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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 .

August 2016, 22pages

Disasters may have devastating effect on human life as well as ecamhijurkey

is a disaster prone countryspecially to earthquake$his studyaims to propose a
multi-echelonhumanitarian logistics network desidpy incorporationof demand
uncertainty and roadfacility vulnerabilities with an application to a possible
earthquake scenario in Istanbul region of Turkayframe of the study, two stage
stochast programming model is formulatedn the first stage warehouseand
distribution centetocationsas well agnventory prepositioning decisions are magde
whereasin the second stageelief distributiondecisions are madé&he stochatc
model considexdifferentdemand scenarios and also road and facility vulnerabilities
are incorporated as discrete binary scenario sets into the baseline Tihedelodel

is executedunder efficiency and equity basedbjective functionsto analyze the
effect of differentobjective measures to model key performance mesasBasnple
average approximation heuristic method is utilized for the solution of the proposed
mathematical modeA 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 theesults and model key performance measure

Keywords: Humanitarian Logistics, Mixed nteger ProgrammingWarehouse
Location Problems, Relief Item Rpssitioning, Vulnerability
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CHAPTER 1

INTRODUCTION AND MOTIVATION

The United Nation®©f f i ce f or Disaster Risk Reduct.i
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 affectedmmunity or society to cope using its own
resourceso. According to The United Nat.
Afdi sasters are often described as a res:
hazard, the conditions of vulnerability thaegresent, 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 wdiking, togethewith damage to property, destruction

of assets, loss of services, social and economic disruption and environmental
degradationo. Although most disasters ar
human origins [2].

According to the International Disast 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 (3670® 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 suffandgto prevent
further damage. According to the Wisner and Add#]sthere are six main steps in
disaster management, namely vulnerability assessmeniji) prevention and
mitigation, (iii) emergency preparednegs,) planning, policy and apacity
building, (v) emergency response, and finglWy) rehabilitation, reconstruction and



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

are closely related to humanitarian logistics activities.

Humanitarian | ogistics is defined as fithe g
controlling the efficient, costffective flow and storage of goods and materials, as

well as related information, frorpoint of origin to point of consumption for the

purpose of meeting the end beneficiaryods re
Mizushima [5] and humanitarian logistics activities make up around 80% of entire

disaster relief efforts [6].

Humanitarian logics is essential to provide rapid response to effected areas in a

timely and <cost efficient manner . Bal ci k an
fundamental differences between commercial supply chains and humanitarian relief

chains in terms of their sttegic goals, customer and demand characteristics, and
environmental factors. The dominating characteristics that bring additional
complexity and uniqgue <challenges to relief
unpredictability of demand, in terms of timinigcation, 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 capactyand money o .

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 28 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 disagtrs. Turkey is located on the Mediterranean part of the Alpine
Himalayan orogenic system, which is one of the most seismicalleaegions of

the world. Threenain plates surrender Turkey, namely African, Eurasian, Arabian,



as well as two minor plates: Aegearand Anatolian. The main reasonsof 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 motiokarthquaks 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 Emergenceggaredness Project, financed

by The World Bank [ 9], 70% of tihaly Tur ke
active areas, 66% of Turkay located on active fault zones, and 75% of damaged
buildings as well as 64% of total disaster losses in the lastrgemteibecause 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 Mioaiity

(I'MM) [ 10] suggests that fhna | arge scal e
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

i neo. The North Anatolian Faul't passes t
where Turkeyds | argest city as well as
located, with a populatn around 14 million people [$Zorresponding to around
183 of Tw keyb6s population in addition to ot
to Turkish Economy Policy Research Foundation (TEPAV) [11], one sixth of

Tur keyos GDP i s gener ated i n |l stanbul
Emergency Preparedness Proje¢tg&timates 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 probable57Richter 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

|l ife and Turkeyds economy, and this i mpo
Therefore, in this study, we propose a humanitariamstieg network for facility

location planning and item pygositioning with a specific application to a potential
earthquake inhe Istanbul region of Turkey.

This study specifically focuses adne 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 thRpgsiioning of inventory in the
warehouses inxpectation of the disaster. Ppesitioning which refers to locating
relief facilities and stockingelief supply inventories irthese facilities in the
preparedness stage of disaster managensetucial to deliver aid quickly in an
uncertain environntg. By means of prgositioning,a more rapid and effective
response can be provided in case of a disastel investments can also be better
allocated.

Disasters not only threaten human lifeit also the infrastructure of cities and towns.
In case of an earthquakie, addition to thebuildings transportation network ialso
damaged most of the time. Therefdiaility and road network vulnerability should
be taken into account to confrorttet risk of malfunctioning of resources and
infrastructure in a study. By this wagre-positioring decisions can be optimized to
accommodate possible vulneralbdg

Exact timing, magnitude, as well as location of a potential earthquake are almost
impossble 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 wall the availability of resources,
infrastructure, facities, and roads before the earthquake actually strikes. Hiece
very nature of an earthquake disaster is stochaatid therefore a stochastic
modeling approach is required to optimize the network



The main objective oflecisions made at the prepdmess stage of a disaster is to
optimize success at the response stage and hence to minimize sufferirtbis
reason, the proposed study should incorporate possible future demand and
vulnerability uncertainty to optimize first stage decisions. Thergfarewo stage
stochastic mixed integer programming model is formed in this studigtermine
facility locations as well aso preposition 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. 3¢tsn these discrete binary
scenario sets are integrated into the mathematical model as parameters. Demand
uncertanty 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 invemrty prepositioning and relief distribution models.
Unlike the limited number of studiesn the inventory prgositioning literaturg
where road vulnerability is included as a deterministic factor that increases the travel
time on these roads, our studkda a scenaribased approach and considers cases
where roads becommpossible to traversdue to the effects of the disaster, which is

a more realistic assumption given the nature of disasters such as earthquakes. The
resulting largescale twestage stdgastic programs are solved heuristically by means
of sample average approximation, and a potentiallifeadisaster scenario is used as

a case study to assess the impacts of various gudisgd decisions, incorporating
stochasticity of the problem paraters, and the sensitivity of the resultsthe

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. Follgwhis, the problem
definition, proposed mathematical modetnd the proposed solution approack
presented in Chapter 3. Parameter settings as well as assumptions for a case study
based on a potential earthquake disaster in the Istanbul region ofyTamke
introduced in detail in Chapter #reliminary experiments, computational results,
sensitivity analysisand a comparison of the main model with the benchmark models

are presented in Chaptér The final chapter of this thesis comprises a general

sunmary and remarks on the work, as well as future work suggestidCisapter 6.






CHAPTER 2

LITERATURE REVIEW

Disaster management is one of the areas in which operations research (OR) and
management scien¢®1S) 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 costefficient way bothfor pre- and postdisaster stageso that possible
devastating impacts of disasters on human life, on environar@hion economy can

be minimized. Altay and Green [12] show that research interests in mainstream
OR/MS research journals for disaster mamagtincreased twice as mudetween

1980s and 1990s here are 109 articles published related to disaster management
between 1980 and 2004. While 12.8% of these articles are publishiee 1880s,

40.4% of the articles are published time 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 thathe researclgaps observed by Altagnd Green

[12] are not filled yetThe authors maksomefuture work suggestions addressing to

the gaps observedi(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 wstudied as well as understudied areas
that can benefit from OR/MS, using formal statistical analysis to establish realistic
assumptions in DOM models that reflect the stochastic nature of DOM; {@d@pth
explordion 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 indicatodmong these gaps, our study focuses

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



environment by incorporating the stochasticity of road and facility vulnerabilities

into inventory prepositioning and relief transportation models.

In this part of the thesis, studieelated to facility and inventory ppositioning as

well as relief distribution activities in humanitarian logistics are reviewed in Section
2.1. Since our work is focused on lisaster stagerepositionng decisions
majority of the reviewed papemsre on pre-positioning Neverthelessadditional
papers related to relief distribution that we consider substantial are also included.
Additionally, papers related to sample average approximathits application to
humanitarian logistics are reviewad$ection 2.2, since we have used this method in
our solution procesd.astly, our contributions are introduced in section 2.2 of this
chapter.

2.1. Literature Review on Inventory Prepositioning and Relief Distribution in

Humanitarian Logistics

Within thelast 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-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 potetial distribution centers and item ppesitioning. 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 pointand 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-positionirg of distribution centers and relief items in the-pre
disaster stageand (ii) for distribution of relief items in the pedisaster stagelhe
computational analysis is made by utilizing historical data of earthquakes on
different global locations. In thgtudy by Balcik and Beamdi], vulnerabilities of

roads connecting distribution centers to disaster locations or those of the distribution

centers are not considered.

In the study by Duraset 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 ofdisasters 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 preposition in the varehouses.

Mete and Zabinsky [J5ropose a twestage 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 thedesbfst

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 wmder 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 optonal 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 ee8le is also presented.
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Tzeng et al. [1pconsider the overall design of a relief delivery system. There are
three objectives in the proposed fuzzy malijective linear programming model: (i)
minimization of total transfer and facility set up cogig, 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 pemafacilities, 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 gearntttransfer 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 modeakisated

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

Rawls and Turnquist [J7also consider a twetage setting where facility locations,
facility sizes and stock quantities for various type of commodities are determined
before the diaster 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 guisition 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 respons@qsiéoning strategy is
proposed considering aertainty in demand, transportation network availability, and
destruction of some or all of the ppesitioned inventory. Due to the complexity of

the model, a heuristic Lagrangiarshaped method is developed for large instances.
The proposed twstage MP model is applied to a case study of hurricanastiss

in southeastern parts OSA.

Rawls and Turnquist [18xtend their previously proposed model ir8][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
thestudy, a reliable set of scenarios are defined and demand in these reliable sets are
covera from facilities servingfrom the maximalservice distance.Total of
probabilities of the reliable scenarios is guaranteed to be greater than or equal to a
specifia 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 [18ith servicequality constraints and
include multiple time periods for planning short term urgent demands. This version
of the study has same settings ias[18], except that parameters and decision
variables related to forecasted demand and commodity delivery aré asldetime

index. The horizon is divided into four 4®ur 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 tfieh@dr. The
dynamic response model is tested on a case study of hurricane events that affect

North Carolina.

Abounacer et al. [J0study a threebjective locatiortransportation problem for
disaster responsehich is quite similar to [1 except that itdcuses on a locatien
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 distributiomudrtitarian

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-dicstagents
required to operate the opened distribution centers, and (iii) minimization of total
uncovereddemand Demandis assumedo be deterministic and known, while the
state of the roads connecting distribution centers to demand locations is reflected in

the travel time. An epsilenonstraint method igroposed to generate the exact

13



paretoefront. 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 paretafront in relatively shorter computing time.

Wisetjindawat et al. [Zldevelop a hub location and routing optimization model for

the preparedness stage of disaster relief operations. The study assumes that demand
is deterministic. On thetber 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 dgdsass
probability to each road for apsible 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 tr&l times and shortest paths are incorporated into item routing
and location routing models. The mudigpot and mulkicommodity routing model

for item delivery minimizes total response time and decides sequence of delivery
under maximum carrying capacitych 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 uncapacdasengle allocation problem using a genetic
algorithm. The study is numerically illustrated with TeRanankai earthquake in

Aichi Prefecture in Japan.

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

possible set of warehouse locations provided by CARE International.
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Gormez et al. [ZBconsider a twdier distribution system with permanent and
temporary facilities.Permanent facilities arto be built forrelief 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 transfefrech 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 cergacs i
neighborhood as well as number of people assigned to that temporary distribution
centers under the objective of total demand weighted distance. The secongomodel
the other hand, determines location of permanent facilities and assignment of
tempoary facilitiesschools 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 rka sensitivity with benchmark models having muax
distance objective, distance limits, backup requirements as well as capacitated
facilities. The authors used data of JICA & IMReport[10] for demand generation

at districts of Istanbul.

The study by Rerk[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 &mo 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 nes of deterministic probabilistic
fraction rather tharstochastic discrete scenario seisprobabilistic winerability
constraint is formulated to meet the demand in every demand point for every relief

item with a specific reliability.
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Konu [29 develos a multicommodity 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 roadsimary, secondaryand 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 objectivets 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 valbities 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 vulnerab#iigtance multiplicatins. 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 stochBE®icauthor uses

data from JICA &IMM Report[10] for demand, road vulnerability as well as
warehouse vulnerability generation at districts of Istanbul.

Baskaya [2bproposes a deterministic mathematical model for relief facility locating
and itempre-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, assignrant of demand locations to relief facilities, quantity of relief supply

to preposition to relief facilities as well as quantity of relief supply to send from
relief facilities to demiad location under the objective ahinimizing average
distance travellety relief supply. The author assumes that road vulnerability affects
travel time and hence inflated road lengths are incorporated into the model which are
correlated tovulnerability. As vulnerability of a road increases its itgth road

length also inarasesThisis in contrastto our work, wherewe assuméinaryand
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stochastic vulnerability. The setting of lateral shipment model is the same as direct
shipmentmodel except that supply delivery among relief facilities is assumed to be
possible also theoad 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. Daie theJICA & IMM Report[10] is

used to generate demamdad lengthand road vulnerability data.

Liberatore et al. [2]7propose 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 Hred 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 centsrsdeveloped
Furthermoredemand values of demand centers do not represent the exact need for
commoditiesin the model but rather characterize the size of the center. The
hierarchical model assigns highest priority to maximizing total demand satisfiled a
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 distriltion planning othe 2010Haiti earthquake.

A comprehensive integrated logistics model isalleped by Afshar and Haghani

[28] for response operations of real time large scale disasters. A seven layer supply
network which is compatible with Federal Emergy Management Agency

( FEMA) 6 s ¢ o mpd peoposed entthe study. The mathematical model
determines vehicle routing, pickup and delivery schedudsswell as optimal
location of temporary facilities considering capacity constraints for facilares
transportation system by minimizing weighted unmet demand. The study does not
consider demand uncertairdy 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 Louiseaaaconsidered.

Liu and Guo [29 propose a multiobjective twestage stochastic optimization model

for a postdisaster humanitarian logistics network. In addition to developing relief
supply deliveryplan the authors also develop amacuation plan for the critical
population. The model is bed 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 evatec are reflected to possible gietermined
scenario sets. Deliveries from facilities to demand points are assumed to be made
with different helicopter typesach having different capacity and costs. In the first
stage of the model, decisions regardiagility 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 awen A lexicographic optimization
approach is deployed for the solution of the modéle Tvo-objective model is
transformed into a sequence of single objective stochastic models. The first objective
about demand fill rate is given priority hence considethe second objective of

cost minimization not the best alternative but the-gptimal solutions according to

fill rate are chosen. Thescenariedecomposition based heuristics are developed to
solve the transformed models. A numerical case studiyssrated for disaster relief

logistics of Great Wenchuan Earthquake.

