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Exploring the Sources of Centrality in the Turkish Domestic Airport
Network
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ABSTRACT

Air passenger transportation in Turkey has been in rapid development since the mid-1980s due to the increasing investments in infrastructure
and deregulating policies. This paper analyzed the network performances of Turkish airports and assessed the evolution from 2012 to 2020, from
both topological and spatial perspectives. Unweighted and weighted graphs based on flight frequencies were used to determine airport centrality.
Sabiha Gokgen (SAW) was defined as the most central airport in the domestic network and airport centrality showed significant improvement during
the observation period. The weighted graph recorded significant losses in the centrality performances of airports, excluding eigenvector, during
the pandemic process. Exogenous sources of airport centrality were also examined using Gradient Boosting Modeling. Results demonstrated the
importance of the population and economic strength of the city in airport centrality, the decisive role of tourism demand and international flights
on betweenness centrality, and the necessity of passenger terminal size on eigenvector centrality.
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1. Introduction

Air passenger transportation has increased significantly since the mid-1980s in Turkey
due to liberalization policies and growing investments in infrastructure. The Turkish
airport system includes fifty-six airports and is one of the region’s largest markets for air
passenger transport. 839.8 thousand flights were operated and 99.9 million passengers
were carried in 2019' within the domestic airport network. Despite the increasing role
of air transport in Turkey, studies in the literature regarding the spatial and topological
characteristics and network performances of Turkish airports are limited.

Kili¢ Depren and Gokalp Yavuz (2018) examined the air transport structure of Turkey
and assessed inter-country network characteristics (airports, routes, and clustering
coefficients) and degree and betweenness centralities. Their results indicated that Istanbul
has a huge impact on the air transport network and Germany and Cyprus have the largest
connection with Turkey. The authors also emphasized that the degree centrality values
decline exponentially with one or two dominant airports, while betweenness has a power
distribution. Moreover, a high correlation was found between centrality and passenger
volume. Erdem et al. (2019) examined the topology of the air transport network in Turkey
based on passenger, flight, and cargo flows. The average degree, clustering coefficient,
average clustering coefficient, modularity, average path length, and graph density were
considered as measures of network topology. The authors found that the Turkish aviation
industry is heavily dependent on passenger transport. The airports of Istanbul, Ankara,
Izmir, and Antalya located in the western part were more connected than the eastern part
based on passenger and cargo flow.

The current paper intends to improve the literature by studying the topological, temporal,
and spatial aspects of Turkish airport centrality. Unlike the previous research, this paper
examines the evolution of Turkish airport centrality between 2012 and 2020, thus aiming
to capture temporal changes in the network. The airport-level centrality was examined with
unweighted and weighted graphs based on flight frequencies. The experiment provided
substantial support to our main idea, that is, spatial network structure based on the
weighted graph is more successful in capturing the temporal and geographic evolution
of the airport network and was able to explain the impact of macro-environmental factors
such as the Covid 19 pandemic.

The exogenous sources of airport centrality at the domestic level were also addressed in
this paper. As demonstrated by many previous researches, contextual variables such as
macro-environmental factors, governance and ownership structure, geographical location,
and competition have a strong impact on the operational performances of airports (Chi-
Lok and Zhang, 2009; Wanke, 2013; Chaouk et al. 2020). However, only limited research
in the literature examined the impact of exogenous contextual variables on the network
performance of airports. Wang et al. (2011) found a strong correlation between the
centrality indices of Chinese airports with population, gross regional domestic product, and
passenger volumes of the cities. Lin (2012) discussed the impact of the tourism industry

1 These figures were dramatically decreased to 572.9 thousand flights and 49.7 million passengers in 2020
because of the coronavirus pandemic.
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and competition among transportation modes on separate distance flights. Wandelt and
Sun (2015) investigated the impact of various contextual variables (population, area, GNI
per capita, life expectancy at birth) on topologic and functional criticality measures and
found a strong correlation between a country’s GDP and airport centrality.

The current paper considered various contextual variables and assessed their impact
on the network performances of Turkish airports using Gradient Boosting Modeling.
Therefore, we explored the key exogenous properties that provide stronger connections
to hub airports in the domestic networks. Consistent with the literature, we found the
positive effects of population and economic development on airport centrality. Also, we
revealed the decisive impact of foreign tourist mobility and the percentage of international
flights on betweenness centrality. Results also demonstrated the importance of passenger
terminal size on eigenvector centrality.

