary.

If vulnerability is incorporated as inflated travel times and deflated facility
service capacities rather than roads being closed and facilities being non-
functioning, respectively, objective values are overestimated and significantly

fewer facilities are opened.

93






CHAPTER 6

CONCLUSIONS AND REMARKS

In this study, a two-stage stochastic optimization model is developed for the design
of a humanitarian logistics relief network. Whereas in the first stage of the proposed
model pre-disaster stage preparedness decisions (warehouse and distribution center
location and item pre-positioning) are made; in the second stage post-disaster stage
response decisions (relief transportation and outsourcing) are determined depending

on the actual disaster outcome pre-identified possible routes.

Since epicenter and magnitude of a disaster cannot be known in advance, it is
important to incorporate uncertainty and possible outcomes of a disaster into the
model. Due to the uncertain nature of disasters condition of relief transportation
network, condition of pre-positioned facilities as well as demand at different areas
are all treated as stochastic parameters. Vulnerability of roads and facilities are
considered as binary, that is, a road or facility either operates in full capacity or is
out-of-use in the aftermath of the disaster. The demand is also assumed to be

different under different scenarios of disaster magnitude and epicenter.

We formulate a two-stage stochastic programming model for the aforementioned
problem. The efficiency-based objective function of the model minimizes total
expected demand-weighted arrival time through both truck and helicopter deliveries
and also the expected penalty of weighted unsatisfied demand to all demand points.
We also consider an equity-based objective which minimizes the maximum expected
demand-weighted arrival time as well as the penalty of weighted unsatisfied demand
overall demand points. Both models take into account budgets for the pre- and post-
disaster stages as well as facility capacity constraints. The major difference and
contribution of this study is the incorporation of facility and transportation network

vulnerability into the pre-positioning and distribution models in the first and second
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stages. Most of the studies in the literature treat vulnerability as a deterministic
parameter and assume its affect only on travel/arrival times only. However, our study
considers the fact that rather than affecting arrival time, road vulnerability actually
affects the functioning of a road. Our scenario-based approach considers the cases
where a road becomes damaged and cannot be used for item delivery, which is a
more grounded approach. In addition to road vulnerabilities, our study also included
warehouse and distribution center vulnerabilities in the same way by generating

discrete scenario sets.

Due to the potentially large number of scenarios, which makes solving the two-stage
model to optimality impossible, we use a sample average approximation heuristic to
find near optimal solutions. Our preliminary experiments reveal that the 95%
confidence interval for the optimal objective values are around 2.5% of the mean,

underlining the quality of our solutions.

Eventually, the proposed humanitarian logistics network design model is applied to a
possible earthquake scenario in Istanbul region of Turkey. JICA & IMM [10] report
Is used to generate data on demand as well as facility vulnerabilities. Additionally
road lengths and road vulnerabilities of Baskaya [26] are used as input parameters in

this study.

We evaluate the effect of various policies on the proposed network by conducting a
detailed sensitivity analysis. The proposed model is solved by varying the budget,
facility capacities, road and facility vulnerabilities, and the objective function.
Additionally, two different deterministic models are formed to observe the effect of
ignoring vulnerabilities and incorporating them as additional travel time and lowered
facility service levels. Our computational results show that a number of facilities are
critical in all experiments, that the number of open facilities need to be increased
when an equity-based objective is used, and the decisions and objective function
value are far from optimal when vulnerability is ignored or incorporated in a

different way.
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This study provides a direction to develop successful disaster management policies.
In the study it is shown that how different mathematical modeling approaches, as
well as how vulnerability and demand uncertainty is incorporated affects the
decisions as well as key performance indicators. Additionally, the case study on a
potential earthquake in Istanbul provides key districts to consider as relief facility
locations and also provides guidance on receiving and interpreting parametric data on
a potential earthquake in Istanbul. The proposed mathematical model can be adapted
include different relief items as well as the study can be applied to different type of

disasters by updating parameters accordingly.

Future work regarding this study may include integration of sheltering and
evacuation plan to pre-positioning and relief distribution models. The evacuation
operation may also involve manpower planning. This study also does not provide a
detailed routing solution, thus a future study may consider different vehicle and
helicopter types with different capacities as well as vehicle and helicopter handling
times. Furthermore, rather than forming a restricted set of pre-determined routes a
future study may consider developing dynamic scenario based routing solutions
between facilities and demand points which may result in less number of facilities
needed to open. Additionally, instead of opening distribution centers along with
warehouses in the pre-disaster stage, opening temporary distribution centers in the
post-disaster stage depending on the actualized disaster scenario can also be
considered. In this case public places such as schools can be used as temporary
distribution centers. Considering relief transportation and road repair decisions
simultaneously can also be a more realistic approach to obtain better solutions. In our
study, we used an equity based objective to benchmark the baseline model. A future
study may consider utilizing signal to noise ratios as an alternative for the equity

based objective to simulate variability.
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COORDINATES OF DISTRICT CENTERS AND DISTANCES BETWEEN

Table Al: Coordinates of District Centers

APPENDIX A

DISTRICTS [26]

I o o Side of

Districts North East District

1 Arnavutkoy 41.193.645 28.731.335 Europe
2 Auvcilar 41.000.478 28.716.310 Europe
3 Bagcilar 41.040.667 28.844.080 Europe
4 Bahcelievler 41.006.842 28.843.080 Europe
5 Bakirkoy 40.979.960 28.849.001 Europe
6 Basaksehir 41.088.674 28.758.063 Europe
7 Bayrampasa 41.050.186 28.901.553 Europe
8 Besiktas 41.063.548 29.018.029 Europe
9 Beylikduzu 40.994.109 28.643.696 Europe
10 Beyoglu 41.041.741 28.964.738 Europe
11 Buyucekmece 41.023.188 28.568.587 Europe
12 Catalca 41.172.033 28.439.429 Europe
13 Esenler 41.043.376 28.878.071 Europe
14 Esenyurt 41.033.118 28.658.954 Europe
15 Eyup 41.081.415 28.928.268 Europe
16 Fatih 41.015.024 28.938.128 Europe
17 Gaziosmanpasa | 41.072.693 28.904.717 Europe
18 Gungoren 41.018.545 28.875.030 Europe
19 Kagithane 41.080.627 28.984.613 Europe
20 Kucukcekmece | 41.020.645 28.788.865 Europe
21 Sariyer 41.130.616 29.035.391 Europe
22 Silivri 41.079.912 28.181.687 Europe
23 Sultangazi 41.101.763 28.875.939 Europe
24 Sisli 41.058.648 28.987.405 Europe
25 Zeytinburnu 40.996.988 28.903.160 Europe
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Table A2: Distances Between European Side Districts of Istanbul (km)