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

possible due to vehicle capacities. A migtrel 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 ingeographically dense clusters and then-léwel

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 peopléd®sent to each hospital from each cluster. At
the next step, subluster 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. Th@aitithm 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 authemgnréhe algorithm

1,000 times to obtain best possible demammte partitioning in numerical
experiment on hypothetical disaster relief networks and on a large scale earthquake

scenario for Istanbul.

Ozdamar at al.31] d e vaa éffeipnt dptimization guided hierarchical clustering
and routi ng p raodcpeodoseraesysten®diHoiding Get of instructions
for rescue and evacuation operations carried out by helicopters at thdigasstr

stage. The developed algorithm first solves the problem on the aggregated demand
level by clustering demand nodes ant& the optimal allocation of warehouses and
hospitals to demand nodes. After obtaining the aggregated solution, detaded sub
network routing problem is solved. In this stage solutions of the aggregated level
problem are integrated as parameters to thdingualgorithm. 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
evacuatiorflow time cost, resculow time cost, conflict cost, as well as lane
reversal cost. The model isronconvex mixeeinteger nodinear programming
model with bilinear, fractional and power componemksch is solved by branch and
reduce optimization navigator. A numerical catady of the proposed model is

applied to Nangang District, Harbin Cj@hina with 27 intersections and 86 links.
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Ahmadi et al. [33] develop two mathematical models, the fidt which is a
deterministic multidepot locatiorrouting model for realife logistics networkThe

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 aasvne 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-stége stochastic
program to simulate possible earthquake scenarios for strdeagil 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 latesponse stage. In

the stochastic modetfravel time is also treated as random variables represented by
different scenariosSmall instances of model solved with a commercial software and
a variable neighborhood search algorithm is formed to solve thelmotth large
instances.A case studyis illustrated for a possible earthquake disaster in San

Francisco based on GIS data of actual transportation network.

Salmeron and Apte [34propose a twestage stochastic optimization model for
budget allocation iase 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 medicalevacuation, stapack 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 locatiors, 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 4iagk population and
transportation of the critical palation 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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stayback populations andhe second objective is minimization of expected
unsatisfied demand of transfer population. Since the exact location and magnitude of
a disaster cannot be pkeaown second stage parameters as well as decision variables
are represented as scenarios witkkprown probabilities. The study is tested for a
possible hurricane disaster striking six different areas with different severities.

Specific data for the test studyabtained from public sources.

Huang et al. [35] formulate performance metrics for refi 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 transportatost, efficacy
objective is about minimization of total demandighted 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 thfeeemif
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 disutiigighted
arrival ime. 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. Theuwhors 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 determinamount 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 larggances 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 [B&evelop a multcommodity, multrmodal twestage
stochastic optimization model for the disaster transportation planning. The study
incorporates transportation system vulnerability in terms of finite scenario samples
for arcroute capacities, supply and demand. Both stagetheofproposed 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 oncaualized impact of earthquak&he model is solved nder the
objective of minimizing first stage transportation costs and second stage expected
recoursecosts with demand, supply, capacity aadourseconstraints. The proposed

model is validated by solving with real life data of 1999 Marmara Earthquake.

To the best of our knowledgehdre 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 stadgtributes 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, uncertgim 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] Konu [25] Baskaya [26] | Ozdamar et al. [31 Barbarosoglu an Our Study
Arda [36]
Optimization guided
Model Type Twp-lst'age Deterministc MIP| Deterministc MIP hierarchical plgnnm' Two s.tage Two s.tage
deterministic model and clustering | stochastic modg stochastic mode
procedure
Demand Deterministic Deterministic Deterministic Deterministic Stochastic Stochastic
Incpororated ag
Incorporated as| Incorporated as finite scenario
L L Incopororated ag
Road deterministic deterministic samples for arc Lo
" No ) ) ) No .. | stochastic binary|
Vulnerabiity | coefficient to the |coefficient to inflatq route capacities| )
chance constrail .~ . ) scenaris sets
objective function|  travel times supply and
demand
) Incorporated as
. Incorporated as servi . Incopororated ag
Facilty . deterministic L
| level costraints base No ) No No No stochastic binary|
Vulnerabiity . coefficient to the )
on vulnerabilty level o . scenaris sets
objective function
Modes of . . . . . ) .

. Single Single Single Single Single Multtiple Muttiple
Transportatio 9 9 9 9 9 v P
SIngIe/MuItlpIe Single Single Single Single Single Single Single

Period
Single/Multiple . . . . . . .
Commodiy Single Multiple Multiple Single Single Multiple Single
Facilty
Locating/ Yes Yes Yes Yes Yes No Yes
Allocating
Relief Routing Yes Yes Yes ves (|nc!ud|ng Yes Yes Yes
lateral shipment)
Evacuatp v Sheltering No No No Evacuation No No
Sheltering
mlnmze the gverage Minimize fist
weighted distance A
L L Minimize the stage N
o between casualty [ minimize total | Minimize total . _— ) Minimize total
Objective . . . average distanc§ Minimize the total | transportation
. locations and close§ ~ weighted demand weigted . . expected deman|
Function ) . A travelled by the | fiight distance or tim{ cost and secon{ -
faciities, and opening distance distance . weigted arrival timq
relief item stage exected
small number of
recourse cost
facilties
Sample Average
. : ) . _ | Direct solve with . ) . . ) Approximation
Solution Direct solve with | Single run with commercial Single run with | CPLEX commercia| Single run with HeT:istic (Solved
Metedology | commercial softwarg CPLEX softwarg CPLEX software software CPLEX softwareg ;
software with CPLEX
software)
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2.2. Literature Review on Sample Average Approxiration

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 revievddies by Kleywegt el

[37] and Ahmed and Shapiro [B8onstiute a basis for this metho8ample average
approximation is a Mont€arlo simulation based approach developed for discrete
stochastic optimizatn problems. Kleywegt et al. [BAlescribe sample average
approxi mation as Athe basic idea of such
generatednd the expectedvalue function is approximated by the corresponding

sample average function. The obtained sample average optimizatiblenpras

solved, and the procedure is repeated several times until a stopping criterion is

satisfied. o

Several authors applthis methodology to humanitarian logistics problems, which

we review throughouhe remainder of this section.

The study by Klibi etl. [39] proposes a twstage stochastic optimization model for
emergency supply network design over a mpétiiod planning horizon. In the first
stage, decisions regarding distribution center looatidistribution center capacities

as well as quanti#s of items to stock in these facilities are made under a pre
determined budget constraint. Possible disaster scenarios are generated through
stochastic processes and Mofttarlo procedure. In the second stage, decisions
regarding item delivery to demandchtions are made under different disaster
scenarios. Both ifst and second stage models wrier the objective of minimizing

total procurement and transportation costs. The proposed model is solved using
sample average approximation and the model isdestith a real world data

obtained from North Carolina Emergency Management Division (NCEM).

Chang et al. [4Ppdevelop a twestage programming model for the determination of a
rescue distribution system for urban flood disasters. The study considergmufij

multi-echelon, multlevel 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 distanc€he second stage locatiafiocation model determines

the selected local rescue bases to be set up after disaster as well as the quantity of
rescue equiment 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 cegtected transportation costs, supply
shortage costs and dendashortage penalty costSample average approximation
method is used to solve the stochastic model with three rainfall scenarios.

Garrido et al. [4]L propose a mulperiod stochastic optimization model for the
design of a flood emergency logistics systdihe proposed model determines flow
amount of different typeof items from depots to demand locations by means of
different type of vehicles in different time periods, inventory amounts to- pre
position to depots in different time periods as well as fdwempty 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 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 proldtesn ma

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

Salman and Yuoel [47 consider a facility location and set coverage problem under
random network damage for emergency relief systems. The study considers the
vulnerability of paths constituting ¢hnetwork with dependency and hence failure of

a path results in failure afiearby paths which are structurally more vulnerable
Demand is assumed to be deterministic and transportation network vulnerability is
modeled through set of discrete scenarioshestenarios having a pdetermined

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 objeativenaximizing 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 scenyiGgample average

approximation method.

Barahona et al. [43levelop 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 amsuo be shipped through each link

in each time step under the objective of maximizing coverage across stock nodes.
The transportation model determintne optimal vehicle routing in a muistage
distribution network with resource and delivery constraimsder 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 barseshmpled
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 defeptanning under
different cases of unknown terrorist attacks with probabilities. The proposed models
optimizes resource allocation to different targmtsl space locations under different
objective functions. Four different models are formulated for hunmahnaaterial
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 proposeuematical
models (all are Nfhard) 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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Rodr 2 els@2Z2 ndol a alhintrod@&ea g§ m&hod wWhi¢hbcombines raster
geographic information system (GIS) with an optimization model for disaster
preparedness to achieve efficient and effective flood management. The GIS provides
information about |bod 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
outcomesof the GIS and provides an optimal solution in the second stage.

This multtcommodity model determines the shelter and distribution center locations,
assignment of affected population to shelters-gmstioning of relief items to
distribution center as welas routing of items to achieve effective delivery to
shelters. A tweobjective model is solved using sample average approximation under

a weightedsum method as well as the epstimanstraint method.
2.3. Contributions of This Thesis

Studies on humanit@an 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 inverent decisions to able to provide immediate response.
Our study proposes a twgtage stochastic MIP optimization model for preparedness
decisions of emergency relief system. The main difference of our study is that we
consider vulnerabilities of facilitgee 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 largeale dsasters 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 unusabte may leave them to operate at their full

or nearfull 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 valbiéity 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 networknvolving facility location item pre
positioning and relief distributionwith 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 echa&ns which are warehouses, distribution centersd aggregated demand
points. The proposed network is presented in Figdile The network design
problem considered in this study encompasses the preparedness and response stages
for humanitarian logisticenanagement. In the first sta@he predisaster periog
warehouse and distribution centecationsas well as relief item amounts that are to

be prepositioned in the warehouses are determined. No relief item-jggsigoned

in thedistribution centes in this stage. In the second stéithe postdisaster periogd

relief item allocatios and routing decisions fronf) warehouses to distribution
centers andii) from distribution centers to demand points are made. In this, stage

is also possible toutsource 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 warehousa$e distribution centers using trucks. On

the other hand, delivies from distribution centers to demand points are assumed to
be made through pmretermined routeddere, elivery trucks start the route from
distribution centers and follow a pdetermined route comprising a number of
demand points. Additionally, whesupply 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 fromdbmand pointsFor 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 ofearthquakere almost impossible to know

in advance. Due tthe uncertain nature of earthquak@®tential damage orelief
facilities as well as on humanitarian logistics network cannot be estimated precisely.
For this reason, in makinghe facility location, pre-positioing and relief
transportation decisions, vulnerabilities of facilities as well as logistics netaverk
incorporated into the mathematical modekl stochastic mannefor our purposes,
vulnerability refers to the probability that a road becomgsossible to traverser a
facility becomes unusable after the disaster. Vulnerabilityasrporated int@ two

stage stochastic model by meansdidcrete scenario sets. In the first stage of the
mathematical model, scenaiimdependent warehouse and distribution center
location and itenpre-positioring decisions are made, whereas in the second stage,
scenaio-dependent item allocation decision are made. Additionally, the model
assumes uncertain demarahd therefore disastelependent demand is projected
into scenarios to capture demand difference under different magnitudes and
epicenters of the disaster. 9 decisions are made under-gegermined first and

second stage budget restrictions.

In the proposed humanitarian logistics netwoifk a direct path connecting a
warehouse and a distribution center becommgmssible to traversafter 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-pgetermined routes, if a road segment is blocked at
same 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 reisigtng demand poirgA - B - Cin
sequace,if the road segment AB is nottraversablethen both demand point B and

C cannot receive the delivery even if road segment@Bis functioning. It is also
assumed that road damage cannot be repaired in a short time period to be utilized
during thedisaster; therefore, if a road is blockédcannot be repened 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 unusablethéeatsaster, no deliveries
canbe made sténg from that facility. Although this does not prevent any shipments
to pass through that node. When a facility is operational after the disestassume

that its full capacity is available.

Our models find optimadlecisions under the objectives of minimizing total expected
demand weighted arrival time and minimizing maximexpected demand weighted
arrival time under preletermined first and second stage budget constraints.
Minimization of total expected demand \ghkted arrival time is an efficiendyased
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 respertime 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 dedweighted arrival time
which is an equitypased objectiyeand 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 thellt®sinder efficiency- and

equity-based objectives.
3.1.Mathematical Models

As mentioned before, road and facility vulnerabilities refer to the probability that a
road segmenis not traversabland a facility becomes unusaptespectively. The
corresponding problem of puisaster facility location and itepre-positioring and
postdisaster relief transportation can be modeled as sstage stochastic program.

Road vulnerability is integrated into the stochagitogramsas dscrete 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 transporttatenthat
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specific scenarioSimilarly, if theroad condition is O, thethe 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 OIf the facility condition is 1then the facility is not damaged acan

be used for itenpre-positioring 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. EfficiencyBased Baseline Model

Model 1.1 is formed as a stochastic modehccordingly road and facility
vulnerabilitiesas well as demand amourtie projected into scenario sets, which are
integrated into the mathematical modehis 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 trucksieimbptes.
Helicopter delivery is possible when supply does ma¢et demand for a demand
point, and is assumed to be made from a distant location with a separatevgtoak

100 km distance to eaclemand pointlt is also possible to outsource relief items to
distribution centersfrom local suppliers rather than msferring them from
warehouses to be further delivered to demand poifke objective function
minimizes expected total demand weighted arrival time to demand points with truck

andhelicopterdeliveries over different scenarios.
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The sets, parametend 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 andpiteositioring in the

warehouses (TL)

f; : fixed cost of opening and operating a permanent warehdquitg
G : capacity for permanent warehougen®)

p : procurement cost for the relief itetant (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 disitibn centey (TL)

cq : capacity for distribution centg(m®)
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Second Stage Parameters

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

Wgs . demand for relief itemtent at aggregated demand pothunder scenaris
(units)

Mk : a large number

vt : volume of relief item ()

Cayq : arrival time on road to demand poind (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 ()

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

pb: price of fuel per liter (TL)

vh: interiorvolume of a helicopter (or cargo airplane)fm

hd: service distance of helicopt@r cargo airplanefo demandgoints (km)

Kl : liters of fuel kerosengconsumed per helicopter (or cargo airplane) delivery
kp: price of fuel per liter (TL)

prs : probability of scenarig occurring

bd; : distance between warehouisand distribution centeron router with truck
(km)
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gdqr : marginal distance between distribution centanddemand point on router
with truck (km)

pws : 1 if permanent warehouseis in operating condition after disaster under

scenarics,0 otherwise

dgs : 1 if distribution centejj is in operating condition after disaster under scenario

s,0 otherwise

birs : 1 if router that connects warehouse i and distribution cgriteeach other is in

operating condition under scenasi® otherwise

Oiars - 1 if router that includes distrilbtion centelj and demand poirttis in operating

condition under scenar®0 otherwise

Decision Variables

Binary Variables

xi . 1 if potential permanent warehouse opened,0 otherwise
m : 1 if potential distribution centgris opened,0 otherwise
Us . 1 if router is used under scenar® otherwise

Continuous Variables

yi : units of relief itempre-positiored at permanent warehotse

Virs © units of relief item sent on road under scenaris from warehousé to

distribution centey

Stars - units of relief item sent on routeunder scenaris from distribution centey to

demand poind

g;s - units of relief item outsourced to distribution centender scenarie
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pnys - units of relief item directly sent withelicopterto demand pointd from a

distant location with a separate stock under scesario

udys: unsatisfied demand under scena(anits) for demand poird
The resulting mathematical model is as follows:

mnB, ni *[By By By {0 z0O® +B, N¢ 20O
+By, 0Qzdd

subject to

B, 2w +B., 1 0tz +B. QOza OB
WZ0 O " NI

B. n zn +B. n 20¢+B, B, B, 0 2z0¢

+B, B. B, OQz 0 z0ONORKQ&N ®

+B, B, B, "QQ z {0 zOONOFQ&N ®

+B NeE Z0 GIQZQEMzON+B . N& 2z OB " s¢S
B.B. A 0 z0oO0w®da "jNJ,"sNS

B.B. 0 )Owzno "inl," sNS

0 Owz® "iNI,"jNJ,"rNR," SNS

R B.B. 0 OB, B, {06 for"jvJ,"sNS

B. B. io0 née o06QO0'Q "dvD,"sNvS
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0 OO0 o *foU*o"iNI,"jNJI,"IVR," svS (12)

o O0rQ *Qdada "jNJI,"dvND," rvR," svS (13)
b OO T6 "iNI,"jNI,"INR,"sNS (14)
i 0o OO0 Q6 "jNJ,"dvD,"rvR,"sNS (15)
XN {0,1} " in| (16)
m~{0,1} " jNJ 17)
usM {0,1} " rNR," SN S (18)
y, 00" in | (19)
Virs O0 " iN," jN ], " FNR," SN S (20)
Stas O0 " jNJ," dVND," rNR," SN S (21)
s O0 " jNJ," SN S (22)
prgs O0 " dN D," sN S (23)
udis O0 " dvD," sV S (24)

Objective function (1) minimizes total expected demand weighted arrival time for
truck andhelicopterdeliveries to demand points as welltatal expectegenalized

weighted arrival time of unsatisfie@ohand over all different scenarios.