In summary, this paper aims to answer three questions: 1) how has the domestic centrality
of Turkish airports changed during the observation period?, 2) how has the Covid-19
pandemic affected airport centrality?, 3) what are the factors affecting airport centrality?
The answers to these questions are important in determining the importance and position
of each airport in the domestic network. Thus, critical hubs within the network can be
identified and the basis for further analysis to measure the robustness of the network
can be established. Moreover, determining the factors affecting centrality will reveal the
necessary conditions for airports to have a stronger hub position.

The paper is organized as follows. Section 2 outlines the methodology of the research.
Section 3 presents the findings, and Section 4 offers a conclusion.

2. Methodology

This research attempts to capture the temporal and spatial evolution of Turkish airport
centrality by highlighting the impacts of macro-environmental changes and demonstrating
the importance of exogenous sources for airport centrality. Using data from the Turkish
domestic airport system, the network performance will be assessed in the first stage by
utilizing centrality measures. The exogenous sources of airport centrality were explored
in the second stage using Gradient Boosting Modeling.

2.1. Data

From January 2012 to December 2020, this research covers Turkish airports serving
the domestic network. The number of airports was 49 at the end of 2011. However,
it changed during the observation period due to new airports and temporary closures.
Six new airports were opened (BGG, NKT, KFS, YKO, OGU, and IST), whereas one
airport was permanently closed (ISL). Several airports (USQ, NOP, GKD, BZI, and TJK)
were temporarily shuttered and subsequently reopened during this period, while others
temporarily suspended domestic flights (ISE and ONQ). Due to a lack of commercial
aviation traffic, CII was never included in the analysis. According to current data, the
view of the domestic air transportation network in Turkey is shown in Figure 1. The
data gathered from DHMI (General Directorate of State Airports Authority) contains

J T L Journal of Transportation and Logistics
Volume 7, Issue 2, 2022
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the routes and the number of direct flights from airport 7 to airport j within the domestic
network. Graphs are a type of data and display airports and their connections to be
modeled and analyzed. The unweighted graph considers basic connectivity and equalizes
all relationships to 1 when the flight occurs, otherwise it is 0. The weighted graph tracks
the number of flights between two airports.
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Figure 1. Turkish domestic airport network in 2020

2.2. Centrality Measures

The centralization is possessed by the center of a network (Freeman, 1978) and it is
important to assess the hub potential of a node, identify travel decisions in a network,
and measure the system’s performance based on unit-level (Wellman and Leighton, 1979;
Li et al., 2021). Degree centrality, betweenness centrality, and eigenvector centrality
measures were used in this study to assess the centrality performance of each airport.

Degree Centrality (DC): The degree of a node simply refers to the number of edges
(connections or links) it has. Degree centrality measures the total number of edges
connected to a particular node and refers to local connectivity (Cats and Krishnakumari,
2020). A higher degree centrality shows higher local connectivity and indicates the hub
potential of an airport in the network. The degree centrality of i airport can be measured
by Eq. 1:

n

DCi = a; (1)

j=1

The degree centrality can be distinguished into in-degree and out-degree. The former
refers to the number of edges connecting from other nodes to node i. The latter refers to
the number of edges connected from node i to other nodes. Both measures are useful to
capture the frequency of travel paths in a transportation network.

Betweenness Centrality (BC): Betweenness centrality refers to how much a given node
is in-between others (Perez and Germon, 2016) and is defined as a transit point along

J T L Journal of Transportation and Logistics
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the shortest geodesic path between two other airports in the network (Freeman, 1978).
As Wang et al. (2011) discussed, a node will be more impactful if it is located on the
shortest paths connecting many other node pairs. In airport practice, this measure can be
interpreted as a transit point along the shortest geodesic path between two other airports
in the network. The betweenness centrality of i airport can be measured by Eq. 2:

i
BCi= 2 (2)
st <st

where n'y, is the number of geodesic paths from node S to # that pass through node i and
g, 1s the total number of geodesic paths from node S to ¢.