Distances(km) | Arnavutkoy | Avcilar Bagcilar Bahcelievler
Arnavutkoy 0 36.6 24.9 29.1
Avcilar 38.5 0 21.6 21
Bagcilar 25 19.4 0 4.4
Bahcelievler 27.8 16.7 4.7 0
Bakirkoy 37.3 16.6 8.3 4.7
Basaksehir 18.4 21 13.5 18.3
Bayrampasa 24.4 25.4 9.6 14.3
Besiktas 34.2 32.6 20.7 20.9
Beylikduzu 34 10.6 28.1 27.5
Beyoglu 33.6 29.5 16.4 16.6
Buyukcekmece 36.3 17.9 34.3 38.7
Catalca 36.6 38.7 47.6 52
Esenler 25.3 26.3 4 6.8
Esenyurt 29.9 7.5 24.2 24.9
Eyup 22.7 30.9 15.6 19.1
Fatih 29.9 25 12.8 10.4
Gaziosmanpasa 22.2 28.6 9.3 15
Gungoren 28.9 18.3 5 3.8
Kagithane 30.1 30.4 18.4 18.6
Kucukcekmece 27.5 12 8 7.2
Sariyer 34.5 40 26.3 28.3
Silivri 73 58.5 73.5 77.9
Sultangazi 17.6 34.8 134 17.3
Sisli 34.9 30.5 18.6 18.7
Zeytinburnu 36 23.5 10.3 8.8
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) | Bakirkoy | Basaksehir | Bayrampasa Besiktas
Arnavutkoy 38.2 19 25.5 39.7
Avcilar 18.4 22.5 26.4 331
Bagcilar 8.2 14.9 8.9 20.8
Bahcelievler 4.6 17.6 10.2 24.9
Bakirkoy 0 21.7 11.8 23.7
Basaksehir 255 0 19.9 31.6
Bayrampasa 13.5 19.7 0 14.9
Besiktas 20.6 30 13.6 0
Beylikduzu 24.9 23.9 32.9 39.6
Beyoglu 16.4 26.9 9.9 7.8
Buyukcekmece 32.3 30.2 40.1 47
Catalca 58 43.4 53.3 64.3
Esenler 9.8 15.6 4.2 16.8
Esenyurt 25.2 20 29.2 40
Eyup 18.9 21.6 7.1 13.4
Fatih 11.4 22.1 6.1 13.3
Gaziosmanpasa 16.7 20.5 3.8 154
Gungoren 6.2 18.6 6 20.3
Kagithane 18.4 27.7 11.9 5.3
Kucukcekmece 114 12.1 16.1 29
Sariyer 28 32.3 21.5 11
Silivri 72.8 69.3 79.2 87.6
Sultangazi 21.1 22.1 8 20.4
Sisli 18.5 27.9 12 4.2
Zeytinburnu 7.4 25.7 9.9 17
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) | Beylikduzu | Beyoglu | BuyukCekmece Catalca

Arnavutkoy 334 36.6 34.2 38.1
Avcilar 10.3 29.2 14.7 35.9
Bagcilar 28.1 16.9 32.5 48.7
Bahcelievler 25.4 21 29.9 514

Bakirkoy 25.3 17.1 29.8 51
Basaksehir 31.9 271.7 36.6 515
Bayrampasa 33.9 9.9 38.6 53.5
Besiktas 41.3 8.3 45.8 63.8
Beylikduzu 0 35.7 10.8 32.1
Beyoglu 38.2 0 42.6 60.7
Buyukcekmece 11.2 43.1 0 21.3

Catalca 32 60.4 215 0
Esenler 29.8 12.9 34.5 49.4
Esenyurt 6.6 36.1 10.1 31.3
Eyup 35.8 8.4 40.5 55.4
Fatih 33.7 6.4 41 55.9
Gaziosmanpasa 34.6 10.4 39.4 55.1
Gungoren 27 13.1 31.5 52.4
Kagithane 42 5.8 46.8 61.7
Kucukcekmece 20.7 25.1 25.2 46.4
Sariyer 46.5 16.1 51.2 66.1
Silivri 51.8 83.7 42.1 33.2
Sultangazi 34.9 17.8 39.6 54.6
Sisli 39.2 4.1 43.6 61.7
Zeytinburnu 32.3 11.9 36.7 59.5
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) Esenler Esenyurt Eyup Fatih
Arnavutkoy 25.4 29.3 23.8 30.9
Avcilar 26.9 7.4 32.2 24.4
Bagcilar 54 24.9 13.4 121
Bahcelievler 7 23.2 20.2 11.8
Bakirkoy 10.5 23.1 20.9 12.1
Basaksehir 16.1 21.7 21.8 22.8
Bayrampasa 4.9 29.7 6.8 6.2
Besiktas 16 39.1 14.3 13.5
Beylikduzu 29.3 6.8 35 30.9
Beyoglu 11.7 36 8.3 6.2
Buyukcekmece 35.6 12.4 41.2 38.3
Catalca 48.8 33.1 54.5 55.5
Esenler 0 25.6 10.7 8.1
Esenyurt 25.4 0 31.1 31.3
Eyup 9 315 0 11.8
Fatih 8.1 31.5 11.1 0
Gaziosmanpasa 6.4 30.4 3.1 9.4
Gungoren 3.7 24.8 13.8 7.4
Kagithane 13.7 37.8 6.6 11.2
Kucukcekmece 12.8 18.5 19.3 20.3
Sariyer 23 42.2 14.6 20.9
Silivri 74.8 82.9 80.4 78.9
Sultangazi 10.9 30.7 6.3 16.4
Sisli 13.6 37 8.1 8.9
Zeytinburnu 9.3 30 14.2 6.7
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) | Gaziosmanpasa | Gungoren Kagithane | Kucukcekmece

Arnavutkoy 23.1 30 32.1 27.8
Avcilar 315 29 31.6 12.9
Bagcilar 111 4.9 19.3 7.1
Bahcelievler 15.2 4.3 23.4 7.1
Bakirkoy 16.5 6.5 22.1 10.3
Basaksehir 21 19 28.7 12.1
Bayrampasa 4 7.1 12.2 18.3
Besiktas 15.7 16.5 4.8 26.3
Beylikduzu 34.2 27 38.1 194
Beyoglu 10.7 12.2 6.1 23.1
Buyukcekmece 40.5 41.5 45.5 27.3
Catalca 53.7 54.7 61.4 46.1
Esenler 6.7 3.9 15.3 14.2
Esenyurt 30.3 27.3 38 19.8
Eyup 3.6 13.6 7 20.2
Fatih 9 6.6 11.8 20.7
Gaziosmanpasa 0 11 10.9 19.8
Gungoren 10.2 0 15.7 9.2
Kagithane 10.4 14.3 0 24

Kucukcekmece 17.3 9.7 26.2 0
Sariyer 16.7 23.9 10 33.7
Silivri 79.7 80.7 86 67.4
Sultangazi 5.2 155 13.2 17.7
Sisli 10.5 14.4 3.3 24.1
Zeytinburnu 12,5 55 154 15.5
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) Sariyer Silivri Sultangazi Sisli
Arnavutkoy 38.6 66.8 18.7 37.1
Avcilar 44.3 49.3 30.7 30.5
Bagcilar 26.5 67.1 12.9 18.2
Bahcelievler 32.3 64.5 16.7 22.3
Bakirkoy 32 64.4 20 19
Basaksehir 33.9 69.9 20.2 29
Bayrampasa 23.2 71.9 8.2 11.2
Besiktas 10.5 80.4 17.7 4.2
Beylikduzu 47.1 45.4 33.4 37
Beyoglu 16.5 77.2 17 4.1
Buyukcekmece 53.3 35.1 39.7 44.4
Catalca 66.6 33.2 52.9 61.7
Esenler 24.2 67.8 10.1 14.2
Esenyurt 43.2 44.6 29.5 37.4
Eyup 15.5 73.8 6.3 8.4
Fatih 21.6 72.7 13.1 8.6
Gaziosmanpasa 16.9 73.5 4.4 10.9
Gungoren 28.5 70.8 14.9 15
Kagithane 11.3 80.1 13.1 3.1
Kucukcekmece 31.3 59.8 17.7 26.4
Sariyer 0 84.5 18 11.8
Silivri 925 0 78.9 85
Sultangazi 19.8 77.2 0 19.4
Sisli 12.2 78.2 17.7 0
Zeytinburnu 25.3 77.9 17.1 13.8
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Table A2 (continued): Distances Between European Side Districts of Istanbul