In the first part of the equation, dedry 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 @tsprobability of each
scenario occuence This multiplication is then vBnmed 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 ¢b damand point

via helicopter under each scenario is multipligdthe arrival time to demand points

via helicopterand alsoby the probability of each scenario becoming true. In the
study it is assumed that helicopter delivers relief itent to demangboints 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 eactlemand point is assumed as 0.333 hours (20 minuis)
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 eac
demand point under each scenario is multiplied by atreval time penalty for
unsatisfied demand and alby 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 dsaster, unsatisfied demand is met 1,000 hours (41.66 tktgs with
donations. A high value constant of 1,000 is used in the objective function to
penalize unsatisfied demandince theobjective function is minimizes demand
weighted arrival time. The uitiplication is summed for all demand points and for all
scenarios. Hence this part gives total expected demand weighted unsatisfied demand.

Constrains (2), which arethe first stage budget constrantestrict first stage costs.

The frst part gives ttal warehouse opening and operating costs,second part

gives the item procurement and inventory keeping costs for prerpositiored to
warehouses, and the third part gives total distribution center opening and operating

costs.

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

(m).

Constrains (4), which arethe second stage budget constsimicludethe following
costs:The frst and second parts give procurement and inventory keeping costs for
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items outsourced at disbution centers respectivelyThe tird part calculates
inventory keeping costs for itensent to distribution centers frothe warehouses,
whereas the durth part gives transportation costs for igerransferred from
warehouses to distriltion centers. Theifth part yields thetransportation costs for
item transferred from distribution centers to demand points via trtleksxth part

gives transportation costs vigelicoptes from a distant location with a separate stock

to demandpoints, and the laspart 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 wlume (nf) is divided by 79, which is the interior volume Jnof jumbo
trucks [4]; hence yielding the number of trucks. This amount is multiplied by 0.35,
which is the average liters of benzene consumepitmpo trucks per km [4, and

then with 4.3, wtgh is the averagprice (TL) per liter of fuel [8]. 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 s dividedby 120, which is theniterior volume of
helicopter [#], 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 pr{@L) per liter of kerosenél].
Finally, this cost per km is multiplied by the distance traveled (km).

Constraing (5) restrict units of item stored at each distribution center under each
scenario in terms of volume {in This constraint accumulates uotes of item
outsourced to distribution centers as well as item transferred from warehouses to
distribution centersThese constraints @gprevent item accumulation thstribution

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 ofpitem
positiored 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 unitsnofpre-
positiored at this warehouse under each scenario. Furtherommaler 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 ceethto
other.

Constraints (8guarantedhat 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 semd tifrat

distribution center to atlemandooints 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 matitopterto that
demand point plus unsatisfl demand for that demand point is guaranteed to be

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

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

scenarios.

Constraints (11) guarantee that no item is outsourced to -@pered distribution

center under each scenario for all distribution centers.

Constraints (12) guarantee that for every warehouse, everydigir 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 conditioror if the road does not connect these warebaursd distribution
center to each other. These constraints also ensure that since no item is sent from a
warehouse no item is ppositionedin 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 roadand 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 distrbution center not in an operating conditiam 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 diribution center. Hence no item is gesitioned at a

distribution center if that distribution center is not opened.

Constraints (14ensurethat for every warehouse, every distribution center, every
routg and under each scenario; no item is sent frowaeehouse 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 routeand under each scenario; no item is sent from a distriboénoter to a
demand point through a route if that road is not used under that scenario.

Constraints (16J24) are the set constraints including binary and-megative

decision variables.

Model 1.2. EquityBased Baseline Model

In Model 1.2, the objective dnction is changed to minimize maximum expected
demand weighted arrival time for truck anelicopterdeliveries to demand points as
well asthe penalized weighted arrival time of unsatisfied demawel all scenarios
rather than the expected total demand weighted arrival time version of objective

function inModel 1.1
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In the frame of this new model; a nedecisionvariable and a new constraint are

defined in addition to existing variables and constraintdadel 1.1

The alditional decisionvariablewm denotes thenaximum demand weighted arrival
time for truck andhelicopterdeliveries at any demand point including penalized
weighted arrival time of unsatisfied demand under each scehksiing this variable,

the following constraint is added to the model:
VG O 6 *WM)+(M & *cah+©O'Q *cay" jvJ," dv D,
"rNR," sNS (25)

Constraints (8) ensure that variablem is greater than or equal to sum of weighted
arrival time to each demand point from every distribution cahit@ugh each truck
route and weighted arrival time to each demand with helicopter as well as the

penalized weighted arrival time of unsatisfied dachander each scenarid any.
The objective function of Model 1.2 is then as follows:
mnB, nizoa (26)

Objective function (26)minimizes maximum epected arrival time for truck and
helicopter deliveries to demand points as vasllpenalized weighted arrival time of

unsatisfied demand under each scenario.

Model 1.2is solved to minimize objective function (28ubject to constraia (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, andr@ad vulnerability is
integrated into themodel as an expected inflatian travel time, and facility
vulnerability is integratedinto the model as arexpecteddeflation in the service
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capacities of the warehouses and distribution cemntatiser than as binamgiscrete

scenario sets

The first of these models does not take road and facility vulnerabiitidemand
uncertainty into account. In the second deterministic model, inspired by Baskaya
[26], road vulnerability is reflected into the mathematical motglassuming that

all roads are still traversable aftdre disaster, but travel time on these roads is
increased by an additional percentage. Additionally, in the second maatehouse

and facility vulnerabilities affect the service capacities of thiasiities and facility

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

Model 2.1. EfficiencyBased Model with No Road or Facility Vulnerabilities

Models with no road or facility vulnerabilities (Models 2.1 and 2.2) mlevower
bounds on the objective function odel 1.1and 1.2, respectively. The main aim in
formulating these models is to observe the effeanodrporatingroad and facility
vulnerabilities on the objective values and the facility location and inme e

positioningdecisions.

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

the following:

1 The scenario seb is no longer considered. Scenario indices are removed
from all seconektage parameters and decision variables
1 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:
minB¢B¢ B¢ i(‘)z(’:)d) +B¢ r‘]éZ(I)'(ﬁ

+B, 0QzZQMO6 (27)
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vir 00" iN1," jN I "IN R (43)

Stg O0 " jNJ," dvD," rv R (49)
GO0 " jNJ," sNS (45)
prg OO0 " d~ D (46)
udg O0 " d~ D (47)

Model 2.2. EquityBasedModel with No Road or Facility Vulnerabilities

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

the weighted penalty for the arrival time ofsatisfied demand.

In frame of this new model; a new varialMan which represents the maximum
demand weighted arrival time for truck anelicopterdeliveries to demand poinés
well asthe weighted penalty for the arrival time of unsatisfied demandirisdiuced.
In addition, the following constraint eddedinto Model 2.1 to calculate the value of

Wi
VGOl 6 *OR)+(N & *ca+(© Q*cal " jvNJ," dvD," rNR (49
min wm (49)

The resulting objective functio@@9) is the minimization olvmandthe model is
subject to constraints (2848).

Model 3.1. EfficiencyBased Model witlDeterministic Vulnerabilities

The tird model is formlated usingdeterministic 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 waredwasd distribution centers. In
addition, demand is considered as deterministic and assurbe@dual to expected

demand of different demand values under different magnitudes of disaster.
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To incorporate road vulnerability into travel times, we definewa parametergai.q,

which represents the inflated total arrival time on raue demand point. To
calculatecairq, arrival times cg in the previous models are multiplied by 1)),

where vris the vulnerability of road segmentlt is assumedthat 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 raatte

demand pointl:
OOBOM* pFp Ui (50)
In the objective function, the term,gé& replaced by cai

To incorporate facility vulnerability, we introduce the following additional

parameters:
vn;: expected facility vulnerability for warehouse
vl;: expected facility vulnerability for distribution cenfer

Warehouse and distribution censarvicecapacity constraintconstraints 6 and 8 in
Model 1.1)are then modified as follows:

B.B. 0 )Ow*p V& "in| (51)
n B.B. 0 zp 0a OB, B. io6o "j~NJ (52

Model 3.2. EquityBased Model witlDeterministic 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 demampaintsas well as the weighted penaftyr the arrival

time of unsatisfied demand.
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As in Model 2.2, we definevmas the maximum of summatiaf demandwveighted
arrival time for truck and helicopter deliveries to demand points as well as the

weighted penalty for the arrival time of unsatisfied demanddafide the constraint:
VAol 0 *O®)+(@ & *0.333)+ 0 'Q*1,000) for" jN J," dND," rv R
(53

The objective function dflodel 3.2is defined as:

min wm (54)
3.3.Solution Approach

The number of potentiacenariosn Model 1.1and 1.2 are too large t@ndle If we
have |R| road segmentl,potential warehouse locations and |J| potential distribution
center locations, there aré®¥'™Ml potential scenarios, which makes the model

impossible to solve optimally even for very small instances.

Hence we use a sample average approximation heuristic as desgrikkxywegt et

al. [37] and Ahmed and Shapiro [38vhich works in the following way

(1) We perform aset ofrp replications, in each of which a model wip
scenarios are formed. To determine the valuep @ndsp, we perform
preliminary experiments and construct confidence intervals on the value
of the objective function for eachp(sp) pair.

(i) Once the values op andspare determined, we sample a large number of
N>>sp scenarios by fixing the firsdtage decisionsn each of therp
replications. Out of these, we pick the solution that yields the smallest
expected objective value; whichthe 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 valuegpadndspas high as possible in
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Step (i) and the value dfl 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 tratiewe deternme these values after

performing preliminary experiments @hapters.1.
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CHAPTER 4

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

The proposednathematical modslare appliedon a potential earthquake scenario
affecting the European side ofistanbul where the great majority oflst anbul 6 s

population resides with a total population ®f162,91952].

Istanbul has suffered greatfyom a major Eahquake in 1999 and since main
commercial and industrial facilities of Turkey are locatedstanbul, largescale
fatalities and economic damage occurr&dstudy conducted within the framework

of Istanbul Seismic Risk Mitigation and Emergency Preparedri@®ject [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 estimatentbase 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 Pareeters

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 halistances, paths and routesad wlinerabilities
and their vulnerability scenario settings, transportaiod arrival times, demand
amounts, potential facility locations and their vulnerability scenario settings, facility
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storage cpacities, facility fixed costgelief item volumes, Heef item costs as well

as first and second stage budgets are obtained.
4.1.1.1. DistancebetweenDistricts of Istanbul

The distances between districts are taken fBaskaya [2§ where Google Maps is
utilized to find the distances between districts. i8tritt center is determined for
each district and represented with a | atit:
Coordinate of each district center is obtained by calculating the population weighted
average of coordinates of neighborhoods in this distfldte 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 centersdre fou
by utilizing these coordinates. Coordinates of district centers and distances between
districts of Istanbul from Baskaya [R@re presented in the Tables A1 and A2 of
Appendix A, respectively.

4.1.1.2. Path and Route Generation

In the model, a direct pfa between a warehouskstribution 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 ce#ers 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 pdetermined route comprising two or three
demand points. If the path is blocked at somatpof 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
determinedbased 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 tostart from each potential warehouse to set of different potential
distribution centersThe distribution centers that are closest to a specific warehouse
are allocated to that warehouse and hencalgtermined roads between warehouses
and distribution centers are formed. Each distribution center is allocated to at least
two potential warehases 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 arudhttiedemand 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, ifeen@hd point is
appointed as the first point in a route starting from a specific distribagater, then

in another routeanother demand point is appointed as the first demand point starting
from the same distribution center. Each demand point is atiddat 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 guistant 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 rowe 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 spific 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 traves timmeugh the

visits in the same district are assumed to be zero.
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The predetermined 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 toaimand points, respectively along with the distances.
4.1.1.3. Road Vulnerabilities

In order to obtain data regarding facility and road vulnerabilitielstahbulin case

of an earthquakdjThe Study on A Disaster Prevention / Mitigation Basic Plan in
Istanbul Including Seismic Microzonation in the Republic of Tudkegport[10]
prepared by Japan International Cooperation Agency (JICA) and Istanbul

Metropolitan Municipality (IMM)is utilized.

In JICA & IMM Report[10], four different earthquake damage misdare 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 stidge these models
correspond tahe most probal#d and worst case scenarios, respectively. 25 districts

of Istanbul (all district®n the European side) are taken into consideration.