Eigenvector Centrality (EC): Eigenvector centrality is an extended type of degree
centrality and considers both the number of neighbors of a node in the network and the
centrality properties of these neighbors. Hence, this measure quantifies the impact of
the centrality of neighbors (Kosorukoff, 2011) and depicts the strength of a connection.
Thus, the higher eigenvector centrality value indicates that the airport is linked to hub
airports and has a strong connection. The eigenvector centrality of i airport can be
measured by Eq. 3:

1 n
ECi = IZ aijxj (3)
j=1

where A refers a constant value and a;; is an element of the adjacency matrix and x is the
vector with elements x;. There will be many different eigenvalues A lambda for which
a non-zero eigenvector solution exists. However, the requisite related to all the entries
in the eigenvector be non-negative refers that only the greatest eigenvalue results in the
desired centrality measure (Newman, 2008).

2.3. Gradient Boosting Modeling

As a machine learning approach, gradient boosting is an efficient tool for solving
regression and classification tasks. The prediction of gradient boosting modeling is
built in a stage-wise fashion. A general gradient boosting architecture has developed
for addictive regression models through the perspective of numerical optimization in
function space (Friedman, 2001). The model update is computed by sequentially fitting
a simple parameterized function with current pseudo-residuals using least squares at each
iteration (Friedman, 1999). In function estimation, a regression function is generated,
f(x), that minimizes the expectation of some loss function, ¥/(y; f),as shown in iterations.

Initialize f () to be constant, f(¥) = argmin, $¥, (v, p). Fortin 1, ..., T do (Ridgeway,
2012)

1. Compute the negative gradient as the working response

0
Zi=x7—< JACY » 4
= Sy YO f( l)|f(Xi)=f(m( )

2. Fit a regression model, g(x), predicting Z; from the covariates .X;
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3. Choose a gradient descent step size as
. N A
min
p=arg” "> wf (v f ) g(x) 5)
i=1

4. Update the estimate of f(x) as

A A

f < fe)+pgx)(6)

Gradient boosting of regression models results in processes that are competitive, highly
robust, and interpretable. Besides, Friedman (2001) has also developed an extension of a
variable’s relative influence for boosted estimates. The relative influence of a variable x; is

L= ) IO

splitsonx;

where P, is the empirical improvement by splitting on x? at that point. As a partial justification,
F can be interpreted by the relevance of the predictor variable x; (Friedman, 2001).

Gradient Boosting can provide fast and reliable models for many engineering simulations
and also find the optimal variables of a defined objective function. There are many
publications that focus on predicting future trends based on gradient boosting as a
machine-learning model. Dahiya, Saini and Chalak (2021) estimate the time period
of the irregular precast concrete structural system with cross bracing using gradient
boosting-based regression modeling. There are also studies that use gradient boosting
for forecasting the impact of climate change (Cai, Wei, Xu, & Ding, 2021; Cheng et al.,
2021) and energy prediction (Qiu et al., 2022). In addition, some scholars concentrate on
the comparison of the performance of the machine learning models (Dyer et al., 2022)
and develop a hybrid model using gradient boosting (Zhou, Fujita, Ding, & Ma, 2021).

Gradient Boosting can optimize different loss functions and provide several hyper
parameter-tuning options that make the function fit very flexible. On the other hand,
GBMs can be time and memory exhaustive and can also over-emphasize outliers and
cause over-fitting. Using cross-validation to neutralize the over-fitting is suggested.

3. Findings
3.1. Airport-Level Centrality

Centrality analyses provide a snapshot of the network at a single time. That is, how
many routes an airport has and which airports are most central and serve as a hub in
the network (Newman, 2010). Table 1 displays the main characteristics of the Turkish
airport network, including the number of airports, the number of edges (flight routes), and
centrality measures. The number of active airports increased from 2012 to 2020, since
some airports were temporarily closed and then reopened. The total number of routes
has increased steadily and significantly except in 2018. Currently, 51 airports have 580
routes covering the dyadic and unique edge. From an airport management point of view,
this demonstrates the improved accessibility in the system.
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The overall changes in the centrality values from 2012 to 2020 provide important insights
into the evolution of the Turkish airport system. Approximately 43% of airports had fewer
than five destinations in 2012. This rate dropped to 30% in 2020. Thus, the number of
destinations has increased. The accessibility of airports has also improved during the
same period. While 32% of airports could be accessed from less than only five departure
points in 2012, this rate decreased to 20% in 2020.