(km)
Distances(km) | Zeytinburnu

Arnavutkoy 31.2
Avcilar 26.4
Bagcilar 10.9
Bahcelievler 8.1
Bakirkoy 7.8
Basaksehir 23.3
Bayrampasa 8.3
Besiktas 15.8
Beylikduzu 33.7
Beyoglu 11.4
Buyukcekmece 42.7
Catalca 56
Esenler 7.6
Esenyurt 32.6
Eyup 14.1
Fatih 5.5
Gaziosmanpasa 12.3
Gungoren 5.1
Kagithane 135
Kucukcekmece 16.1
Sariyer 23.2
Silivri 81.6
Sultangazi 16.7
Sisli 13.6

Zeytinburnu 0
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APPENDIX B

THE PRE-DETERMINED ROADS AND ROUTES

Table B1: The Pre-determined Roads Between Warehouses and Distribution

Centers

Warehouse D'Ségr?tuetrlon Road No Dl(sl:;r;ce
AVCILAR beylikduzu R1 10.3
AVCILAR esenyurt R2 7.4
AVCILAR kucukcekmece R3 12.9
BAHCELIEVLER bagcilar R4 4.7
BAHCELIEVLER gungoren R5 4.3
BAHCELIEVLER bakirkoy R6 4.6
BAKIRKOY bahcelievler R7 4.7
BAKIRKOY gungoren R8 6.5
BAKIRKOY zeytinburnu R9 7.8
BAGCILAR bahcelievler R10 4.4
BAGCILAR gungoren R11 4.9
BAGCILAR esenler R12 54
BAGCILAR basaksehir R13 14.9
BASAKSEHIR bagcilar R14 13.5
BASAKSEHIR kucukcekmece R15 12.1
BASAKSEHIR esenler R16 16.1
BASAKSEHIR arnavutkoy R17 18.4
BEYLIKDUZU avcilar R18 10.6
BEYLIKDUZU esenyurt R19 6.8
BEYLIKDUZU buyukcekmece R20 10.8
BUYUKCEKMECE avcilar R21 17.9
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Distribution Centers

Table B1 (continued): The Pre-determined Roads Between Warehouses and

Warehouse Dlsézlrl])tit;on Road No Dl(si:?nr;ce
BUYUKCEKMECE beylikduzu R22 11.2
BUYUKCEKMECE esenyurt R23 124

BAYRAMPASA esenler R24 4.9
BAYRAMPASA gaziosmanpasa R25 4

BAYRAMPASA fatih R26 6.2
BAYRAMPASA sultangazi R27 8.2
BAYRAMPASA eyup R28 6.8

ESENYURT avcilar R29 7.5

ESENYURT beylikduzu R30 6.6

ESENYURT buyukcekmece R31 10.1

EYUP gaziosmanpasa R32 3.6
EYUP sultangazi R33 6.3
EYUP kagithane R34 T
EYUP beyoglu R35 8.4
EYUP besiktas R36 134
EYUP sisli R37 8.4
FATIH bayrampasa R38 6.1
FATIH beyoglu R39 6.4
FATIH zeytinburnu R40 55
FATIH besiktas R41 13.3
FATIH kagithane R42 11.8
FATIH sisli R43 8.6
GUNGOREN bagcilar R44 5
GUNGOREN bahcelievler R45 3.8
GUNGOREN esenler R46 3.7
KUCUKCEKMECE bagcilar R47 8
KUCUKCEKMECE bahcelievler R48 7.2
KUCUKCEKMECE gungoren R49 9.7
KUCUKCEKMECE basaksehir R50 12.1
SULTANGAZI bayrampasa R51 8
SULTANGAZI eyup R52 6.3
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Distribution Centers

Table B1 (continued): The Pre-determined Roads Between Warehouses and

Warehouse D'%g'r?tuetrlon Road No Dl(skt;r;ce
SULTANGAZI gaziosmanpasa R53 5.2
SULTANGAZI arnavutkoy R54 17.6

ZEYTINBURNU fatih R55 6.7
ZEYTINBURNU bakirkoy R56 7.4
ZEYTINBURNU esenler R57 9.3
ESENLER bayrampasa R58 4.2
ESENLER gungoren R59 3.9
ESENLER bagcilar R60 4
AVCILAR avcilar R61 0
BAHCELIEVLER bahcelievler R62 0

BAKIRKOY bakirkoy R63 0

BAGCILAR bagcilar R64 0
BASAKSEHIR basaksehir R65 0
BEYLIKDUZU beylikduzu R66 0

BUYUKCEKMECE | buyukcekmece R67 0
BAYRAMPASA bayrampasa R68 0
ESENYURT esenyurt R69 0
EYUP eyup R70 0
FATIH fatih R71 0
GUNGOREN gungoren R72 0
KUCUKCEKMECE | kucukcekmece R73 0
SULTANGAZI sultangazi R74 0
ZEYTINBURNU zeytinburnu R75 0
ESENLER esenler R76 0
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Demand Points

Table B2: The Pre-determined Routes Between Distribution Centers and

Distribution Demand Points | Road No | Distance (km)
Center
Sultangazi R77 18.7
arnavutkoy Gaziosmanpasa R77 5.2
Eyup R77 3.1
Basaksehir R78 19
arnavutkoy Kucukcekmece R78 121
Bahcelievler R78 7.2
Gaziosmanpasa R79 23.1
arnavutkoy Bayrampasa R79 3.8
Esenler R79 4.9
Esenyurt R80 7.4
avcilar Beylikduzu R80 6.6
Buyukcekmece R80 10.8
Kucukcekmece R81 12.9
avcilar Bahcelievler R81 7.2
Gungoren R81 4.2
Beylikduzu R82 10.3
avcilar Esenyurt R82 6.8
Buyukcekmece R82 10.1
Bahcelievler R83 4.4
bagcilar Gungoren R83 4.3
Esenler R83 3.7
Kucukcekmece R84 7.1
bagcilar Bakirkoy R84 11.4
Zeytinburnu R84 8.1
Gungoren R85 4.9
bagcilar Bayrampasa R85 6
Gaziosmanpasa R85 4
Bakirkoy R86 4.6
bahcelievler Zeytinburnu R86 7.8
Fatih R86 6.7
Gungoren R87 4.3
bahcelievler Esenler R87 3.7
Bayrampasa R87 4.2
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Table B2 (continued): The Pre-determined Routes Between Distribution

Centers and Demand Points

Distribution Demand Points | Road No | Distance (km)
Center

Bagcilar R88 4.7
bahcelievler Kucukcekmece R88 7.1
Avcilar R88 12
Bahcelievler R89 4.7
bakirkoy Gungoren R89 4.3
Esenler R89 3.7
Zeytinburnu R90 7.8
bakirkoy Fatih R90 6.7
Bayrampasa R90 6.1
Bagcilar R91 8.3
bakirkoy Kucukcekmece RI1 7.1
Avcilar R91 12
Kucukcekmece R92 12.1
basaksehir Bahcelievler R92 7.2
Gungoren R92 4.3
Bagcilar R93 135
basaksehir Esenler R93 54
Bayrampasa R93 4.2
Esenler R94 16.1
basaksehir Gaziosmanpasa R94 6.7
Eyup R94 3.1
Gaziosmanpasa R95 4
bayrampasa Eyup R95 3.1
Sultangazi R95 6.3
Esenler R96 4.9
bayrampasa Gungoren R96 3.9
Bahcelievler R96 3.8
Fatih R97 6.2
bayrampasa Zeytinburnu R97 55
Bakirkoy R97 7.4
Sisli R98 4.2
besiktas Kagithane R98 3.3
Beyoglu R98 5.8
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Table B2 (continued): The Pre-determined Routes Between Distribution