Vulnerabilitiesof roadsbetween districts areegardedas the probability that tlse
roads are blocked due to buildingllapse, debris generation, road failure, etc., and
these data are taken from Baskd¢8&], where the vulnerabilities of roads are
calculated according tmad blockage probability of roads of 7 to 15 meters wide
[10]. In JICA & IMM Report[10], roads areesgmented 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 abet@exn 0.05
and 0.1and between 0 and 0.0BEgspectively.This segmatation is presented in
Figure 4.1
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Figure 4.1 Road Vulnerabilities for Medium Wid th (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 roadthe 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 Baska[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 * coeéinti 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, averageand high vulneabilities used as the coefficient of each road segment
[26] are shown inTable 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 showTable C1 of AppendixC,
where average and high vulnerabilitieare summed to calculatgotal road

vulnerabiliies.
4.1.14. Road Vulnerability Scenario Generation

In this thesis studyroad vulnerabilies areintegrated into the mathematical maziel

as binary parameterdror every road between districts, number ofrandom
scenarig are g@erated in excel. leachscenarig conditionof a roadtakes value of

1 or 0. If the road condition is, then the road is not blocked and can be used for
item transportation under that specific scenario and similarly if road condition is O,
thenthe roadis blocked and cannot be used under that specific scenario for item
transportation. Ingenerating thescenarios, percentage stenarios where eoad

condition takesvalue of 0 is approximately equalttee vulnerability of that road.
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These sets are gerated first by using the RAND function of excel to create random
numbers between 0 and 1. Then IF functioixxdel 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 sintarly 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 O is
approximately eqal 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 prdetermined routes are presented in Tables D1 and D2
of AppendixD.

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 heuis calculated
accordingly.While the delivery is made directly fronvarehouses 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 warehaused distribution ceeirs tothe average
speed of 30 km/hour.

Arrival time at adistribution center is considered as the longest travel time from any
warehouse whiclserves thisdistribution center. It is assumed that once all the
delivery is made to a distribution center, this distribution center starts transporting
theitem to demand points through pietermined routes. Arrival timet thedemand

point at the start of a routis equal tahe sum of thearrival timeat thedistribution
center serving iand thetotal travel time from distribution center to that demand
point. Arrival timeat ademand poinhot at the start of a rouie equal to arrival time

atthe preceding demdrpoint in the route pluthetravel time from the preceding
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demand point to that demand point. Travel and arrival tiatethe warehouses,

distribution centersand demand points are givenTiable E1lof AppendixE.

For the deterministic models 3.1 aB@, arrival times are inflated to reflect expected
road vulnerabilityinto the mathematical model. Hencarrival times that are

presented i able Elof AppendixE are multiplied by 1/ (doad vulnerability).

Inflated travel and arrival timest thewareéhouses, distribution centeisnd demand

points roads are given ifable E2of AppendixE.
4.1.1.6 Demand

We consider the distribution of a single relief item (tei)the modeleach district

IS assumed as a demand posut there are a total of 25 dand points. Demand for
each relief item isleterminedbased orthe percentage of people affected as well as
the percentage of damaged buildings in each district. In the &CMMM Report

[10], expected percentage of dead and severely injured people aswpelicentage

of heavily and moderately damaged buildings are given for each dististaabul
under two different damage scenarios. While model A is the most probable damage
scenario, modeC is the worst case scenario and demandHertem is generated
separately undeghesetwo different scenarios. It is assumed that one tent is allocated
to every four persons. Demand for ®i#t calculated by subtractinge number of
deaths from total population and then multiplying this number tugtpercentage of
moderately and severely damaged buildjreysd finally dividing this numbeby

four. Populatios of districts are taken from the 20p8pulation census report tife
Turkish Statistics Institutgs2].

Demand for tent in a distriet ((District Populatior(District PopulatiorfPercentage
of Death))*Percentage of Heavily and Moderately Damaged Buildingg)Ristrict
Populationi Total Number of Deaths) Percentage of Heavily and Moderately
Damaged Buildings¥ (56)

Figures showingffected population as well as demand for each distccording to
demageViodels A and C arpresented in Tables 4.2 and 4.3, respectively.
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4.1.17. 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 locatiaisme
weighted total demarsd(m®) for all districts are calculatedAdditionally, two
threshold values arealculatedfor warehouses and distribution centépsdecide
which districts to include as potential warehouses and distribution centers
respectivel\Since Model Cof JICA & IMM R eport [10] simulates a more severe
earthquake damage scenarpmtentialfacilities are determined based on volume
weighted demands ithis model.However, the threshold values are calculated using
the volume weigted demands of Model f0]. Model A represents a less severe but
more probable demage scenatiereforethe average volume weighted demaamt
hence thresholdalueis lower in Model A compared to Model C. Considering a
lower threshold value enhancdgetset for potential facility locations amshables

considering all possibly feasible distri¢ts locating facilities.
The threshold values are calculated as follows:

Warehouse threshold valge).75*(Average Volume Weighted Demand2a#
Districts Accordng to Model A (57)

Distribution Center threshold value0.75*(Average Volure Weighted Demand of
25 Districtsaccording to Model AStandard Deviation of Volume Weighted Demand
of 25 DistrictsAccording to Model A (58)

Threshold value for warehouses is 3,680 andceedistricts with more volume
weighted demandaccordingto demage scenario C of JIC&A IMM R eport [10])

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

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

weighted demand igery close to théhreshold value.
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Volume weighted demand for dlicts under Models A and C as well as their

average and standard deviations are givéralrieF1 of AppendixF.

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 toobtainreliable data on facility vulnerabilities

of the potentialwarehouses and distribution centers. In Jh€A & IMM Report

[10], building damage rates are provided for districts of Isthnlmder damage
models A and C. In this studgummation ofpercentage of heavily and moderately
damaged buildings are taken into consideration for facility vulnerability calculation.
SincelJICA & IMM Report[10] was published in 2002nly the districts ofhat time

were included in the report. However, in 2068me parts of different districts were
united to create new districts. Vulnerability of newly created districts were assumed
to bethe same as the district that they amgginatedfrom or assumeddtbe equal to
average vulnerability of districts that they awiginated from. The facility
vulnerabilities of 25 districts that are included in the mathematical model are given in
Table G1 and G2of AppendixG for earthquake scenarios A and C in thHEA &

IMM Report[10].

For the deterministic models 3.1 and,3%erage vulnerability coefficients of two
damage models A and C are taken as expected facility vulnerability. These expected
vulnerability coefficients that are integrated as parametekéadel 3.1 andModel

3.2are presented in tabe3 of AppendixG.
4.1.19. Incorporation of Facility Vulnerabilities into the Scenarios

As with road vulnerabilities, we incorpordtgcility vulnerability into the stochastic

mathematical model as binary parameteFor every facility (warehouses and
distribution centers), random scenario sets are genethgedverage of which reflect

thedamage percentages dbfodels A and C of the]ICA & IMM Report[10].
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We generate aet of scenarioghe percentage of time facility condition takes value

of 0 is approximately equal tbefacility vulnerabilityvalue

In these scenario setsthe facility condition takes value of 1 or O.the facility
condition is 1 then the facility is not damaged and t& used for item pre
positioning and transportation under that specific scenario and similarly if facility
condition is 0O, then facility is damaged and cannot be used under that scenario.
These sets are generated first by using the RAND functi@xeai 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 thanequal 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 vulnerabilitg anthe 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 facilitig@otential warehouses and potential
distribution centedsin terms of volume () are calculated by multiplying the
volume weighted demand @nof the district that the facility is to be opened

according to damage Modellfy a predetermined constant.

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

facility district is calculated as follows:

Storage Capacity Constant for Warehous&g(Total Volume Weighted Demand of
All Districts According to Model CTotal Volume Weighted Demand &otential
Warehouse Districtdccording to Model ¢ (59
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Storage Capacity Constant for Distribution Center§*(Total Volume Weighted
Demand of All DistrictsAccording to Model CTotal Volume Weighted Demand of
Potential Distribution Center District&sccording to Model ¢ (60)

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

centersrespectively.

Storage Capacity for a PotentisVarehouse= (Storage Capacity Constant for
Warehouses)*(Volume Weighted Demand ofstiict that Warehouse is to be
OpenedAccording to Model ¢ (61)

Storage Capacity for a Potential Distribution Centébtorage Capacity Constant
for Distribution Centers)*(Volume Weighted Demand of District thestribution
Center is to b&®penedAccording to Model ¢ (62)

Fixed cost of opening and operating a warehouse and distribution center is assumed
as 10 TUm?® of storage capacity. Hencthe 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 presentedlablesH1 and H2 of Appendix H,
respectively in terms of volume () as well as the fixed opening and operating

costs of warehouses and distribution centers.
4.1.1.11 Relief Item Volumes andCosts

Sheltering becomes an essential need for survival after disaatetstherefas
emergency tent is considered as the relief item in frame of this study. The tent
specificationsin the website of International Federation of Red Cross and Red
Crescent Societied] are considered in frame of this study. The tent has storage
(shipment\volume of 0.28175 fwith a price of 310 CHFapproximately 930 TL).
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Onetent is allocated to eachpkrson family. The inventory keeping cost is assumed
to be 25%of item procurement cgssince this is the commonly accepted ratio for

inventory keepingost over value of inventory on hand as a thump up prd&d¢e
4.1.1.12 Budget

A total of 600,000,000 TL is assumed as the total budget for earthquake disaster
management o f |l stanbul s European si de.
determined after preliminary runs of the mathematical model with a very large initial
first ard 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 send stage budgets is determined as 150,000,000 TL. Additionally,
first stage budget is determined asf0A®0,000 TL since below thiisrts stage
budget level with the second stage budget of 150,000,000 TL the model results in

infeasibility.

First stage bdiget covers warehouse and distribution center opening and operating
costs as well as itepre-positioring and inventory keeping costs. Henfiest stage
pre-disastercosts are covered by the first stage budget. Second stage budget covers
item outsourcingo distribution centers and itentelivery costs to demand points
either with trucks andhelicopter delivery. In the second stagéems are first
transferred from warehouses to distribution centared then from distribution
centers todemand points. Itsi 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 sepstiatk.
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CHAPTER 5

PRELIMINARY EXPERI MENTS AND COMPUTATIONAL RESULTS

In this chapter, wdirst present the preliminary experiments conducted to determine
the parameter valg®f the sample average approximation heuristiderwards, we
discuss theesults of lhe 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 anchumber 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 numhdrreplications and number of scenarios in
each replicationandsolve Model 1.1lwith under these setting§l) 10 replications,
each with 30 scenarios, (20 replications, each with 30 scenarios,(3) 10
replications, each with 60 scenarios, 20)replications,eachwith 60 scenarios(5)

20 replications, each with 120 scenarios,5@})eplicationseachwith 120 scenaris,
and (5) 100 replications, each with 120 scenafid® maximum size of a subset is
120 scenarigssinceModel 1.1cannot be deed with more scenarios in a single run.
The objective function values are obtained for each run of stochéstel 1.1 with

the different scenarisets,which are presented ifablell, 12 and 13of AppendixI.
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Average objective function values as wall 95% confidence interval limits are
calculated for each model solved with different scenario sets through the scenario
subsets which are presented Tiable 5.1. The confidence interval of objective
function values ofModel 1.1with different scenario $& are calculated with one
samplet testutilizing Minitab software.

The choice of the two parameters depends on the-tfideetween two different
measures. As a first measurey;, €ach scenarjghedifference of confidence interval
upper and lower lints of the objective function values is divided hlye average of

these objective function values, which is thesed as an indicator of deviation of
objective function value based on scenarios set size. A smaller ratio means that the
objective function vale deviation is lessand hence the actual objective function is
represented more accuratele ratios of different scenario sets are presentéukin

fifth column of Table 5.1As can be observed, the ratio varies between 11.04% (for
the set with 10 rdjzations and 30 scenarios in each replication) and 1.19% (for the
set with 100 replications and 120 scenarios in each replication).

While solvinga scenario set with higher number of replications and scenario subsets
increases the accuracy of the appradion, 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 resulof 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 reptations 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 approagach of the50 different first stage
decisions regarding warelrge and distribution center locations and it@ne

positioring amountsn thewarehouses are then integrated as parameterghato

68



same model witli,000newly generatedulnerability scenarios. Since model size is

too large to solve in a single rutie 1,000scenario sets are divided it subsets

each having 100 different scenarios. Each of these new models are solved 10 times
with the 10 different vulnerability scenario subsefserage objective function
values of 10 runs for 10 different vulnerdtyilscenario suisets are calculated for

each separate modéh this solution settingsecond stage scenario sets of 1,000 are
the same for each of these 50 separate mobetseach of these 50 models have
different first stage decisionBirst 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 afhéuisticsolution to the problem.

The objective function values of the 10 sens as well as the average of 10 set runs
for these 50 different models are represented@iable J1 of AppendixJ for Model
1.1
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5.2. Computational Results Undethe BaselineSettings

Sincethe 39" replicationhas the minimum average second stage objective function
value of 10 runs for 10 different vulnerability scenario-sats, first stage decisions

of 39" model are considered as theuristicsolutionfor Model 1.1 The first stage
decisions of the 3dmodel are provided ifables5.2, 5.3 and5.4.

Table 5.2: Warehouse Locations andPre-positioned Item Amounts in

Warehouses forModel 1.1

Warehouse Prepositiored Amounts
BAGCILAR 103582
BEYLIKDUZU 92925
ESENLER 48446
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

AverageHelicopterDelivery (Units) 46,652
AverageHelicopterDelivery % 10.00%

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

Average Unsatisfied Demardnits) 113,864
Average Unsatisfied Demand % 24.41%
Average Total DemangUnits) 466,521

In Table 5.4 averageobjective function value, averadrelicopterdelivery amount,
average helicopter delivery percentage ,average outsourced amount, average
outsourced amount percentage, average unsatisfied demand amount, average
unsatisfied demand percentage are calculated per scebaliationstatistics are the

aveage results of 1,000 scenarios

In the baseline model, 5 warehouses are opened, namely Bagcilar, Beylikduzu,
Esenler, Eyup and Sultangazi, with the-positioned item amounts of 103,582 units,
92,925 units, 48,446 units, 88,166 units and 48,042 unggectively. Total amount

of items prepositioned 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 tbstribution centers not from warehouses but from outside

resources and average unsatisfied demand percentage is 24.41%.

Deterministic mathematical models 2212 and 3.13.2 are extensively explained in
Section 3.2 of this study. These models are aslved using CPLEX software

directly with single runs. Since these models are determimistidel size is
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adequate to solve with a single rdie results of these models and their comparison

to the baseline case are giverChapters.3.
5.3. Sensitivty Analysis and Comparison to Benchmarks

The baselinemodel formed in this study is the stochadlodel 1.1 In order to
observehe effect of objective functiotefficiency-based vs. equithased)as well as

the values ofmain parameters such as budgetpacity and vulnerability on the
results benchmark models are formed and solved. These benchmark models are
formed in the same model settingMedel 1.1andthe solution method is the same

for these stochastic benchmark mod@lample average approxin@at method) as

extensively explained in Chapter 3.3 of this study.

First benchmark isodel 1.2,where theobjective function is changed to minimize
the maximum expected demand weighted arrival time rather than minimizing total
expected demand weighted igat time. The results oModel 1.2 are presented in
Tables5.5,5.6,and5.7.