The unweighted graphs exhibit the topological characteristics of the network, and the
weighted graphs consider the flight frequencies (Table 2). The unweighted graph indicates
an increased performance on the average values of each centrality indicator. In the
weighted graph, averages of degree centrality and eigenvector regularly increased until
2018, but decreases were recorded after this year. The averages of betweenness showed
irregular patterns both in the weighted and unweighted graphs.
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Figure 2. Distribution of degree centralities in 2020

Airport-specific in-degree values showed that the airports in Istanbul (SAW, ISL, and IST)
are the most popular destinations in domestic flights both in unweighted and weighted
graphs. Readers should recall that ISL was closed in May 2019, and all operations were
moved to IST. These airports also had the highest out-degree connections during the
observation period except in 2012. Figure 2 shows the degree centralities of airports as
of 2020. Please note that this figure displays the total number of connections of each
airport and does not present the flight frequency. As can be seen from the figure, ESB,
ADB, AYT, TZX, ADA, and VAS are other airports with high degrees. It has also been
observed that although the airport density is high in the southeast part of the country, the
degrees of the airports in this region are relatively low.

Similar to degree centrality, airports in Istanbul yielded the highest eigenvector centrality
scores both in unweighted and weighted graphs. SAW received the highest eigenvector
centrality score from 2012 to 2016 in the unweighted graph, while ISL and IST received
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the highest score from 2017 to 2020. In the weighted graph, however, ISL yielded the
maximum eigenvector centrality score in the early years of observation, while SAW has
come to the fore since 2016. 2016 is a breaking point; because, for the first time, the
number of domestic flights operated from/to SAW exceeded those from ISL.

Nearly 35% of airports received a betweenness value of zero in 2012, which indicates
that a significant proportion of the sample had no shortest routes between other city
pairs. This rate decreased to 13.7% in 2020. The average betweenness has an inconsistent
trend and peaked in 2019. Although this value is lower in 2020, it is still greater than in
earlier periods. This suggests that there were more transit points during the outbreak era.
Similar to other centrality measures, airports of Istanbul (SAW, IST, and ISL) yielded

the maximum betweenness centrality scores in the unweighted graph.

Table 1: Unweighted Graph for Network Centrality

2012 2013 2014 2015 2016 2017 2018 2019 2020
Airports 47 50 50 52 51 50 50 52 51
Flight Routes 428 535 542 553 545 548 540 578 580
40 42 46 45 (SAW, 47 (IST,
In-degree Max | awy | sawy | POD | gawy sy | 460D | 458D | TighT | 46(ST)
Avg. 9.106 10.7 10.84 10.634 10.686 10.96 10.8 11.115 11.372
43 46 45 44
M 39 (ESB 44 (ISL 45 (ISL 48 (IST 46 (IST
Oudegree | X FESB) aw) | saw) | (sAw) | (saw) | HUSD) | 450SL) 48 (ST) | 46 (IST)
Avg. 9.106 10.7 10.84 10.634 10.686 10.96 10.8 11.115 11.372
Max 523.003 | 597.867 564.835 | 655.645 @ 596.324 537.405 573.862 « 624.905 766.250
Betweenness (ESB)  (SAW) (SAW) (SAW) (SAW) (SL)  (SL)  (IST)  (ST)
Avg. 38.191 39.5 39.04 41.615 40.313 39.04 39.28 40.730 40.333
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
M 1.00 (ISL
Bigenvector 2% | (SAW) | (SAW) (SAW) = (SAW) = (SAW) USLYqspy  asny st
Avg. 0.363 0.379 0.372 0.363 0.367 0.366 0.371 0.377 0.381
Table 2: Weighted Graph for Network Centrality
2012 2013 2014 2015 2016 2017 2018 2019 2020
Max 114753 126530 133020 132697 139878 134215 141203 132133 81174
il (ISL) = (SL) (ISL) (ISL)  (SAW) (SAW) (SAW) = (SAW)  (SAW)
Avg. 10285.85 | 11083.32 | 12121.24 | 12861.87 ' 13709.14 14243.6 ' 14369.64 | 11991.92 | 7023.588
Max 114734 126520 132865 132846 140220 134300 141222 132111 81444
Out-degree (ISL) (ISL) (ISL) (ISL) (SAW) (SAW) (SAW) (SAW) (SAW)
Avg. 10285.85 | 11083.32  12121.24  12861.87 | 13709.14 | 14243.6 | 14369.64 | 11991.92 @ 7023.588
Max 610.783 516.10 842.864 686.711 578.466 | 457.284 593906 @ 1186.252 495.00
Betweenness (AYT) = (AYT) (AYT) (KCO) (AYT) (AYT) (AYT) (AYT) (SAW)
Avg. 113.013 109.184 110.456 107.888 121.058 | 111.904 @ 113.421 140.865 119.570
1.00 1.00 1.00 1.00 1.00
M 1.00 (ISL) 1.00 (ISL) 1.00 (ISL) 1.00 (ISL
Bigenvector | (SL) 1.00(SL) 100QSL) LOOGSL)  sawy  (saw)  (SAW)  (SAW) | (SAW)
Avg. 0.133 0.133 0.142 0.150 0.157 0.167 0.159 0.136 0.143