Centers and Demand Points

Distribution Demand Points | Road No | Distance (km)
Center

Sariyer R99 10.5

besiktas Eyup R99 14.6

Gaziosmanpasa R99 3.6

Kagithane R100 4.8

besiktas Sisli R100 3.1

Fatih R100 8.9

Esenyurt R101 6.8

beylikduzu Auvcilar R101 7.5

Kucukcekmece R101 12.9

. Buyukcekmece R102 10.8

beylikduzu Catalca R102 213

Avcilar R103 10.6

beylikduzu Esenyurt R103 7.4

Buyukcekmece R103 10.1

Sisli R104 4.1

beyoglu Kagithane R104 3.3

Besiktas R104 5.3

Fatih R105 6.2

beyoglu Bayrampasa R105 6.1
Gaziosmanpasa R105 4

Kagithane R106 6.1

beyoglu Eyup R106 6.6

Sultangazi R106 6.3

Esenyurt R107 12.4

buyukcekmece Beylikduzu R107 6.6

Auvcilar R107 10.6

buyukcekmece Ce}tglc_a R108 213

Silivri R108 33.2

buyukcekmece Silivri R109 35.1

Catalca R109 33.2

Beylikduzu R110 11.2

buyukcekmece Kucukcekmece R110 19.4

Bahcelievler R110 7.2
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Table B2 (continued): The Pre-determined Routes Between Distribution

Centers and Demand Points

Distribution Demand Points | Road No | Distance (km)
Center

Gungoren R111 3.9

esenler Bahcelievler R111 3.8
Bagcilar R111 4.7

Bayrampasa R112 4.2

esenler Gaziosmanpasa R112 4
Eyup R112 3.1

Bagcilar R113 4

esenler Kucukcekmece R113 7.1
Bahcelievler R113 7.2

Beylikduzu R114 6.6
esenyurt Auvcilar R114 10.6
Kucukcekmece R114 12.9
Buyukcekmece R115 10.1
esenyurt Beylikduzu R115 11.2
Auvcilar R115 10.6

Avcilar R116 7.5
esenyurt Beylikduzu R116 10.3
Buyukcekmece R116 10.8

Gaziosmanpasa R117 3.6

eyup Bayrampasa R117 3.8
Esenler R117 4.9

Kagithane R118 7

eyup Sisli R118 3.1
Beyoglu R118 4.1

Sultangazi R119 6.3

eyup Gaziosmanpasa R119 5.2
Bayrampasa R119 3.8

Bayrampasa R120 6.1

fatih Gaziosmanpasa R120 4
Eyup R120 3.1

Zeytinburnu R121 55

fatih Bakirkoy R121 7.4
Bahcelievler R121 4.7
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Centers and Demand Points

Table B2 (continued): The Pre-determined Routes Between Distribution

Distribution Demand Points | Road No | Distance (km)
Center

Beyoglu R122 6.4

fatih Sisli R122 4.1

Kagithane R122 3.3

Eyup R123 3.1

gaziosmanpasa Sultangazi R123 6.3
Bayrampasa R123 8

Bayrampasa R124 3.8

gaziosmanpasa Esenler R124 4.9

Gungoren R124 3.9

Sultangazi R125 4.4

gaziosmanpasa Eyup R125 6.3
Kagithane R125 7

Esenler R126 3.7

gungoren Bayrampasa R126 4.2
Gaziosmanpasa R126 4

Esenler R127 3.7
gungoren Bagcilar R127 4

Bahcelievler R127 4.4

Bahcelievler R128 3.8

gungoren Bakirkoy R128 4.6

Zeytinburnu R128 7.8

Sisli R129 3.1

kagithane Beyoglu R129 4.1

Fatih R129 6.2

Besiktas R130 5.3

kagithane Sariyer R130 105

Eyup R130 14.6

Beyoglu R131 5.8

kagithane Sisli R131 4.1

Besiktas R131 4.2

Bahcelievler R132 7.2

kucukcekmece Gungoren R132 4.3

Esenler R132 3.7
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Centers and Demand Points

Table B2 (continued): The Pre-determined Routes Between Distribution

Distribution Demand Points | Road No | Distance (km)
Center
Bahgelievler R133 7.2
kucukcekmece Bakirkoy R133 4.6
Zeytinburnu R133 7.8
Bagcilar R134 8
kucukcekmece Gungoren R134 4.9
Esenler R134 3.7
sultangazi Gaziosmanpasa R135 5.2
Eyup R135 3.1
Mingezi Arnavutkoy R136 17.6
Basaksehir R136 19
Bayrampasa R137 8
sultangazi Esenler R137 4.9
Gungoren R137 3.9
Beyoglu R138 4.1
sisli Kagithane R138 6.1
Besiktas R138 5.3
Eyup R139 8.1
sisli Gaziosmanpasa R139 3.6
Bayrampasa R139 3.8
Kagithane R140 3.3
sisli Besiktas R140 5.3
Sariyer R140 10.5
Fatih R141 6.7
zeytinburnu Beyoglu R141 6.4
Sisli R141 4.1
Fatih R142 6.7
zeytinburnu Bayrampasa R142 6.1
Gaziosmanpasa R142 4
Bakirkoy R143 7.4
zeytinburnu Bahcelievler R143 4.7
Gungoren R143 4.3
arnavutkoy Arnavutkoy R77 0
arnavutkoy Arnavutkoy R78 0
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Table B2 (continued): The Pre-determined Routes Between Distribution

Centers and Demand Points

Distribution Demand Points | Road No | Distance (km)
Center

arnavutkoy Arnavutkoy R79 0
avcilar Avcilar R80 0
avcilar Avcilar R81 0
avcilar Auvcilar R82 0
bagcilar Bagcilar R83 0
bagcilar Bagcilar R84 0
bagcilar Bagcilar R85 0
bahcelievler Bahcelievler R86 0
bahcelievler Bahcelievler R87 0
bahcelievler Bahcelievler R88 0
bakirkoy Bakirkoy R89 0
bakirkoy Bakirkoy R90 0
bakirkoy Bakirkoy R91 0
basaksehir Basaksehir R92 0
basaksehir Basaksehir R93 0
basaksehir Basaksehir R94 0
bayrampasa Bayrampasa R95 0
bayrampasa Bayrampasa R96 0
bayrampasa Bayrampasa R97 0
besiktas Besiktas R98 0
besiktas Besiktas R99 0
besiktas Besiktas R100 0
beylikduzu Beylikduzu R101 0
beylikduzu Beylikduzu R102 0
beylikduzu Beylikduzu R103 0
beyoglu Beyoglu R104 0
beyoglu Beyoglu R105 0
beyoglu Beyoglu R106 0
buyukcekmece Buyukcekmece R107 0
buyukcekmece Buyukcekmece R108 0
buyukcekmece Buyukcekmece R109 0
buyukcekmece Buyukcekmece R110 0
esenler Esenler R111 0
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Centers and Demand Points