Comparing the results dflodel 1.2to those oltochastidViodel 1.1 we observehat

the number of opened warehouses increfreen 5 to 13 However,total units of

items prepositionedin warehouses at the pdisaster stage decreaseom 381161

to 375923 units. Number of distribution centers are also incesfasm 18 to 22 in

Model 1.2compared taMiodel 1.1 Hence by changing objective from mimizing

total expected demand weighted arrival tirfefficiency-based)to minimizing
maximum expected demand weighted arrival t{eopiity-based), digher number of
warehouses are opened with less stock uwikéch is in line with the requirements

of an euity 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 helicopteris restricted as 10% of total demand in all mathematical
models and both stochashtodel 1.1and 1.2 result in 10% cargo -araft delivery.
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Units of relief item outsourceftom distribution centers decreastom 1,560 units
to 820 units which correspond to .33 % and (8 % of total demand for stochastic

Models 1.1and stochastiModel 1.2 respectively.

Unsatisfied demand increasérom 113864 units to 13981 corresporidg to

2441% and 3M1% of the total demand for stochasfitodel 1.1 and 1.2,
respectively.This increase is also expected, as the edhaged 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 Modeli$.113,955346, and the
equity based objective value of Model 1.1 is 30,030,778. The objective function
value of equity based Model 1.2 8s562855 and the efficiency based objective of
Model 1.2 is 139,642,879.

Table 5.5: Warehousd.ocations andPre-positioned Item Amounts in
Warehouses for Model 1.2

Warehouse Prepositioned Amounts
AVCILAR 15,862
BAGCILAR 43,148
BAHCELIEVLER 8,194
BASAKSEHIR 20,702
BEYLIKDUZU 33,68
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

AverageHelicopterDelivery (Units) 46,652
AverageHelicopterDelivery % 10.00%

Average Outsourced Amount (Units) 820
Average Outsourced Amount % 0.18%

Average Unsatisfied Demarfdnits) 139,981
Average Unsatisfied Demand % 30.01%
Average Total DemangUnits) 466,521

In addition to Model 1.2, the main parameters of stochastic Model 1.1 are changed
by keeping everything elsmnstanto analyzethe effect on the resultsor this end,
Model 1.1 is solved with different budget, facility capacity and road and facility

vulnerability parameters.

In the benchmark model with budget chantpe, first and second stage budgets are
increased bywo-thirdsandthetotal budget is increased fro890,000,000 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 decreasedgince in the original model minimum possible budgets that
make the solution feasible were used. Thsultsof the benchmark model with
budget changarepresented iables5.8, 5.9, and5.10

By increasing the first and second stagddmis we observeéhatcompared to Model
1.1 number of opened warehouses incredisam 5 to 13 and total units of items pre
positionedin the warehouses at the pdisaster stage increaséom 381161 to
634,445 units. Henceby increasing the budged higher number of warehouses are
opened with more stock unit&imilarly, number of distribution centers also

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

The objective function value decrease®m 113,955,346 to 17,828,255 when budget
of Model 1.1 is increased 66.67%hich corresponds to an 84.35% decreasién

objective function value.

The main reason for the decrease in the objective function is the decrease in
unsatisfied demandJnsatisfied demand deceaskem 113864 units t017,732

units, these amounts correspond to2®%6 and3.80% of the total demand for Model

1.1 with initial and increased budget parameterspectivelyHence, by increasing

the budget, more demand can be satisfied by opening more facilitigggtiening

more items and by means of more efficient transportation.

Units of relief item outsourceda tdistribution centers decreadesm 1,560 units to
768 units these amounts correspond t83% and (6% of total demand for Model

1.1 with initial and increasdaludget parametersespectively.
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Table 5.8:Warehouse Locations andPre-positionedltem Amounts in

Warehouses for Model 1.1 with Budget Change

Warehouse Prepositioned Amountg
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 Location

s 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
AverageOutsourced 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 centae, both
warehouse and distribution centeapacitiesas well as the fixed opening and
operating costs anacreased by 30%and integrated in this wampto the benchmark
model. The increased facility capacities and fixed costs are preseriiathlesK1l

and K2 of the Appendix K. The solutions of the benchmark model with facility
capacity and fixed cost changeepresented ifablesb.11, 5.12,and5.13

By increasing the potential warehouse and distribution center capacities as well as
fixed opening and operating costeimberof open warehouses decresif®m 5 to

4. Compared to the baseline in fact, all wemases except Esenler are openextall
amountof items prepositionedin warehouses at the pdisaster stage decrease
from 381161 to 379736 units. Number of distribution centers stay 18. Open
distribution centers are identical to those under Madel

Units of relief item outsourcea tdistribution centers increasésm 1,560 units to
2,702 units these amounts correspond t@3 % and B8 % of total demand for
Model 1.1 with initial and increased facility capacity and fixed cost parameters

regectively.
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Unsatisfied demand increastrom 113864 units to 11201 units these amounts
correspond to 241% and 248 % of the total demand for Model 1.1 with initial and

increased facility capacity and fixed cost parametespectively.

The objectie function value increasefrom 113955346 to 114307,243 when
capacity and fixed cost parameters of Model 1.1 is incredse®0% which
corresponds ta 0.31% increase in objective functioHence, we can conclude that
capacity and fixed cost changes mat significantly affect the facility location and

item prepositioning decisions.

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

Warehouse Prepositioned 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
AverageHelicopterDelivery (Units) 46,652

AverageHelicopterDelivery % 10.00%
Average Outsourced Amount (Units)] 2,702
Average Outsourced Amount % 0.58%

Average Unsatisfied Demarfdnits) 114,201
Average Unsatisfied Demand % 24.48%
Average Total DemanUnits) 466,521

Vulnerability is also another important parameter affecting the model results
therefore the baselinemodel is benchmarked by changing the road and facility
vulnerabilities while keeping everything else the same. the original model
summation of average and high vulnerabilities for each roaed as total road
vulnerability, as shown in Tables C1, D1, and D2 of Appendices C and D. In the
benchmark model, only high vulnerabéds 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 heavilyatged buildings are taken into
consideration rather than summation of heavily and moderately damaged building
coefficientsas in Model 1.1 and these new facility vulnerability valuespaesented

in Tables M1 and M2of AppendixM. Resultsof the benchmarknodel with road

and facility vulnerability changes are presentedables5.14, 5.15,and5.16

By decreasing the vulnerability coefficients of roads and potential fagilities
observedthat number of opened warehousee identical to those in theageline
modeland total units of items pgositioned to warehouses at the-grgaster stage
slightly increass from 381161 to 381725 units. However, number distribution

centers decreasé®m 18 to 16.
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Units of relief item outsourced in thdistribution centerslecreaseffom 1,560 units
to 1,523 units which correspond to .33 % and 8265 % of total demand for Model
1.1 with initial and with lower road and potential facility vulnerabilities parameters

respectively.

The decrease in the @ugtive function value is mainly due to the decrease in the
unsatisfied demand which decrease from 113864 units to 6709 units
corresponohg to 2441% and 1461% of the total demand fdhe original model and

the onewith lowerroad and potential fa@y vulnerabilities parametersespectively.

The main reasobehind 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 {gdieing reachableith the same budget.

The objective function value decreaseom 113955346 to 67805631 when the
vulnerability coefficients of roads and potential facilities parameters of Model 1.1 are

lowered which corresponds &310.50% decreas@ theobjective function.

Table 5.14: Warehouse Locations andPre-positioned Item Amounts in

Warehouses for Model 1.1 with Lower Road and Facility Vulnerabilities

Warehouse Prepositioned AmountdJnits
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

AverageHelicopterDelivery (Units) 46,652
AverageHelicopterDelivery % 10.00%

Average Outsourced Amount (Units) 1,523
Average Outsourced Amount % 0.326%0

Average Unsatisfied Demand (Units) 67,709
Average Unsatisfied Demand % 14.51%
Average Total DemangUnits) 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 faciliy location, itempre-positioring, and relief transportation decisions,

and (ii) incorporating road vulnerabilities a®nstant travel time increase and
incorporating facility vulnerabilities as constant service capacity deciets¢he

models.
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In the frst 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 mininzing maximum demand weighted arrival time (Model 2.2).
Results of Model 2.1 are presented in TaBlds, 5.18,and5.19. Similarly, results

of Model 2.2 are presented in Tab&2Q 5.21,and5.22

ComparingModel 2.1 to the baseline case, we obsehat the number of opened
warehouses decreases from 5 to 4, and the total units of iterpsgtiened in the
warehouses at the pdisaster stage slightly increases from 381,161 to 385,213 units.
Additionally, number ddistribution centers decreasiesm 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 ith
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 ftdi3,864 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
underestimatetty 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 2,2he solution of model 2.2 is almost identical to
solution of model 2.1 only the units of relief item Jpesitioned to warehouse
ESENLER has slightly increasdrom 110584 to 113,115 and unit of item pre
positioned to EY® decreases from 88,166 units to 85,634.
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Comparing Model 1.2 to model 2.2 is seen that numibeof opened warehouses

decreaseffom 13 to 4 and numbef distribution centers decreasiesm 22 to 6.

Also the total units of relief item p#gositionedin warehouses at pidisaster stage
increass from 375923 to 383213.In the model with no vulnerabilityewernumber

of warehouses are opened with higlenountof stocks. While the percentage of
outsourced items corresponds t&8% of total demand in Mtel 1.2 this percentage
is 0.0004% inModel 2.2.Additionally, unsatisfied demand is decreased t¢634
units in Model 2.2 compared to 1381 units in Model 1.2While the ratio of
unsatisfied demand 0.01% in Model 1.2this ratio is 743% in Model 22. While

the objective function value wash62,855 in Model 1.2 the objective function value
of model 2.2 is 400961 in case no vulnerability is considerddence, when
vulnerability is not considered, the equligsed objective is underestimated by a

factor of nearly 78.7%.

Table 5.17: Warehouse Locations andPre-positioned Item Amounts in

Warehouses for Model 2.1

Warehouse Prepositiored AmountsUnits
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

Objective Function Value 34,869,071

HelicopterDelivery (Units) 46,652
HelicopterDelivery % 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 ItenPre-positioned Item Amounts in

Warehouses for Model 2.2

Warehouse Prepositiored AmountsUnits
BUYUKCEKMECE 80,108
ESENLER 113,115
EYUP 85,634
SULTANGAZI 106,355
TOTAL 385,28

Table 5.21:Distribution Center Locations for Model 2.2

Openedistribution Centers
arnavutkoy beylikduzu
bayrampasa esenler

besiktas gaziosmanpasa
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Table 5.22:Optimal Solution Statistics for Model 2.2

Objective Function Value 1,400,961
HelicopterDelivery (Units) 46,652
HelicopterDelivery % 10.00%
Outsourced Amount (Units) 2
Outsourced Amount % 0.0004%
Unsatisfied Demand (Units) 34,654
Unsatisfied Demand % 7.43%
Total Demand (Units) 466521

In the second deterministimodel, vulnerability is integrated into the model as
percentage factor thamcreags the travel time on a road [26ather than using
binary discrete scenario sets. Aldacility vulnerability is incorporated into the
model as a percentage factor that decreases the service capacities of facilities. This
deterministic model ats takes expected demand uncertainty into account. This
model is solved with the objectives of minimizing total expectedhand weighted

arrival time as well as minimizing maximum demand weighted arrival time. These

two versions (Models 3.1 and 3.2) are lexped inSection 3.2 of this study.

The solutions of Model 3.1 apesented in Tables.23 5.24, and5.25 Similarly,
the solutions to Model 3.2 are summarized in Tablg§ 5.27,and5.28

The results of Model 3.1 show that compared to the bassse number of opened
warehouses decreases from 5 to 4. Furthermore, total units of iteqpesitiened in
warehouses increases from 381,161 to 384,497 units. The number of open
distribution centers decreases from 18 to 7. Hencen abe case of ignang
vulnerabilities, treating vulnerability as a percentage factor that increases the travel
time and lowers service capacities of facilities results in significantly féagéities

opened than necessary.

The objective function value for Model 3.1 is 1884,153 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 s&cisdhe significant
increase in travel times, which substantially contributes to the usage of the second
sage budget, thereby preventing further demand from being satigfieen the
objective function is changed to minimize the maximum demand weightiedl a

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 prepositioned 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 t2. 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,%lis ratio is 89.54% in Model 3.2. The
objective function value also irgases 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, henicereasing the objective function value due to the
penalty for unsatisfied demand.

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

Warehouse Prepositiored 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 5.25:0ptimal Solution Statistics for Model 3.1

Objective Function Value 138,724,153

HelicopterDelivery (Units) 46,652
HelicopterDelivery % 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 andPre-positioned Item Amounts in
Warehouses for Model 3.2

Warehouse Prepositiored AmountsUnits
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

88



Table 5.28: Optimal Solution Statistics for Model 3.2

Objective Function Value 16,713,289
HelicopterDelivery (Units) 46,652
HelicopterDelivery % 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 thistudy.

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

Warehouse Locations

m Total
BAHCELIEVLE Number
AVCILAR —— of Times
KUCUKCEKMEG Opened
BUYUKCEKMEC
BEYLIKDUZ
ESENLER

Figure 5.1: Total Number of Times Each Warehouse is Opened in 9 Different
Models
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Distribution Center Locations

zeytinburnu
kucukcekmece

fatih
alin _e—

bakirkoy
avcilar

m Total
Number
of Times
Opened

beyoglu
basaksehir
sisli
sultangazi
kagithane
bagcilar
bahcelievler
gaziosmanpasa
bayrampasa
besiktas
beylikduzu
esenler
arnavutkoy

0 2 4 6 8 10

Figure 5.2: Total Number of Times EachDistribution Center is Opened in 9
Different Models

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 nin@d five out of nine solutions, respectively. These are

the warehouses listed among the opened warehouses in most of the model solutions.
All these warehouses are also included in the solution of baseline model.

On the other hand, Gungoren, Bakirkoy, Baypase, Zeyinburnu, Fatih, Esenyurt,
Basaksehir, Bahcelievler and Avcilar are not listed among the opened warehouses in

most of the solutions. As a matter of fact these warehouses are listed two, one or
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zero times in the warehouse list of the optimal sohgi 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, Bayrampada an
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 ligtll 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 twd 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 perceages 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 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 whichless 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, modsl 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 emithese 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 percenthgasatisfied 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 increasedtasdituation 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 DemahUnder Each Model

Unsatisfied
Models Demand %
Baseline Model with (Efficiency Based Obijective) 24.41%
Benchmark Model with Objective Function Change (Eq
o 30.01%
Based Objective)
Benchmark Model with Budget Change 3.80%
Benchmark Model with Capacitghange 24.48%
Benchmark Model with Vulnerability Change 14.51%
Deterministic Model with No Vulnerability (Efficiency
. 7.43%
Based Objective)
Deterministic Model with No Vulnerability (Equity Base
oo 7.43%
Objective)
Deterministic Model with Expectédulnerability 29.70%
(Efficiency Based Objective) PR
Deterministic Model with Expectgd Vulnerability (Equit 89 54%
Based Objective)
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The computational experiments in this part allow us to derive a set of {balsad

implications, which can beummarized as follows:

1 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 invlwved, and budget and capacity levels.