The top ten most central airports for unweighted and weighted graphs are listed in Tables
3 and 4. The list has not changed significantly from 2012 to 2020. ESB, operating in the
capital city, was ranked at the top in 2012 and just followed the airports in Istanbul in the
remaining years. Remarkably, some airports with high degree and eigenvector centrality
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scores did not list in the betweenness centrality (ESB, ADB, GZT, BJV, DIY) of the
weighted graph. This finding is consistent with Wang et al. (2011), who found that airports
with a high degree centrality do not necessarily receive high betweenness scores. The hub
airports with high degree and eigenvector received relatively low betweenness centrality
scores. AYT, which is the main tourist destination, received the highest betweenness
score in most years.

Table 3: Most central airports (unweighted graph)

Rank In-degree Out-degree Betweenness Eigenvector
2012 2020 2012 2020 2012 2020 2012 2020
1 SAW IST ESB IST ESB IST SAW IST
2 ESB SAW SAW SAW SAW SAW ESB ESB
3 ISL ESB ISL ESB ISL ESB ISL SAW
4 AYT ADB AYT ADB AYT ADB AYT ADB
5 ADB ADA ADB VAS ADB AYT ADB AYT
6 TzZX AYT ERZ AYT TZX TzX TZX ADA
7 ADA TZX ADA TZX ADA ADA ADA TZX
8 ASR GZT TZX ADA ERZ SZF ASR VAS
9 YEI ERZ, VAN EZS ASR YEI VAS GZT ASR
10 GZT NKT ASR KYA SZF 18R ERZ KYA
Table 4: Most central airports (weighted graph)
Rank In-degree Out-degree Betweenness Eigenvector
2012 2020 2012 2020 2012 2020 2012 2020
1 ISL SAW ISL SAW AYT SAW ISL SAW
2 SAW IST SAW IST ERZ ERZ ADB ADB
3 ESB ESB ESB ESB SAW TZX ESB IST
4 ADB ADB ADB ADB YEI ADA SAW ESB
5 AYT AYT AYT AYT DNZ KFS AYT AYT
6 ADA ADA ADA ADA KYA IST ADA ADA
7 TZX TzZX TZX TzZX ADA AYT TZX TZX
8 BJV GZT BJV GZT GZT SZF BJX GZT
9 GZT BJV GZT BJV ESB VAS GZT BJV
10 DIY DIY DIY DIY EZS ASR DIY ASR

Considering all centrality measures, IST appears to be topologically the most central
airport of the domestic network as of 2020. However, SAW has been the most central
domestic airport recently when the numbers of flights are taken into account. ESB, ADB,
AYT, ADA, TZX, VAS, GZT, and ASR appeared to be the other hubs in the Turkish
domestic air transport system based on node-level centrality. Besides, the weighted graph
clearly exhibits the temporal and seasonal effects, geographical condition change, and
more. The tourism centers, financial centers, and regions with high population density can
also be specified in the weighted graph. Meanwhile, the permanent impact of the Covid-19
pandemic outbreak on the aviation network has been observed in the weighted graph.

Unweighted and weighted graphs produced quite different results for airport-level
centrality, where the topological perspective based on the unweighted graph could not
capture the temporal changes specific to the pandemic period. The weighted graph,
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on the other hand, successfully explained the changes in the airport network during
the pandemic period and revealed the losses in in-degree, out-degree, and eigenvector
centrality. Indeed, as Table 3 shows, the values of these metrics gradually decreased
during the pandemic. Betweenness centrality peaked in 2019 but dropped again in 2020.
Still, the average betweenness centrality is slightly higher compared to pre-pandemic,
indicating increased transit points.