Table B2 (continued): The Pre-determined Routes Between Distribution

Distribution Demand Points | Road No | Distance (km)
Center

esenler Esenler R112 0
esenler Esenler R113 0
esenyurt Esenyurt R114 0
esenyurt Esenyurt R115 0
esenyurt Esenyurt R116 0
eyup Eyup R117 0
eyup Eyup R118 0
eyup Eyup R119 0
fatih Fatih R120 0
fatih Fatih R121 0
fatih Fatih R122 0
gaziosmanpasa Gaziosmanpasa R123 0
gaziosmanpasa Gaziosmanpasa R124 0
gaziosmanpasa Gaziosmanpasa R125 0
gungoren Gungoren R126 0
gungoren Gungoren R127 0
gungoren Gungoren R128 0
kagithane Kagithane R129 0
kagithane Kagithane R130 0
kagithane Kagithane R131 0
kucukcekmece Kucukcekmece R132 0
kucukcekmece Kucukcekmece R133 0
kucukcekmece Kucukcekmece R134 0
sultangazi Sultangazi R135 0
sultangazi Sultangazi R136 0
sultangazi Sultangazi R137 0
sisli Sisli R138 0
sisli Sisli R139 0
sisli Sisli R140 0
zeytinburnu Zeytinburnu R141 0
zeytinburnu Zeytinburnu R142 0
zeytinburnu Zeytinburnu R143 0
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APPENDIX C

ROAD VULNERABILITIES FOR EACH DISTRICT PAIR [26]

Table C1: Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - . Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability

Arnavutkoy Arnavutkoy 0 0 0 0

Arnavutkoy Avcilar 0.006 0.033 0.059 0.092
Arnavutkoy Bagcilar 0.005 0.03 0.055 0.085
Arnavutkoy Bahcelievier 0.045 0.082 0.119 0.201
Arnavutkoy Bakirkoy 0.068 0.112 0.156 0.268
Arnavutkoy Basaksehir 0 0.025 0.05 0.075
Arnavutkoy Bayrampasa 0.012 0.038 0.064 0.102
Arnavutkoy Besiktas 0.031 0.066 0.1 0.166
Arnavutkoy Beylikduzu 0 0.025 0.05 0.075
Arnavutkoy Beyoglu 0.003 0.028 0.053 0.081
Arnavutkoy | Buyukcekmece 0.004 0.03 0.056 0.086
Arnavutkoy Catalca 0 0.025 0.05 0.075
Arnavutkoy Esenler 0.004 0.029 0.054 0.083
Arnavutkoy Esenyurt 0 0.025 0.05 0.075
Arnavutkoy Eyup 0.001 0.026 0.051 0.077
Arnavutkoy Fatih 0.052 0.093 0.134 0.227
Arnavutkoy | Gaziosmanpasa 0 0.025 0.05 0.075
Arnavutkoy Gungoren 0.043 0.083 0.122 0.205
Arnavutkoy Kagithane 0.002 0.027 0.052 0.079
Arnavutkoy | Kucukcekmece 0.006 0.032 0.057 0.089
Arnavutkoy Sariyer 0 0.025 0.05 0.075
Arnavutkoy Silivri 0 0.025 0.05 0.075
Arnavutkoy Sultangazi 0 0.025 0.05 0.075
Arnavutkoy Sisli 0.028 0.063 0.098 0.161
Arnavutkoy Zeytinburnu 0.039 0.076 0.113 0.189
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability

Avcilar Arnavutkoy 0.006 0.033 0.059 0.092
Avcilar Avcilar 0 0 0 0

Avcilar Bagcilar 0.067 0.109 0.15 0.259
Avcilar Bahcelievier 0.115 0.174 0.233 0.407
Avcilar Bakirkoy 0.092 0.14 0.188 0.328
Avcilar Basaksehir 0.011 0.038 0.066 0.104
Avcilar Bayrampasa 0.113 0.169 0.224 0.393
Avcilar Besiktas 0.064 0.103 0.143 0.246
Avcilar Beylikduzu 0.024 0.051 0.079 0.13
Avcilar Beyoglu 0.112 0.164 0.215 0.379
Avcilar Buyukcekmece 0.022 0.051 0.08 0.131
Avcilar Catalca 0.014 0.041 0.069 0.11
Avcilar Esenler 0.008 0.034 0.06 0.094
Avcilar Esenyurt 0.027 0.058 0.088 0.146
Avcilar Eyup 0.087 0.132 0.176 0.308
Avcilar Fatih 0.105 0.155 0.206 0.361
Avcilar Gaziosmanpasa 0.095 0.142 0.188 0.33
Avcilar Gungoren 0.105 0.157 0.209 0.366
Avcilar Kagithane 0.076 0.119 0.162 0.281
Avcilar Kucukcekmece 0.138 0.198 0.257 0.455
Avcilar Sariyer 0.058 0.097 0.135 0.232
Avcilar Silivri 0.006 0.032 0.058 0.09
Avcilar Sultangazi 0.006 0.033 0.059 0.092
Avcilar Sisli 0.076 0.119 0.162 0.281
Avcilar Zeytinburnu 0.113 0.167 0.221 0.388
Bagcilar Arnavutkoy 0.005 0.03 0.055 0.085
Bagcilar Avcilar 0.067 0.109 0.15 0.259
Bagcilar Bagcilar 0 0 0 0

Bagcilar Bahcelievier 0.085 0.125 0.165 0.29
Bagcilar Bakirkoy 0.144 0.213 0.28 0.493
Bagcilar Basaksehir 0.005 0.03 0.055 0.085
Bagcilar Bayrampasa 0.057 0.087 0.117 0.204
Bagcilar Besiktas 0.061 0.104 0.146 0.25
Bagcilar Beylikduzu 0.053 0.09 0.127 0.217
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Bagcilar Beyoglu 0.085 0.135 0.184 0.319
Bagcilar Buyukcekmece 0.047 0.084 0.121 0.205
Bagcilar Catalca 0.003 0.028 0.053 0.081
Bagcilar Esenler 0.036 0.061 0.086 0.147
Bagcilar Esenyurt 0.003 0.028 0.053 0.081
Bagcilar Eyup 0.037 0.064 0.092 0.156
Bagcilar Fatih 0.111 0.163 0.215 0.378
Bagcilar Gaziosmanpasa 0.025 0.051 0.078 0.129
Bagcilar Gungoren 0.19 0.28 0.368 0.648
Bagcilar Kagithane 0.065 0.108 0.151 0.259
Bagcilar Kucukcekmece 0.05 0.08 0.111 0.191
Bagcilar Sariyer 0.005 0.03 0.055 0.085
Bagcilar Silivri 0.002 0.027 0.052 0.079
Bagcilar Sultangazi 0.016 0.042 0.068 0.11
Bagcilar Sisli 0.072 0.119 0.164 0.283
Bagcilar Zeytinburnu 0.2 0.281 0.361 0.642
Bahcelievier Arnavutkoy 0.045 0.082 0.119 0.201
Bahcelievier Avcilar 0.115 0.174 0.233 0.407
Bahcelievier Bagcilar 0.085 0.125 0.165 0.29
Bahcelievier Bahcelievier 0 0 0 0
Bahcelievier Bakirkoy 0.208 0.296 0.382 0.678
Bahcelievier Basaksehir 0.03 0.062 0.094 0.156
Bahcelievier Bayrampasa 0.209 0.285 0.361 0.646
Bahcelievier Besiktas 0.08 0.127 0.174 0.301
Bahcelievier Beylikduzu 0.089 0.139 0.188 0.327
Bahcelievier Beyoglu 0.19 0.278 0.365 0.643
Bahcelievler | Buyukcekmece 0.082 0.131 0.18 0.311
Bahcelievier Catalca 0.058 0.1 0.142 0.242
Bahcelievier Esenler 0.087 0.127 0.167 0.294
Bahcelievier Esenyurt 0.1 0.155 0.21 0.365
Bahcelievier Eyup 0.077 0.122 0.166 0.288
Bahcelievler Fatih 0.115 0.165 0.215 0.38
Bahcelievler | Gaziosmanpasa 0.11 0.164 0.216 0.38
Bahcelievier Gungoren 0.2 0.281 0.36 0.641
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Bahcelievier Kagithane 0.1 0.154 0.206 0.36
Bahcelievler | Kucukcekmece 0.096 0.138 0.179 0.317
Bahcelievier Sariyer 0.046 0.083 0.12 0.203
Bahcelievier Silivri 0.04 0.078 0.114 0.192
Bahcelievier Sultangazi 0.052 0.086 0.121 0.207
Bahcelievier Sisli 0.109 0.167 0.224 0.391
Bahcelievier Zeytinburnu 0.294 0.403 0.511 0.914
Bakirkoy Arnavutkoy 0.068 0.112 0.156 0.268
Bakirkoy Avcilar 0.092 0.14 0.188 0.328
Bakirkoy Bagcilar 0.144 0.213 0.28 0.493
Bakirkoy Bahcelievier 0.208 0.296 0.382 0.678
Bakirkoy Bakirkoy 0 0 0 0
Bakirkoy Basaksehir 0.01 0.037 0.064 0.101
Bakirkoy Bayrampasa 0.173 0.238 0.302 0.54
Bakirkoy Besiktas 0.056 0.098 0.139 0.237
Bakirkoy Beylikduzu 0.072 0.114 0.156 0.27
Bakirkoy Beyoglu 0.204 0.3 0.393 0.693
Bakirkoy Buyukcekmece 0.065 0.106 0.146 0.252
Bakirkoy Catalca 0.047 0.084 0.12 0.204
Bakirkoy Esenler 0.179 0.246 0.311 0.557
Bakirkoy Esenyurt 0.077 0.12 0.164 0.284
Bakirkoy Eyup 0.099 0.149 0.198 0.347
Bakirkoy Fatih 0.208 0.309 0.408 0.717
Bakirkoy Gaziosmanpasa 0.122 0.178 0.233 0.411
Bakirkoy Gungoren 0.263 0.369 0.473 0.842
Bakirkoy Kagithane 0.068 0.112 0.156 0.268
Bakirkoy Kucukcekmece 0.063 0.095 0.128 0.223
Bakirkoy Sariyer 0.048 0.087 0.126 0.213
Bakirkoy Silivri 0.032 0.065 0.098 0.163
Bakirkoy Sultangazi 0.106 0.158 0.21 0.368
Bakirkoy Sisli 0.177 0.261 0.343 0.604
Bakirkoy Zeytinburnu 0.232 0.35 0.465 0.815
Basaksehir Arnavutkoy 0 0.025 0.05 0.075
Basaksehir Avcilar 0.011 0.038 0.066 0.104
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability

Basaksehir Bagcilar 0.005 0.03 0.055 0.085
Basaksehir Bahcelievier 0.03 0.062 0.094 0.156
Basaksehir Bakirkoy 0.01 0.037 0.064 0.101
Basaksehir Basaksehir 0 0 0 0

Basaksehir Bayrampasa 0.024 0.052 0.081 0.133
Basaksehir Besiktas 0.03 0.065 0.1 0.165
Basaksehir Beylikduzu 0 0.025 0.05 0.075
Basaksehir Beyoglu 0.034 0.071 0.107 0.178
Basaksehir | Buyukcekmece 0.004 0.029 0.055 0.084
Basaksehir Catalca 0 0.025 0.05 0.075
Basaksehir Esenler 0.002 0.027 0.052 0.079
Basaksehir Esenyurt 0 0.025 0.05 0.075
Basaksehir Eyup 0.001 0.026 0.051 0.077
Basaksehir Fatih 0.054 0.096 0.138 0.234
Basaksehir | Gaziosmanpasa 0 0.025 0.05 0.075
Basaksehir Gungoren 0.032 0.067 0.101 0.168
Basaksehir Kagithane 0.002 0.027 0.052 0.079
Basaksehir | Kucukcekmece 0.007 0.033 0.059 0.092
Basaksehir Sariyer 0 0.025 0.05 0.075
Basaksehir Silivri 0 0.025 0.05 0.075
Basaksehir Sultangazi 0 0.025 0.05 0.075
Basaksehir Sisli 0.034 0.071 0.107 0.178
Basaksehir Zeytinburnu 0.051 0.092 0.132 0.224
Bayrampasa Arnavutkoy 0.012 0.038 0.064 0.102
Bayrampasa Avcilar 0.113 0.169 0.224 0.393
Bayrampasa Bagcilar 0.057 0.087 0.117 0.204
Bayrampasa Bahcelievier 0.209 0.285 0.361 0.646
Bayrampasa Bakirkoy 0.173 0.238 0.302 0.54
Bayrampasa Basaksehir 0.024 0.052 0.081 0.133
Bayrampasa Bayrampasa 0 0 0 0

Bayrampasa Besiktas 0.083 0.136 0.187 0.323
Bayrampasa Beylikduzu 0.014 0.041 0.068 0.109
Bayrampasa Beyoglu 0.103 0.162 0.219 0.381
Bahcelievier Basaksehir 0.03 0.062 0.094 0.156
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Bahcelievier Bayrampasa 0.209 0.285 0.361 0.646
Bahcelievier Besiktas 0.08 0.127 0.174 0.301
Bahcelievier Beylikduzu 0.089 0.139 0.188 0.327
Bahcelievier Beyoglu 0.19 0.278 0.365 0.643
Bahcelievlier | Buyukcekmece 0.082 0.131 0.18 0.311
Bahcelievier Catalca 0.058 0.1 0.142 0.242
Bahcelievier Esenler 0.087 0.127 0.167 0.294
Bahcelievier Esenyurt 0.1 0.155 0.21 0.365
Bahcelievier Eyup 0.077 0.122 0.166 0.288
Bahcelievier Fatih 0.115 0.165 0.215 0.38
Bahcelievler | Gaziosmanpasa 0.11 0.164 0.216 0.38
Bahcelievier Gungoren 0.2 0.281 0.36 0.641
Bahcelievier Kagithane 0.1 0.154 0.206 0.36
Bahcelievler | Kucukcekmece 0.096 0.138 0.179 0.317
Bahcelievier Sariyer 0.046 0.083 0.12 0.203
Bahcelievier Silivri 0.04 0.078 0.114 0.192
Bahcelievier Sultangazi 0.052 0.086 0.121 0.207
Bahcelievier Sisli 0.109 0.167 0.224 0.391
Bahcelievier Zeytinburnu 0.294 0.403 0.511 0.914
Bakirkoy Arnavutkoy 0.068 0.112 0.156 0.268
Bakirkoy Avcilar 0.092 0.14 0.188 0.328
Bakirkoy Bagcilar 0.144 0.213 0.28 0.493
Bakirkoy Bahcelievier 0.208 0.296 0.382 0.678
Bakirkoy Bakirkoy 0 0 0 0
Bakirkoy Basaksehir 0.01 0.037 0.064 0.101
Bakirkoy Bayrampasa 0.173 0.238 0.302 0.54
Bakirkoy Besiktas 0.056 0.098 0.139 0.237
Bakirkoy Beylikduzu 0.072 0.114 0.156 0.27
Bakirkoy Beyoglu 0.204 0.3 0.393 0.693
Bakirkoy Buyukcekmece 0.065 0.106 0.146 0.252
Bakirkoy Catalca 0.047 0.084 0.12 0.204
Bakirkoy Esenler 0.179 0.246 0.311 0.557
Bakirkoy Esenyurt 0.077 0.12 0.164 0.284
Bakirkoy Eyup 0.099 0.149 0.198 0.347