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

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

1 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.

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

1 If vulnerability is incorporated as inflated travel timasd deflated facility
service capacities rather than roads beingecloand facilities being nen
functioning, respectively, objective values are overestimaedsignificantly

fewer facilities are opened.
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CHAPTER 6

CONCLUSIONS AND REMARKS

In this study, a twestage stochastic optimization model is developed for the design
of a humanitarian logistics relief network. Whereas in the first stage of the proposed
model predisaster stage preparedness decisions (warehouse and distribution center
location and itenpre-positioring) are made; in the second stage fisaster stage
response decisions (relief transportation and outsourcing) are determined depending

on the actual disaster outcome-aientified possible routes.

Since epicenter and magmde 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 prgositionedfacilities 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
outof-use in the aftermath of thdisaster. The demand is also assumed to be
different under different scenarios of disaster magnitude and epicenter.

We formulate a twestage stochastic programming model for the aforementioned
problem. The efficiencpased objective function of the modelinimizes total
expected demandeighted arrival time through both truck and helicopter deliveries
and alsahe expected penalty of weighted unsatisfied demand to all demand points.
We also consider argaity-based objective which minimizéise maximum expeted
demaneweighted arrival time as well dse penalty of weighted unsatisfietemand
overall demand points. Both models take into account budgets for thaenpr@ost
disasterstages as well as facility capacity constraints. The major difference and
contribution of this study isthe incorporation of facility and transportation network

vulnerability into the prgpositioning and distribution models in the first and second
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stages. Most of the studies in the literature treat vulnerability as a detemninisti
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 scendrased approach considers theesas
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 senario sets.

Due to the potentially large number of scenarios, which makes solving trstag®
model to optimality impossible, we use a sample average approximation heuristic to
find near optimal solutions. Our preliminary experiments reveal that thé 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 Istanbulaegf Turkey. JICA & IMM [10] report

is used to generate data on demand as well as facility vulnerabilities. Additionally
road lengths and rdavulnerabilities of Baskaya [2@re used as input parameters in

this study.

We evaluate the effect of variousligies on the proposed network by conducting a
detailed sensitivity analysis. The proposed model is solved by varying the budget,
facility capacities, roadand facility vulnerabilities, and the objective function.
Additionally, two different deterministimodels are formed to observe the effect of
ignoring vulnerabilities andthcorporating 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 theumber of pen facilities need to be increased
when an equitypased 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 tlevelop 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
decisiors as well as key performance indicatofglditionally, the case study on a
potential earthquake in Istanbul provides key districts to consider as relief facility
locations analsoprovides guidance on receiving and interpreting parametric data on
a potential earthquake in Istanbul. The propasathematical 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 fan to prepositioning 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 nwnsider different vehicle and
helicopter types with itferent capacities as well as vehicle and helicopter handling
times. Furthermore, rather than forming a restricted set eflgiermined routes a
future study may consider developing dynamic scenario based routing solutions
between facilities and demanaipts which may result in less number of facilities
needed to open. Additionally, instead of opening distribution centers along with
warehouses in the puisaster stage, opening temporary distribution centers in the
postdisaster stage depending on thduakized 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 approachtton better solution$n our

study, we used an equity based objective to benchmark the baseline Anbdate

study may consider utilizing signal to noise ratios as an alternative for the equity

based objective to simulate variability.
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APPENDIX A

COORDINATES OF DISTRICT CENTERS AND DISTANCES BETWEEN
DISTRICTS [26]

Table Al: Coordinates of District Centers

Districts North A EastA Silgt(:i((,‘)tf
1 Arnavutkoy 41.193.645 | 28.731.335| Europe
2 Avcilar 41.000.478 | 28.716.310| Europe
3 Bagcilar 41.040.667 | 28.844.080| Europe
4 Bahelievler 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 Gaziosmanpas| 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 Kucukeekmece| 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
Gaziosmanpas 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 13.4 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 oftenbul

(km)
Distances(km)| Bakirkoy | Basaksehiy Bayrampasa| Besiktas
Arnavutkoy 38.2 19 25.5 39.7
Avcilar 18.4 22.5 26.4 33.1
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 25.5 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 7.1 134
Fatih 11.4 22.1 6.1 13.3
Gaziosmanpas 16.7 20.5 3.8 15.4
Gungoren 6.2 18.6 6 20.3
Kagithane 18.4 27.7 11.9 5.3
Kucukcekmece 11.4 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 | BuyukCekmecqg Catalca
Arnavutkoy 33.4 36.6 34.2 38.1
Avcilar 10.3 29.2 14.7 35.9
Bagcilar 28.1 16.9 325 48.7
Bahcelievler 25.4 21 29.9 51.4
Bakirkoy 25.3 17.1 29.8 51
Basaksehir 31.9 27.7 36.6 51.5
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 21.5 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
Gaziosmanpas 34.6 10.4 394 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 5.4 24.9 13.4 12.1
Bahcelievler 7 23.2 20.2 11.8
Bakirkoy 10.5 23.1 20.9 12.1
Basaksehir 16.1 27.7 21.8 22.8
Bayrampasa 4.9 29.7 6.8 6.2
Besiktas 16 39.1 14.3 135
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 254 0 31.1 31.3
Eyup 9 31.5 0 11.8

Fatih 8.1 31.5 11.1 0
Gaziosmanpas 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 ¢gtanbul

(km)
Distances(km)| Gaziosmanpas| Gungoren| Kagithane | Kucukcekmecs

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 4.3 234 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 19.4
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
Gaziosmanpas 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 15.5 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 29.5 374
Eyup 155 73.8 6.3 8.4
Fatih 21.6 72.7 13.1 8.6
Gaziosmanpas 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 92.5 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 114
Buyukcekmece 42.7
Catalca 56
Esenler 7.6
Esenyurt 32.6
Eyup 14.1
Fatih 55
Gaziosmanpas 12.3
Gungoren 51
Kagithane 13.5
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'Séré?#gron Road No D'(Sktr?]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 184
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 D'Séré?]ltjgron Road No D'(Sktr?]r)lce
BUYUKCEKMECE beylikduzu R22 11.2
BUYUKCEKMECE esenyurt R23 12.4

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 7
EYUP beyoglu R35 8.4
EYUP besiktas R36 13.4
EYUP sisli R37 8.4
FATIH bayrampasa R38 6.1
FATIH beyoglu R39 6.4
FATIH zeytinburnu R40 5.5
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 Distribution Road No Distance
Center (km)
SULTANGAZ| 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 Gaziosmanpass R77 5.2
Eyup R77 3.1
Basaksehir R78 19
arnavutkoy Kucukcekmece R78 12.1
Bahcelievler R78 7.2
Gaziosmanpass 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 114
Zeytinburnu R84 8.1
Gungoren R85 4.9
bagcilar Bayrampasa R85 6
Gaziosmanpass 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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Centers and Demand Points

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

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 R91 7.1
Avcilar R91 12

Kucukcekmece R92 12.1

basaksehir Bahcelievler R92 7.2
Gungoren R92 4.3

Bagcilar R93 13.5

basaksehir Esenler R93 5.4
Bayrampasa R93 4.2

Esenler R94 16.1

basaksehir Gaziosmanpass R94 6.7
Eyup R94 3.1
Gaziosmanpass 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 5.5
Bakirkoy R97 7.4

Sisli R98 4.2

besiktas Kagithane R98 3.3
Beyoglu R98 5.8
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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
Sariyer R99 10.5
besiktas Eyup R99 14.6
Gaziosmanpass R99 3.6
Kagithane R100 4.8
besiktas Sisli R100 3.1
Fatih R100 8.9
Esenyurt R101 6.8
beylikduzu Avcilar 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
Gaziosmanpasq R105 4
Kagithane R106 6.1
beyoglu Eyup R106 6.6
Sultangazi R106 6.3
Esenyurt R107 12.4
buyukcekmece Beylikduzu R107 6.6
Avcilar R107 10.6
buyukcekmece Cgt_al_ca R108 213
Silivri R108 33.2
buyukcekmece Silivri R109 35.1
Catalca R109 33.2
Beylikduzu R110 11.2
buyukcekmece | Kucukcekmece| R110 194
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 Gaziosmanpasiy R112 4
Eyup R112 3.1

Bagcilar R113 4
esenler Kucukcekmece| R113 7.1
Bahcelievler R113 7.2
Beylikduzu R114 6.6
esenyurt Avcilar R114 10.6
Kucukcekmece| R114 12.9
Buyukcekmece| R115 10.1
esenyurt Beylikduzu R115 11.2
Avcilar R115 10.6
Avcilar R116 7.5
esenyurt Beylikduzu R116 10.3
Buyukcekmece| R116 10.8
Gaziosmanpasiy 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 Gaziosmanpasg R119 5.2
Bayrampasa R119 3.8

Bayrampasa R120 6.1

fatih Gaziosmanpasi R120 4
Eyup R120 3.1

Zeytinburnu R121 5.5
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
Gaziosmanpasé 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 10.5
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 DemandPoints | Road No | Distance (km)
Center
Bah-el i R133 7.2
kucukcekmece Bakeéer k| R133 4.6
Zeytinburnu R133 7.8
Bagcilar R134 8
kucukcekmece Gungoren R134 4.9
Esenler R134 3.7
sultangazi Gaziosmanpasg R135 5.2
Eyup R135 3.1
sultangazi 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 Gaziosmanpasg 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
Gaziosmanpasy 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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Centers and Demand Points

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

Distribution

Demand Points| Road No | Distance (km)

Center
arnavutkoy Arnavutkoy R79 0
avcilar Avcilar R80 0
avcilar Avcilar R81 0
avcilar Avcilar 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 | Gaziosmanpasy R123 0
gaziosmanpasa | Gaziosmanpasi R124 0
gaziosmanpasa | Gaziosmanpasiy 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
L o Low Avrage High
From District To District . . . Avrage
Vulnerability |Vulnerability |Vulnerability 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 | Kucukcekmeceg  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
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability 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
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability 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 Beyikduzu 0.089 0.139 0.188 0.327
Bahcelievier Beyoglu 0.19 0.278 0.365 0.643
Bahcelievier | 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
Bahcelevier | 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
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability
Bahcelievier Kagithane 0.1 0.154 0.206 0.36
Bahcelievier | Kucukcekmeceg  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 Kucukcekmecel  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
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability 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 | Kucukcekmeceg  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| Beylkduzu 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
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability 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
Bahcelievier | 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
Bahcelievier | 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
Bahcelievier | Kucukcekmeceg  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
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability 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 Kucukcekmeceg  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 Beyikduzu 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 | Kucukcekmeceg  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
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability 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| Beylkduzu 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 Kucukcekmecel  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
Buyukcekmec¢ 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
Buyukcekmecg¢ Bahcelievier 0.082 0.131 0.18 0.311
Buyukcekmecg¢  Bakirkoy 0.065 0.106 0.146 0.252
Buyukcekmecé Basaksehir 0.004 0.029 0.055 0.084
Buyukcekmece¢ Bayrampasa 0.015 0.043 0.07 0.113
Buyukcekmecg¢  Besiktas 0.057 0.095 0.133 0.228
Buyukcekmecg¢ 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
Buyukcekmecg¢  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
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability
Buyukcekmecg¢  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
Buyukcekmec¢ Kagithane 0.056 0.095 0.133 0.228
Buyukcekmece Kucukcekmece  0.084 0.133 0.182 0.315
Buyukcekmecg 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 Gaziosmanpasga 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
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability 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 Beyikduzu 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 Kucukcekmecel  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
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability 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
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability 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 Beyikduzu 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
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability
Fatih Zeytinburnu 0.2 0.285 0.369 0.654
Gaziosmanpaga Arnavutkoy 0 0.025 0.05 0.075
Gaziosmanpaga Avcilar 0.095 0.142 0.188 0.33
Gaziosmanpaga Bagcilar 0.025 0.051 0.078 0.129
Gaziosmanpaga Bahcelievier 0.11 0.164 0.216 0.38
Gaziosmanpaga Bakirkoy 0.122 0.178 0.233 0.411
Gaziosmanpaga Basaksehir 0 0.025 0.05 0.075
Gaziosmanpasa Bayrampasa 0.063 0.094 0.125 0.219
Gaziosmanpaga Besiktas 0.017 0.043 0.069 0.112
Gaziosmanpaga Beylkduzu 0 0.025 0.05 0.075
Gaziosmanpaga Beyoglu 0.02 0.048 0.075 0.123
GaziosmanpagaBuyukcekmece 0.003 0.029 0.054 0.083
Gaziosmanpaga Catalca 0 0.025 0.05 0.075
Gaziosmanpaga  Esenler 0.014 0.039 0.064 0.103
Gaziosmanpaga Esenyurt 0 0.025 0.05 0.075
Gaziosmanpaga Eyup 0.017 0.044 0.071 0.115
Gaziosmanpasa Fatih 0.11 0.165 0.219 0.384
GaziosmanpagaGaziosmanpasa 0 0 0 0
Gaziosmanpaga Gungoren 0.09 0.141 0.191 0.332
Gaziosmanpaga Kagithane 0.022 0.049 0.075 0.124
GaziosmanpagaKucukcekmecel  0.033 0.062 0.091 0.153
Gaziosmanpaga  Sariyer 0 0.025 0.05 0.075
Gaziosmanpaga  Silivri 0.002 0.027 0.052 0.079
Gaziosmanpaga Sultangazi 0 0.025 0.05 0.075
Gaziosmanpasa Sisli 0.025 0.053 0.081 0.134
Gaziosmanpaga Zeytinburnu 0.094 0.146 0.197 0.343
Gungoren Arnavutkoy 0.043 0.083 0.122 0.205
Gungoren Avcilar 0.105 0.157 0.209 0.366
Gungoren Bagcilar 0.19 0.28 0.368 0.648
Gungoren Bahcelievier 0.2 0.281 0.36 0.641
Gungoren Bakirkoy 0.263 0.369 0.473 0.842
Gungoren Basaksehir 0.032 0.067 0.101 0.168
Gungoren Bayrampasa 0.246 0.352 0.455 0.807
Gungoren Besiktas 0.079 0.13 0.18 0.31
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability

Gungoren Beylikduzu 0.1 0.153 0.206 0.359
Gungoren Beyoglu 0.122 0.185 0.246 0.431
Gungoren | Buyukcekmece| 0.091 0.141 0.191 0.332
Gungoren Catalca 0.02 0.052 0.083 0.135
Gungoren Esenler 0.2 0.294 0.385 0.679
Gungoren Esenyurt 0.104 0.159 0.213 0.372
Gungoren Eyup 0.075 0.121 0.166 0.287
Gungoren Fatih 0.176 0.251 0.325 0.576
Gungoren | Gaziosmanpasa 0.09 0.141 0.191 0.332
Gungoren Gungoren 0 0 0 0
Gungoren Kagithane 0.113 0.172 0.231 0.403
Gungoren | Kucukcekmeceg  0.123 0.178 0.233 0.411
Gungoren Sariyer 0.046 0.085 0.123 0.208
Gungoren Silivri 0.015 0.045 0.075 0.12
Gungoren Sultangazi 0.057 0.097 0.137 0.234
Gungoren Sisli 0.085 0.139 0.191 0.33
Gungoren Zeytinburnu 0.367 0.522 0.673 1,195
Kagithane Arnavutkoy 0.002 0.027 0.052 0.079
Kagithane Avcilar 0.076 0.119 0.162 0.281
Kagithane Bagcilar 0.065 0.108 0.151 0.259
Kagithane Bahcelievier 0.1 0.154 0.206 0.36
Kagithane Bakirkoy 0.068 0.112 0.156 0.268
Kagithane Basaksehir 0.002 0.027 0.052 0.079
Kagithane Bayrampasa 0.053 0.084 0.116 0.2
Kagithane Besiktas 0.01 0.038 0.065 0.103
Kagithane Beylikduzu 0.059 0.098 0.137 0.235
Kagithane Beyoglu 0.007 0.032 0.057 0.089
Kagithane | Buyukcekmece| 0.056 0.095 0.133 0.228
Kagithane Catalca 0.002 0.027 0.052 0.079
Kagithane Esenler 0.078 0.128 0.177 0.305
Kagithane Esenyurt 0.001 0.026 0.051 0.077
Kagithane Eyup 0.036 0.061 0.086 0.147
Kagithane Fatih 0.039 0.072 0.106 0.178
Kagithane | Gaziosmanpasa 0.022 0.049 0.075 0.124
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability
Kagithane Gungoren 0.113 0.172 0.231 0.403
Kagithane Kagithane 0 0 0 0
Kagithane | Kucukcekmece  0.043 0.074 0.106 0.18
Kagithane Sariyer 0.004 0.029 0.054 0.083
Kagithane Silivri 0 0.025 0.05 0.075
Kagithane Sultangazi 0.008 0.033 0.058 0.091
Kagithane Sisli 0.006 0.031 0.056 0.087
Kagithane Zeytinburnu 0.087 0.143 0.199 0.342
Kucukcekmece Arnavutkoy 0.006 0.032 0.057 0.089
Kucukcekmecg  Avcilar 0.138 0.198 0.257 0.455
Kucukcekmece  Bagcilar 0.05 0.08 0.111 0.191
Kucukcekmece Bahcelievier 0.096 0.138 0.179 0.317
Kucukcekmece  Bakirkoy 0.063 0.095 0.128 0.223
Kucukcekmece Basaksehir 0.007 0.033 0.059 0.092
Kucukcekmece Bayrampasa 0.017 0.044 0.071 0.115
Kucukcekmece  Besiktas 0.036 0.067 0.098 0.165
Kucukcekmece Beylikduzu 0.095 0.147 0.198 0.345
Kucukcekmece  Beyoglu 0.041 0.072 0.104 0.176
Kucukcekmece Buyukcekmece 0.084 0.133 0.182 0.315
Kucukcekmece  Catalca 0.045 0.082 0.12 0.202
Kucukcekmece  Esenler 0.016 0.043 0.07 0.113
Kucukcekmece  Esenyurt 0.1 0.153 0.206 0.359
Kucukcekmece Eyup 0.01 0.036 0.062 0.098
Kucukcekmece Fatih 0.07 0.109 0.147 0.256
Kucukcekmece Gaziosmanpasa 0.033 0.062 0.091 0.153
Kucukcekmece Gungoren 0.123 0.178 0.233 0.411
Kucukcekmece Kagithane 0.043 0.074 0.106 0.18
Kucukcekmecg Kucukcekmece 0 0 0 0
Kucukcekmecg  Sariyer 0.007 0.033 0.058 0.091
Kucukcekmece Silivri 0.041 0.078 0.114 0.192
Kucukcekmece Sultangazi 0.011 0.038 0.064 0.102
Kucukcekmece Sisli 0.038 0.069 0.1 0.169
Kucukcekmece Zeytinburnu 0.098 0.152 0.204 0.356
Sariyer Arnavutkoy 0 0.025 0.05 0.075
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability

Sariyer Avcilar 0.058 0.097 0.135 0.232
Sariyer Bagcilar 0.005 0.03 0.055 0.085
Sariyer Bahcelievier 0.046 0.083 0.12 0.203
Sariyer Bakirkoy 0.048 0.087 0.126 0.213
Sariyer Basaksehir 0 0.025 0.05 0.075
Sariyer Bayrampasa 0.029 0.056 0.084 0.14
Sariyer Besiktas 0 0.025 0.05 0.075
Sariyer Beylikduzu 0 0.025 0.05 0.075
Sariyer Beyoglu 0 0.025 0.05 0.075
Sariyer Buyukcekmece|  0.002 0.028 0.053 0.081
Sariyer Catalca 0 0.025 0.05 0.075
Sariyer Esenler 0.005 0.03 0.055 0.085
Sariyer Esenyurt 0 0.025 0.05 0.075
Sariyer Eyup 0.007 0.032 0.057 0.089
Sariyer Fatih 0.039 0.072 0.106 0.178
Sariyer Gaziosmanpasg 0 0.025 0.05 0.075
Sariyer Gungoren 0.046 0.085 0.123 0.208
Sariyer Kagithane 0.004 0.029 0.054 0.083
Sariyer Kucukcekmeceg  0.007 0.033 0.058 0.091
Sariyer Sariyer 0 0 0 0
Sariyer Silivri 0 0.025 0.05 0.075
Sariyer Sultangazi 0 0.025 0.05 0.075
Sariyer Sisli 0 0.025 0.05 0.075
Sariyer Zeytinburnu 0.044 0.086 0.127 0.213
Silivri Arnavutkoy 0 0.025 0.05 0.075
Silivri Avcilar 0.006 0.032 0.058 0.09
Silivri Bagcilar 0.002 0.027 0.052 0.079
Silivri Bahcelievier 0.04 0.078 0.114 0.192
Silivri Bakirkoy 0.032 0.065 0.098 0.163
Silivri Basaksehir 0 0.025 0.05 0.075
Silivri Bayrampasa 0.008 0.034 0.06 0.094
Silivri Besiktas 0.016 0.046 0.077 0.123
Silivri Beylikduzu 0.003 0.029 0.055 0.084
Silivri Beyoglu 0.017 0.047 0.078 0.125
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District - . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability

Silivri Buyukcekmece] 0 0.025 0.05 0.075
Silivri Catalca 0 0.025 0.05 0.075
Silivri Esenler 0.002 0.028 0.053 0.081
Silivri Esenyurt 0.003 0.029 0.055 0.084
Silivri Eyup 0.002 0.027 0.052 0.079
Silivri Fatih 0.039 0.073 0.108 0.181
Silivri Gaziosmanpasa 0.002 0.027 0.052 0.079
Silivri Gungoren 0.015 0.045 0.075 0.12
Silivri Kagithane 0 0.025 0.05 0.075
Silivri Kucukcekmecel  0.041 0.078 0.114 0.192
Silivri Sariyer 0 0.025 0.05 0.075

Silivri Silivri 0 0 0 0
Silivri Sultangazi 0.002 0.027 0.053 0.08
Silivri Sisli 0.035 0.069 0.102 0.171
Silivri Zeytinburnu 0.047 0.084 0.121 0.205
Sultangazi Arnavutkoy 0 0.025 0.05 0.075
Sultangazi Avcilar 0.006 0.033 0.059 0.092
Sultangazi Bagcilar 0.016 0.042 0.068 0.11
Sultangazi Bahcelievier 0.052 0.086 0.121 0.207
Sultangazi Bakirkoy 0.106 0.158 0.21 0.368
Sultangazi Basaksehir 0 0.025 0.05 0.075
Sultangazi Bayrampasa 0.033 0.062 0.09 0.152
Sultangazi Besiktas 0.008 0.034 0.059 0.093
Sultangazi Beyikduzu 0 0.025 0.05 0.075
Sultangazi Beyoglu 0.001 0.026 0.051 0.077
Sultangazi | Buyukcekmece 0.003 0.029 0.054 0.083
Sultangazi Catalca 0 0.025 0.05 0.075
Sultangazi Esenler 0.011 0.036 0.061 0.097
Sultangazi Esenyurt 0 0.025 0.05 0.075
Sultangazi Eyup 0.011 0.037 0.063 0.1
Sultangazi Fatih 0.073 0.118 0.163 0.281
Sultangazi | Gaziosmanpasa 0 0.025 0.05 0.075
Sultangazi Gungoren 0.057 0.097 0.137 0.234
Sultangazi Kagithane 0.008 0.033 0.058 0.091
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District . . - Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability

Sultangazi | Kucukcekmeceg  0.011 0.038 0.064 0.102
Sultangazi Sariyer 0 0.025 0.05 0.075
Sultangazi Silivri 0.002 0.027 0.053 0.08

Sultangazi Sultangazi 0 0 0 0
Sultangazi Sisli 0.001 0.026 0.051 0.077
Sultangazi Zeytinburnu 0.1 0.155 0.21 0.365
Sisli Arnavutkoy 0.028 0.063 0.098 0.161
Sisli Avcilar 0.076 0.119 0.162 0.281
Sisli Bagcilar 0.072 0.119 0.164 0.283
Sisli Bahcelievier 0.109 0.167 0.224 0.391
Sisli Bakirkoy 0.177 0.261 0.343 0.604
Sisli Basaksehir 0.034 0.071 0.107 0.178
Sisli Bayrampasa 0.05 0.082 0.113 0.195
Sisli Besiktas 0 0.025 0.05 0.075
Sisli Beylikduzu 0.061 0.1 0.14 0.24
Sisli Beyoglu 0.043 0.075 0.107 0.182
Sisli Buyukcekmece 0.058 0.097 0.135 0.232
Sisli Catalca 0.017 0.047 0.078 0.125
Sisli Esenler 0.072 0.121 0.169 0.29
Sisli Esenyurt 0.063 0.103 0.142 0.245
Sisli Eyup 0.007 0.032 0.057 0.089
Sisli Fatih 0.097 0.138 0.18 0.318
Sisli Gaziosmanpasa 0.025 0.053 0.081 0.134
Sisli Gungoren 0.085 0.139 0.191 0.33
Sisli Kagithane 0.006 0.031 0.056 0.087
Sisli Kucukcekmece,  0.038 0.069 0.1 0.169
Sisli Sariyer 0 0.025 0.05 0.075
Sisli Silivri 0.035 0.069 0.102 0.171
Sisli Sultangazi 0.001 0.026 0.051 0.077

Sisli Sisli 0 0 0 0
Sisli Zeytinburnu 0.075 0.129 0.182 0.311
Zeytinburnu Arnavutkoy 0.039 0.076 0.113 0.189
Zeytinburnu Avcilar 0.113 0.167 0.221 0.388
Zeytinburnu Bagcilar 0.2 0.281 0.361 0.642
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Table C1 (continued): Road Vulnerability Coefficients Between Districts

. High and
o o Low Avrage High
From District To District . . . Avrage
Vulnerability |Vulnerability |Vulnerability Vulnerability

Zeytinburnu Bahcelievier 0.294 0.403 0.511 0.914
Zeytinburnu Bakirkoy 0.232 0.35 0.465 0.815
Zeytinburnu Basaksehir 0.051 0.092 0.132 0.224
Zeytinburnu Bayrampasa 0.204 0.291 0.377 0.668
Zeytinburnu Besiktas 0.068 0.119 0.17 0.289
Zeytinburnu Beylikduzu 0.086 0.133 0.18 0.313
Zeytinburnu Beyoglu 0.2 0.297 0.391 0.688
Zeytinburnu | Buyukcekmece 0.08 0.126 0.171 0.297
Zeytinburnu Catalca 0.037 0.076 0.113 0.189
Zeytinburnu Esenler 0.158 0.231 0.302 0.533
Zeytinburnu Esenyurt 0.047 0.087 0.126 0.213
Zeytinburnu Eyup 0.081 0.131 0.18 0.311
Zeytinburnu Fatih 0.2 0.285 0.369 0.654
Zeytinburnu | Gaziosmanpas@q 0.094 0.146 0.197 0.343
Zeytinburnu Gungoren 0.367 0.522 0.673 1,195
Zeytinburnu Kagithane 0.087 0.143 0.199 0.342
Zeytinburnu | Kucukcekmece  0.098 0.152 0.204 0.356
Zeytinburnu Sariyer 0.044 0.086 0.127 0.213
Zeytinburnu Silivri 0.047 0.084 0.121 0.205
Zeytinburnu Sultangazi 0.1 0.155 0.21 0.365
Zeytinburnu Sisli 0.075 0.129 0.182 0.311
Zeytinburnu Zeytinburnu 0 0 0 0
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APPENDIX D
ROAD VULNERABILITIES FOR PRE -DETERMINED ROUTES BETWEEN