3.2. Sources for Airport Centrality

The spatial characteristics of the geographical area can significantly affect airport centrality.
As demonstrated in previous studies, economic development (Wang et al. 2011; Wandelt
and Sun, 2015), population (Wang et al., 2011), tourism demand, and competition among
transportation modes (Lin, 2012) can improve the centrality of an airport. In the current
paper, the impacts of nine contextual variables on Turkish domestic airport centrality were
examined using Gradient Boosting Modeling: population of the city, socio-economic
development index (SEDI) and human development index (HDI) of the city, terminal size
(m2) of the airport, the annual number of citizen and foreign tourists hosted in the city,
percentage of international flights, nearest airport (km), and distance to the city center
(km). The results are presented in Table 5. The coefficients in the table show the relative
influence of each contextual variable on weighted centrality measures. The nearest airport
and distance to the city center as contextual variables do not have an empirical improvement
on weighted centrality measures, which have no value in Table 5.

Table 5: Relative influences of contextual variables on weighted centrality measures

Variables In-degree Out-degree Betweenness Eigenvector
Population 59.552 57.237 67.512 28.255
SEDI 36.573 37.854 3.962 19.860
Terminal size 3.469 3.471 - 47.364
Citizen tourist 0.406 0.406 11.402 4.521
Foreign tourist - - 13.107 -
HDI - 1.032 - -
Percentage of - - 4.016952 -
international flights

Nearest airport - - - -
Distance to the city - - - -
center

The results demonstrated the different drivers of each centrality metric in the Turkish
domestic airport network. In-degree and out-degree centralities are affected by similar
contextual variables. The city’s population is the most decisive attribute and the socio-
economic development of the population is the second major source. This finding supports
Wang et al. (2011) and Wandelt and Sun (2015), who highlighted the importance of
population and economic power for airport centrality. The size of the terminal area and
the number of citizen tourists are relatively less effective on in-degree and out-degree
centralities where the number of foreign tourists has no impact. This finding was expected
since the domestic network was examined in this study. Unlike in-degree, the out-degree
centrality is barely affected by the human development index of the city.
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Similar to in-degree and out-degree, the city’s population is the major source of betweenness
centrality. The numbers of both citizens and foreign tourists are more important for
betweenness centrality than other centrality metrics. While the percentage of international
flights improves the betweenness centrality, SEDI is much less effective. This finding
demonstrates the importance of tourism demand of the region (particularly the foreign
tourists) and international flights for an airport to have control over the connections in the
network and serve as a transshipment point. The drivers of the eigenvector centrality are
much different. The size of the terminal area is the most important driver for eigenvector
centrality and is followed by population and SEDI, where the impact of citizen tourists
is minimal. Eigenvector centrality in air transportation is associated with connections
to high-scoring airports, such as hubs, that are contributed by accessibility via more
frequent flights to a wider range of destinations. Larger terminal size allows for more gates
and improved facilities and can facilitate access to hubs, resulting in high eigenvector
centrality.

4. Conclusion

This research examined the temporal and spatial evolution of the airport network and
demonstrated the importance of exogenous sources for airport centrality. The network
performances of Turkish domestic airports were assessed by centrality measures. In
addition to unweighted topological assessments, weighted analysis was also performed
based on the flight frequencies.

The results indicated the most and least central airports and highlighted the temporal
changes during the observation period. Sabiha Gokc¢en (SAW) is the most central airport
in the domestic network. IST, ESB, ADB, AYT, and ADA are the airports with the most
domestic connections. Erzurum (ERZ), Trabzon (TZX), Adana (ADA), Kastamonu (KFS),
and Istanbul (IST) are the important hubs that connect the most airports in the domestic
network. Furthermore, Adnan Menderes (ADB), Istanbul (IST), Esenboga (ESB), and
Antalya (AYT) were identified as the airports with the strongest connections.