132




Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Bakirkoy Fatih 0.208 0.309 0.408 0.717
Bakirkoy Gaziosmanpasa 0.122 0.178 0.233 0.411
Bakirkoy Gungoren 0.263 0.369 0.473 0.842
Bakirkoy Kagithane 0.068 0.112 0.156 0.268
Bakirkoy Kucukcekmece 0.063 0.095 0.128 0.223
Bakirkoy Sariyer 0.048 0.087 0.126 0.213
Bakirkoy Silivri 0.032 0.065 0.098 0.163
Bakirkoy Sultangazi 0.106 0.158 0.21 0.368
Bakirkoy Sisli 0.177 0.261 0.343 0.604
Bakirkoy Zeytinburnu 0.232 0.35 0.465 0.815
Basaksehir Arnavutkoy 0 0.025 0.05 0.075
Basaksehir Avcilar 0.011 0.038 0.066 0.104
Basaksehir Bagcilar 0.005 0.03 0.055 0.085
Basaksehir Bahcelievier 0.03 0.062 0.094 0.156
Basaksehir Bakirkoy 0.01 0.037 0.064 0.101
Basaksehir Basaksehir 0 0 0 0
Basaksehir Bayrampasa 0.024 0.052 0.081 0.133
Basaksehir Besiktas 0.03 0.065 0.1 0.165
Basaksehir Beylikduzu 0 0.025 0.05 0.075
Basaksehir Beyoglu 0.034 0.071 0.107 0.178
Basaksehir | Buyukcekmece 0.004 0.029 0.055 0.084
Basaksehir Catalca 0 0.025 0.05 0.075
Basaksehir Esenler 0.002 0.027 0.052 0.079
Basaksehir Esenyurt 0 0.025 0.05 0.075
Basaksehir Eyup 0.001 0.026 0.051 0.077
Basaksehir Fatih 0.054 0.096 0.138 0.234
Basaksehir | Gaziosmanpasa 0 0.025 0.05 0.075
Basaksehir Gungoren 0.032 0.067 0.101 0.168
Basaksehir Kagithane 0.002 0.027 0.052 0.079
Basaksehir | Kucukcekmece 0.007 0.033 0.059 0.092
Basaksehir Sariyer 0 0.025 0.05 0.075
Basaksehir Silivri 0 0.025 0.05 0.075
Basaksehir Sultangazi 0 0.025 0.05 0.075
Basaksehir Sisli 0.034 0.071 0.107 0.178
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Basaksehir Zeytinburnu 0.051 0.092 0.132 0.224
Bayrampasa Arnavutkoy 0.012 0.038 0.064 0.102
Bayrampasa Avcilar 0.113 0.169 0.224 0.393
Bayrampasa Bagcilar 0.057 0.087 0.117 0.204
Bayrampasa Bahcelievier 0.209 0.285 0.361 0.646
Bayrampasa Bakirkoy 0.173 0.238 0.302 0.54
Bayrampasa Basaksehir 0.024 0.052 0.081 0.133
Bayrampasa Bayrampasa 0 0 0 0
Bayrampasa Besiktas 0.083 0.136 0.187 0.323
Bayrampasa Beylikduzu 0.014 0.041 0.068 0.109
Bayrampasa Beyoglu 0.103 0.162 0.219 0.381
Beyoglu Fatih 0.115 0.16 0.205 0.365
Beyoglu Gaziosmanpasa 0.02 0.048 0.075 0.123
Beyoglu Gungoren 0.122 0.185 0.246 0.431
Beyoglu Kagithane 0.007 0.032 0.057 0.089
Beyoglu Kucukcekmece 0.041 0.072 0.104 0.176
Beyoglu Sariyer 0 0.025 0.05 0.075
Beyoglu Silivri 0.017 0.047 0.078 0.125
Beyoglu Sultangazi 0.001 0.026 0.051 0.077
Beyoglu Sisli 0.043 0.075 0.107 0.182
Beyoglu Zeytinburnu 0.2 0.297 0.391 0.688
Buyukcekmece| Arnavutkoy 0.004 0.03 0.056 0.086
Buyukcekmece Avcilar 0.022 0.051 0.08 0.131
Buyukcekmece Bagcilar 0.047 0.084 0.121 0.205
Buyukcekmece | Bahcelievier 0.082 0.131 0.18 0.311
Buyukcekmece Bakirkoy 0.065 0.106 0.146 0.252
Buyukcekmece| Basaksehir 0.004 0.029 0.055 0.084
Buyukcekmece| Bayrampasa 0.015 0.043 0.07 0.113
Buyukcekmece Besiktas 0.057 0.095 0.133 0.228
Buyukcekmece| Beylikduzu 0.013 0.042 0.07 0.112
Buyukcekmece Beyoglu 0.061 0.1 0.139 0.239
Buyukcekmece | Buyukcekmece 0 0 0 0
Buyukcekmece Catalca 0 0.025 0.05 0.075
Buyukcekmece Esenler 0.004 0.03 0.056 0.086
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Buyukcekmece Esenyurt 0.011 0.039 0.067 0.106
Buyukcekmece Eyup 0.003 0.029 0.055 0.084
Buyukcekmece Fatih 0.069 0.11 0.151 0.261
Buyukcekmece | Gaziosmanpasa 0.003 0.029 0.054 0.083
Buyukcekmece Gungoren 0.091 0.141 0.191 0.332
Buyukcekmece Kagithane 0.056 0.095 0.133 0.228
Buyukcekmece | Kucukcekmece 0.084 0.133 0.182 0.315
Buyukcekmece Sariyer 0.002 0.028 0.053 0.081
Buyukcekmece Silivri 0 0.025 0.05 0.075
Buyukcekmece Sultangazi 0.003 0.029 0.054 0.083
Buyukcekmece Sisli 0.058 0.097 0.135 0.232
Buyukcekmece |  Zeytinburnu 0.08 0.126 0.171 0.297
Catalca Arnavutkoy 0 0.025 0.005 0.03
Catalca Avcilar 0.014 0.041 0.069 0.11
Catalca Bagcilar 0.003 0.028 0.053 0.081
Catalca Bahcelievier 0.058 0.1 0.142 0.242
Catalca Bakirkoy 0.047 0.084 0.12 0.204
Catalca Basaksehir 0 0.025 0.05 0.075
Catalca Bayrampasa 0.01 0.037 0.063 0.1
Catalca Besiktas 0.018 0.049 0.079 0.128
Catalca Beylikduzu 0.004 0.031 0.057 0.088
Catalca Beyoglu 0.019 0.05 0.081 0.131
Catalca Buyukcekmece 0 0.025 0.05 0.075
Catalca Catalca 0 0 0 0
Catalca Esenler 0.001 0.026 0.051 0.077
Catalca Esenyurt 0.005 0.031 0.057 0.088
Catalca Eyup 0.001 0.026 0.051 0.077
Catalca Fatih 0.025 0.058 0.09 0.148
Catalca Gaziosmanpasa 0 0.025 0.05 0.075
Catalca Gungoren 0.02 0.052 0.083 0.135
Catalca Kagithane 0.002 0.027 0.052 0.079
Catalca Kucukcekmece 0.045 0.082 0.12 0.202
Catalca Sariyer 0 0.025 0.05 0.075
Catalca Silivri 0 0.025 0.05 0.075
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability

Catalca Sultangazi 0 0.025 0.05 0.075
Catalca Sisli 0.017 0.047 0.078 0.125
Catalca Zeytinburnu 0.037 0.076 0.113 0.189
Esenler Arnavutkoy 0.004 0.029 0.054 0.083
Esenler Avcilar 0.008 0.034 0.06 0.094
Esenler Bagcilar 0.036 0.061 0.086 0.147
Esenler Bahcelievier 0.087 0.127 0.167 0.294
Esenler Bakirkoy 0.179 0.246 0.311 0.557
Esenler Basaksehir 0.002 0.027 0.052 0.079
Esenler Bayrampasa 0.2 0.28 0.359 0.639
Esenler Besiktas 0.071 0.119 0.166 0.285
Esenler Beylikduzu 0.015 0.043 0.072 0.115
Esenler Beyoglu 0.089 0.143 0.196 0.339
Esenler Buyukcekmece 0.004 0.03 0.056 0.086
Esenler Catalca 0.001 0.026 0.051 0.077
Esenler Esenler 0 0 0 0

Esenler Esenyurt 0.001 0.026 0.051 0.077
Esenler Eyup 0.038 0.066 0.094 0.16
Esenler Fatih 0.146 0.211 0.274 0.485
Esenler Gaziosmanpasa 0.014 0.039 0.064 0.103
Esenler Gungoren 0.2 0.294 0.385 0.679
Esenler Kagithane 0.078 0.128 0.177 0.305
Esenler Kucukcekmece 0.016 0.043 0.07 0.113
Esenler Sariyer 0.005 0.03 0.055 0.085
Esenler Silivri 0.002 0.028 0.053 0.081
Esenler Sultangazi 0.011 0.036 0.061 0.097
Esenler Sisli 0.072 0.121 0.169 0.29
Esenler Zeytinburnu 0.158 0.231 0.302 0.533
Esenyurt Arnavutkoy 0 0.025 0.05 0.075
Esenyurt Avcilar 0.027 0.058 0.088 0.146
Esenyurt Bagcilar 0.003 0.028 0.053 0.081
Esenyurt Bahcelievier 0.1 0.155 0.21 0.365
Esenyurt Bakirkoy 0.077 0.12 0.164 0.284
Esenyurt Basaksehir 0 0.025 0.05 0.075
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Esenyurt Bayrampasa 0.016 0.044 0.071 0.115
Esenyurt Besiktas 0.063 0.102 0.141 0.243
Esenyurt Beylikduzu 0 0.025 0.05 0.075
Esenyurt Beyoglu 0.067 0.108 0.148 0.256
Esenyurt Buyukcekmece 0.011 0.039 0.067 0.106
Esenyurt Catalca 0.005 0.031 0.057 0.088
Esenyurt Esenler 0.001 0.026 0.051 0.077
Esenyurt Esenyurt 0 0 0 0
Esenyurt Eyup 0.001 0.026 0.051 0.077
Esenyurt Fatih 0.076 0.119 0.162 0.281
Esenyurt Gaziosmanpasa 0 0.025 0.05 0.075
Esenyurt Gungoren 0.104 0.159 0.213 0.372
Esenyurt Kagithane 0.001 0.026 0.051 0.077
Esenyurt Kucukcekmece 0.1 0.153 0.206 0.359
Esenyurt Sariyer 0 0.025 0.05 0.075
Esenyurt Silivri 0.003 0.029 0.055 0.084
Esenyurt Sultangazi 0 0.025 0.05 0.075
Esenyurt Sisli 0.063 0.103 0.142 0.245
Esenyurt Zeytinburnu 0.047 0.087 0.126 0.213
Eyup Arnavutkoy 0.001 0.026 0.051 0.077
Eyup Avcilar 0.087 0.132 0.176 0.308
Eyup Bagcilar 0.037 0.064 0.092 0.156
Eyup Bahcelievier 0.077 0.122 0.166 0.288
Eyup Bakirkoy 0.099 0.149 0.198 0.347
Eyup Basaksehir 0.001 0.026 0.051 0.077
Eyup Bayrampasa 0.065 0.096 0.127 0.223
Eyup Besiktas 0.014 0.04 0.067 0.107
Eyup Beylikduzu 0.001 0.026 0.051 0.077
Eyup Beyoglu 0.033 0.065 0.096 0.161
Eyup Buyukcekmece 0.003 0.029 0.055 0.084
Eyup Catalca 0.001 0.026 0.051 0.077
Eyup Esenler 0.038 0.066 0.094 0.16
Eyup Esenyurt 0.001 0.026 0.051 0.077
Eyup Eyup 0 0 0 0

137




Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District - - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability

Eyup Fatih 0.048 0.08 0.113 0.193
Eyup Gaziosmanpasa 0.017 0.044 0.071 0.115
Eyup Gungoren 0.075 0.121 0.166 0.287
Eyup Kagithane 0.036 0.061 0.086 0.147
Eyup Kucukcekmece 0.01 0.036 0.062 0.098
Eyup Sariyer 0.007 0.032 0.057 0.089
Eyup Silivri 0.002 0.027 0.052 0.079
Eyup Sultangazi 0.011 0.037 0.063 0.1

Eyup Sisli 0.007 0.032 0.057 0.089
Eyup Zeytinburnu 0.081 0.131 0.18 0.311
Fatih Arnavutkoy 0.052 0.093 0.134 0.227
Fatih Avcilar 0.105 0.155 0.206 0.361
Fatih Bagcilar 0.111 0.163 0.215 0.378
Fatih Bahcelievier 0.115 0.165 0.215 0.38
Fatih Bakirkoy 0.208 0.309 0.408 0.717
Fatih Basaksehir 0.054 0.096 0.138 0.234
Fatih Bayrampasa 0.25 0.359 0.466 0.825
Fatih Besiktas 0.033 0.065 0.098 0.163
Fatih Beylikduzu 0.074 0.116 0.158 0.274
Fatih Beyoglu 0.115 0.16 0.205 0.365
Fatih Buyukcekmece 0.069 0.11 0.151 0.261
Fatih Catalca 0.025 0.058 0.09 0.148
Fatih Esenler 0.146 0.211 0.274 0.485
Fatih Esenyurt 0.076 0.119 0.162 0.281
Fatih Eyup 0.048 0.08 0.113 0.193
Fatih Fatih 0 0 0 0

Fatih Gaziosmanpasa 0.11 0.165 0.219 0.384
Fatih Gungoren 0.176 0.251 0.325 0.576
Fatih Kagithane 0.039 0.072 0.106 0.178
Fatih Kucukcekmece 0.07 0.109 0.147 0.256
Fatih Sariyer 0.039 0.072 0.106 0.178
Fatih Silivri 0.039 0.073 0.108 0.181
Fatih Sultangazi 0.073 0.118 0.163 0.281
Fatih Sisli 0.097 0.138 0.18 0.318
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
. . Low Avrage High
From District | To District . - - Avrage
Vulnerability | Vulnerability | Vulne rability Vulnerability
Fatih Zeytinburnu 0.2 0.285 0.369 0.654
Gaziosmanpasa| Arnavutkoy 0 0.025 0.05 0.075
Gaziosmanpasa Avcilar 0.095 0.142 0.188 0.33
Gaziosmanpasa Bagcilar 0.025 0.051 0.078 0.129
Gaziosmanpasa| Bahcelievier 0.11 0.164 0.216 0.38
Gaziosmanpasa Bakirkoy 0.122 0.178 0.233 0.411
Gaziosmanpasa| Basaksehir 0 0.025 0.05 0.075
Gaziosmanpasa| Bayrampasa 0.063 0.094 0.125 0.219
Gaziosmanpasa Besiktas 0.017 0.043 0.069 0.112
Gaziosmanpasa| Beylikduzu 0 0.025 0.05 0.075
Gaziosmanpasa Beyoglu 0.02 0.048 0.075 0.123
Gaziosmanpasa | Buyukcekmece 0.003 0.029 0.054 0.083
Gaziosm