FACILITIES AND DEMAND POINTS

Table D1: Road Vulnerability Coefficients Used to Form the Scenario Sets for

European Side of Istanbul for Roads Connecting Warehouses to Distribution

Centers
Warehouse Distribution Road_ . Road No
Center Vulnerability

AVCILAR beylikduzu 0.13 R1
AVCILAR esenyurt 0.146 R2
AVCILAR kucukcekmece 0.455 R3
BAHCELIEVLER bagcilar 0.29 R4
BAHCELIEVLER gungoren 0.641 R5
BAHCELIEVLER bakirkoy 0.678 R6
BAKIRKOY bahcelievler 0.678 R7
BAKIRKOY gungoren 0.842 R8
BAKIRKOY zeytinburnu 0.815 R9
BAGCILAR bahcelievler 0.29 R10
BAGCILAR gungoren 0.648 R11
BAGCILAR esenler 0.147 R12
BAGCILAR basaksehir 0.085 R13
BASAKSEHIR bagcilar 0.085 R14
BASAKSEHIR kucukcekmece 0.092 R15
BASAKSEHIR esenler 0.079 R16
BASAKSEHIR arnavutkoy 0.075 R17
BEYLIKDUZU avcilar 0.13 R18
BEYLIKDUZU esenyurt 0.075 R19
BEYLIKDUZU buyukcekmece 0.112 R20
BUYUKCEKMECE avcilar 0.131 R21
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Table D1 (continued): Road Vulnerability Coefficients Used to Form the
Scenario Sets for European Side of Istanbul for Roads Connecting Warehouses

to Distribution Centers

Distribution R

Warehouse SCe?:tJérO Vulne(r):gility Road No
BUYUKCEKMECE beylikduzu 0.112 R22
BUYUKCEKMECE esenyurt 0.106 R23
BAYRAMPASA esenler 0.639 R24
BAYRAMPASA gaziosmanpasa 0.219 R25
BAYRAMPASA fatih 0.825 R26
BAYRAMPASA sultangazi 0.152 R27
BAYRAMPASA eyup 0.223 R28
ESENYURT avcilar 0.146 R29
ESENYURT beylikduzu 0.075 R30
ESENYURT buyukcekmece 0.106 R31
EYUP gaziosmanpasa 0.115 R32
EYUP sultangazi 0.1 R33
EYUP kagithane 0.147 R34
EYUP beyoglu 0.161 R35
EYUP besiktas 0.107 R36
EYUP sisli 0.089 R37
FATIH bayrampasa 0.825 R38
FATIH beyoglu 0.365 R39
FATIH zeytinburnu 0.654 R40
FATIH besiktas 0.163 R41
FATIH kagithane 0.178 R42
FATIH sisli 0.318 R43
GUNGOREN bagcilar 0.648 R44
GUNGOREN bahcelievler 0.641 R45
GUNGOREN esenler 0.679 R46
KUCUKCEKMECE bagcilar 0.191 R47
KUCUKCEKMECE bahcelievler 0.317 R48
KUCUKCEKMECE gungoren 0.411 R49
KUCUKCEKMECE basaksehir 0.092 R50
SULTANGAZI bayrampasa 0.152 R51
SULTANGAZI eyup 0.1 R52
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Table D1 (continued): Road Vulnerability Coefficients Used to Form the

to Distribution Centers

Scenario Sets for European Side of Istanbul for Roads Connecting Warehouses

Distribution R

Warehouse SCe?ll':érO Vulne?:gility Road No
SULTANGAZ| gaziosmanpasa 0.075 R53
SULTANGAZ| arnavutkoy 0.075 R54
ZEYTINBURNU fatih 0.654 R55
ZEYTINBURNU bakirkoy 0.815 R56
ZEYTINBURNU esenler 0.533 R57
ESENLER bayrampasa 0.639 R58
ESENLER gungoren 0.679 R59
ESENLER bagcilar 0.147 R60
AVCILAR avcilar 0 R61
BAHCELIEVLER bahcelievler 0 R62
BAKIRKOY bakirkoy 0 R63
BAGCILAR bagcilar 0 R64
BASAKSEHIR basaksehir 0 R65
BEYLIKDUZU beylikduzu 0 R66
BUYUKCEKMECE | buyukcekmece 0 R67
BAYRAMPASA bayrampasa 0 R68
ESENYURT esenyurt 0 R69
EYUP eyup 0 R70
FATIH fatih 0 R71
GUNGOREN gungoren 0 R72
KUCUKCEKMECE | kucukcekmece 0 R73
SULTANGAZI sultangazi 0 R74
ZEYTINBURNU zeytinburnu 0 R75
ESENLER esenler 0 R76
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Table D2: Road Vulnerability Coefficients Used to Form the Scenario Sets for
European Side of Istanbul for Roads Connecting Distribution Centers to

Demand Points

Distribution Demand Points Road‘ . Road
Center Vulnerability No
Sultangazi 0.075 R77

arnavutkoy Gaziosmanpass 0.075 R77
Eyup 0.115 R77

Basaksehir 0.075 R78

arnavutkoy Kucukcekmece 0.092 R78
Bahcelievler 0.317 R78

Gaziosmanpass 0.075 R79

arnavutkoy Bayrampasa 0.219 R79
Esenler 0.639 R79

Esenyurt 0.146 R80

avcilar Beylikduzu 0.075 R80
Buyukcekmece 0.112 R80

Kucukcekmece 0.455 R81

avcilar Bahcelievler 0.317 R81
Gungoren 0.641 R81

Beylikduzu 0.13 R82

avcilar Esenyurt 0.075 R82
Buyukcekmece 0.106 R82

Bahcelievler 0.29 R83

bagcilar Gungoren 0.641 R83
Esenler 0.679 R83

Kucukcekmece 0.191 R84

bagcilar Bakirkoy 0.223 R84
Zeytinburnu 0.815 R84

Gungoren 0.648 R85

bagcilar Bayrampasa 0.807 R85
Gaziosmanpasi 0.219 R85

Bakirkoy 0.678 R86

bahcelievler Zeytinburnu 0.815 R86
Fatih 0.654 R86
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Centers to Demand Points

Table D2 (continued} Road Vulnerability Coefficients Used to Form the

Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Distribution Demand Points Road‘ . Road
Center Vulnerability No
Gungoren 0.641 R87

bahcelievler Esenler 0.679 R87
Bayrampasa 0.639 R87

Bagcilar 0.29 R88

bahcelievler Kucukcekmece 0.191 R88
Avcilar 0.455 R88

Bahcelievler 0.678 R89

bakirkoy Gungoren 0.641 R89
Esenler 0.679 R89

Zeytinburnu 0.815 R90

bakirkoy Fatih 0.654 R90
Bayrampasa 0.825 R90

Bagcilar 0.493 R91

bakirkoy Kucukcekmece 0.191 R91
Avcilar 0.455 R91

Kucukcekmece 0.092 R92

basaksehir Bahcelievler 0.317 R92
Gungoren 0.641 R92

Bagcilar 0.085 R93

basaksehir Esenler 0.147 R93
Bayrampasa 0.639 R93

Esenler 0.079 R94

basaksehir Gaziosmanpasi 0.103 R94
Eyup 0.115 R94

Gaziosmanpass 0.219 R95

bayrampasa Eyup 0.115 R95
Sultangazi 0.1 R95

Esenler 0.639 R96

bayrampasa Gungoren 0.679 R96
Bahcelievler 0.641 R96
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Table D2 (continued} Road Vulnerability Coefficients Used to Form the
Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Centers to Demand Points

Distribution Demand Points Road‘ . Road
Center Vulnerability No
Fatih 0.825 R97
bayrampasa Zeytinburnu 0.654 R97
Bakirkoy 0.815 R97
Sisli 0.075 R98
besiktas Kagithane 0.087 R98
Beyoglu 0.089 R98
Sariyer 0.075 R99
besiktas Eyup 0.089 R99
Gaziosmanpass 0.115 R99
Kagithane 0.103 R100
besiktas Sisli 0.087 R100
Fatih 0.318 R100
Esenyurt 0.075 R101
beylikduzu Avcilar 0.146 R101
Kucukcekmece 0.455 R101
. Buyukcekmece 0.112 R102
beylikduzu Catalca 0.075 R102
Avcilar 0.13 R103
beylikduzu Esenyurt 0.146 R103
Buyukcekmece 0.106 R103
Sisli 0.182 R104
beyoglu Kagithane 0.087 R104
Besiktas 0.103 R104
Fatih 0.365 R105
beyoglu Bayrampasa 0.825 R105
Gaziosmanpass 0.219 R105
Kagithane 0.089 R106
beyoglu Eyup 0.147 R106
Sultangazi 0.1 R106
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Centers to Demand Points

Table D2 (continued} Road Vulnerability Coefficients Used to Form the

Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Distribution Demand Points Road' . Road
Center Vulnerability No

Esenyurt 0.106 R107

buyukcekmece Beylikduzu 0.075 R107

Avcilar 0.13 R107

buyukcekmece Cg’Falga 0.075 R108

Silivri 0.075 R108

buyukcekmece Silivri 0.075 R109

Catalca 0.075 R109

Beylikduzu 0.112 R110

buyukcekmece | Kucukcekmece 0.345 R110

Bahcelievler 0.317 R110

Gungoren 0.679 R111

esenler Bahcelievler 0.641 R111

Bagcilar 0.29 R111

Bayrampasa 0.639 R112

esenler Gaziosmanpass 0.219 R112

Eyup 0.115 R112

Bagcilar 0.147 R113

esenler Kucukcekmece 0.191 R113

Bahcelievler 0.317 R113

Beylikduzu 0.075 R114

esenyurt Avcilar 0.13 R114

Kucukcekmece 0.455 R114

Buyukcekmece 0.106 R115

esenyurt Beylikduzu 0.112 R115

Avcilar 0.13 R115

Avcilar 0.146 R116

esenyurt Beylikduzu 0.13 R116

Buyukcekmece 0.112 R116
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Centers to Demand Points

Table D2 (continued} Road Vulnerability Coefficients Used to Form the

Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Distribution Demand Points Road‘ . Road
Center Vulnerability No

Gaziosmanpass 0.115 R117

eyup Bayrampasa 0.219 R117

Esenler 0.639 R117

Kagithane 0.147 R118

eyup Sisli 0.087 R118

Beyoglu 0.182 R118

Sultangazi 0.1 R119

eyup Gaziosmanpass 0.075 R119

Bayrampasa 0.219 R119

Bayrampasa 0.825 R120

fatih Gaziosmanpass 0.219 R120

Eyup 0.115 R120

Zeytinburnu 0.654 R121

fatih Bakirkoy 0.815 R121

Bahcelievler 0.641 R121

Beyoglu 0.365 R122

fatih Sisli 0.182 R122

Kagithane 0.087 R122

Eyup 0.115 R123

gaziosmanpasa Sultangazi 0.1 R123

Bayrampasa 0.152 R123

Bayrampasa 0.219 R124

gaziosmanpasa Esenler 0.639 R124

Gungoren 0.679 R124

Sultangazi 0.075 R125

gaziosmanpasa Eyup 0.1 R125

Kagithane 0.147 R125

Esenler 0.679 R126

gungoren Bayrampasa 0.639 R126

Gaziosmanpasi 0.219 R126
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Centers to Demand Points

Table D2 (continued} Road Vulnerability Coefficients Used to Form the

Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Distribution Demand Points Road' . Road
Center Vulnerability No

Esenler 0.679 R127

gungoren Bagcilar 0.147 R127

Bahcelievler 0.29 R127

Bahcelievler 0.641 R128

gungoren Bakirkoy 0.678 R128

Zeytinburnu 0.815 R128

Sisli 0.087 R129

kagithane Beyoglu 0.182 R129

Fatih 0.365 R129

Besiktas 0.103 R130

kagithane Sariyer 0.075 R130

Eyup 0.089 R130

Beyoglu 0.089 R131

kagithane Sisli 0.182 R131

Besiktas 0.075 R131

Bahcelievler 0.317 R132

kucukcekmece Gungoren 0.641 R132

Esenler 0.679 R132

Bah-el 0.317 R133

kucukcekmece Bakeéerk 0.678 R133

Zeytinburnu 0.815 R133

Bagcilar 0.191 R134

kucukcekmece Gungoren 0.648 R134

Esenler 0.679 R134

sultangazi Gaziosmanpass 0.075 R135

Eyup 0.115 R135

sultangazi Arnavutkoy 0.1 R136

Basaksehir 0.075 R136
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Table D2 (continued} Road Vulnerability Coefficients Used to Form the
Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Centers to Demand Points

Distribution Demand Points Road‘ . Road
Center Vulnerability No

Bayrampasa 0.075 R137

sultangazi Esenler 0.152 R137

Gungoren 0.639 R137

Beyoglu 0.679 R138

sisli Kagithane 0.182 R138

Besiktas 0.089 R138

Eyup 0.103 R139

sisli Gaziosmanpass 0.089 R139

Bayrampasa 0.115 R139

Kagithane 0.219 R140

sisli Besiktas 0.087 R140

Sariyer 0.103 R140

Fatih 0.075 R141

zeytinburnu Beyoglu 0.654 R141

Sisli 0.365 R141

Fatih 0.182 R142

zeytinburnu Bayrampasa 0.654 R142

Gaziosmanpass 0.825 R142

Bakirkoy 0.219 R143

zeytinburnu Bahcelievler 0.815 R143

Gungoren 0.678 R143

arnavutkoy Arnavutkoy 0.641 R77
arnavutkoy Arnavutkoy 0 R78
arnavutkoy Arnavutkoy 0 R79
avcilar Avcilar 0 R80
avcilar Avcilar 0 R81
avcilar Avcilar 0 R82
bagcilar Bagcilar 0 R83
bagcilar Bagcilar 0 R84
bagcilar Bagcilar 0 R85
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Table D2 (continued} Road Vulnerability Coefficients Used to Form the
Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Centers to Demand Points

Distribution Demand Points Road‘ . Road
Center Vulnerability No
bahcelievler Bahcelievler 0 R86
bahcelievler Bahcelievler 0 R87
bahcelievler Bahcelievler 0 R88
bakirkoy Bakirkoy 0 R89
bakirkoy Bakirkoy 0 R90
bakirkoy Bakirkoy 0 R91
basaksehir Basaksehir 0 R92
basaksehir Basaksehir 0 R93
basaksehir Basaksehir 0 R94
bayrampasa Bayrampasa 0 R95
bayrampasa Bayrampasa 0 R96
bayrampasa Bayrampasa 0 R97
besiktas Besiktas 0 R98
besiktas Besiktas 0 R99
besiktas Besiktas 0 R100
beylikduzu Beylikduzu 0 R101
beylikduzu Beylikduzu 0 R102
beylikduzu Beylikduzu 0 R103
beyoglu Beyoglu 0 R104
beyoglu Beyoglu 0 R105
beyoglu Beyoglu 0 R106
buyukcekmece | Buyukcekmece 0 R107
buyukcekmece | Buyukcekmece 0 R108
buyukcekmece | Buyukcekmece 0 R109
buyukcekmece | Buyukcekmece 0 R110
esenler Esenler 0 R111
esenler Esenler 0 R112
esenler Esenler 0 R113
esenyurt Esenyurt 0 R114
esenyurt Esenyurt 0 R115
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Centers to Demand Points

Table D2 (continued} Road Vulnerability Coefficients Used to Form the

Scenario Sets for European Side of Istanbul for Roads Connecting Distribution

Distribution Demand Points Road‘ . Road
Center Vulnerability No
esenyurt Esenyurt 0 R116
eyup Eyup 0 R117
eyup Eyup 0 R118
eyup Eyup 0 R119
fatih Fatih 0 R120
fatih Fatih 0 R121
fatih Fatih 0 R122
gaziosmanpasa | Gaziosmanpasg 0 R123
gaziosmanpasa | Gaziosmanpasi 0 R124
gaziosmanpasa | Gaziosmanpasg 0 R125
gungoren Gungoren 0 R126
gungoren Gungoren 0 R127
gungoren Gungoren 0 R128
kagithane Kagithane 0 R129
kagithane Kagithane 0 R130
kagithane Kagithane 0 R131
kucukcekmece | Kucukcekmece 0 R132
kucukcekmece | Kucukcekmece 0 R133
kucukcekmece | Kucukcekmece 0 R134
sultangazi Sultangazi 0 R135
sultangazi Sultangazi 0 R136
sultangazi Sultangazi 0 R137
sisli Sisli 0 R138
sisli Sisli 0 R139
sisli Sisli 0 R140
zeytinburnu Zeytinburnu 0 R141
zeytinburnu Zeytinburnu 0 R142
zeytinburnu Zeytinburnu 0 R143
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APPENDIX E

TRAVEL TIMES AND ARRIVAL TIMES FOR DISTRIBUTION CENTERS
AND DEMAND POINTS FOR MODELS 1.1, 1.2, 2.1, 2.2, 3.1 AND 3.2
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