The average in-degree and out-degree centrality increased steadily until 2018. The degree
values decreased in 2019 due to the contraction in the domestic passenger market. Due
to the Covid-19 pandemic, the weighted degrees dramatically reduced in 2020. The
average betweenness followed an irregular course and reached a peak in 2019. Although
it decreased significantly in 2020, it is still higher than in previous periods. This indicates
increased transit points during the pandemic period. Here, we observed that the topological
perspective of the unweighted graph failed to explain the real impact of the pandemic
on the Turkish airport network. Therefore, we concluded that the weighted graph is
more useful for capturing the temporal and spatial evolution of the airport network by
highlighting the impacts of macro-environmental changes, such as the pandemic outbreak,
and produced more robust results than the unweighted graph.

The exogenous sources of airport centrality at the domestic level were investigated using
Gradient Boosting Modeling. The results demonstrated the importance of the population
and economic strength of the city on degree centrality, and the decisive roles of tourism
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demand (mainly the foreign tourists) and international flights on betweenness centrality. This
demonstrates the importance of location advantage for airport centrality. For eigenvector
centrality, the size of the passenger terminal seems to be more important than others, which
implies the importance of infrastructure on access to the main hubs in the domestic network.

Finally, a suggestion for future studies will be presented. In the literature, the robustness
of'the airport network structures in the face of unexpected events (such as random failures
and terrorist attacks) has been extensively analyzed (Lordan et al., 2014; Chen et al.,
2020; Sun and Wandelt, 2021). However, such a study has not yet been conducted for the
Turkish airport system. Further studies can address this issue and analyze the impact of a
hub airport’s temporary closure on the overall network, define the most critical airports,
and provide recovery suggestions.

Appendix: Airports with IATA codes

Airport IATA Airport IATA Airport IATA
Istanbul Atatiirk ISL Batman BAL Konya KYA
Istanbul IST Bingol BGG Malatya MLX
Istanbul Sabiha Gékgen SAW Bursa Yenisgehir YEI Mardin MQM
Ankara Esenboga ESB Canakkale CKZ Mus Sultan Alparslan MSR
Izmir Adnan Menderes ADB Canakkale Gokceada GKD Kapadokya NAV
Antalya AYT Denizli Cardak DNZ Ordu-Giresun OGU
Gazipasa Alanya GZP Diyarbakir DIY Samsun Carsamba SZF

Mugla Dalaman DLM Elazig EZS Siirt SXZ

Mugla Milas-Bodrum BJV Erzincan ERC Sinop NOP

Adana ADA Eskigehir Hasan Polatkan AOE Sivas Nuri Demirag VAS

Trabzon TZX Hakkari Yiiksekova Selahaddin Eyyubi YKO Sanliurfa GAP GNY
Erzurum ERZ Hatay HTY Sirnak Serafettin Elgi NKT
Gaziantep GZT Igdir Sehit Biilent Aydin 1IGD Tekirdag Corlu Atatiirk TEQ

Adiyaman ADF Isparta Stileyman Demirel ISE Tokat TIK

Agr1 Ahmed-i Hani AJl Kahramanmarag KCM Usak usQ

Amasya Merzifon MZH Kars Harakani KSY Van Ferit Melen VAN

Aydin Cildir ClI Kastamonu KFES Zafer KZR

Balikesir Koca Seyit EDO Kayseri ASR Zonguldak Caycuma ONQ
Balikesir Merkez BZI Kocaeli Cengiz Topel KCO
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A Multi Depot Multi Product Split Delivery Vehicle Routing Problem
with Time Windows: A Real Cash in Transit Problem Application in
Istanbul, Turkey
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ABSTRACT

In today’s highly competitive world market, companies and private enterprises deliver their business on time. Their value and total costs play
an essential role in their positions in the market. The most costly and difficult factors to regulate are shipping and distribution systems. The high
cost of transportation and distribution systems is one reason for the increase in vehicle routing problems and studies in logistics network design.
Vehicle routing problems (VRPs) are concerned with finding the optimal or near-optimal routes for vehicles to follow in meeting the demands of
customers or facilities. The cash in transit (CIT) problem as a version of the VRP, deals with the planning of money distribution from the depot(s) to
Automated Teller Machines (ATMs) safely and quickly. This paper investigates a novel CIT problem, which is a variant of split delivery VRP with time
windows. To establish a novel approach to the CIT problem, different money currencies are considered. Also, multiple depots and heterogeneous
fleet are included in the problem. To handle the CIT problem more realistically, a risk constrained multi-depot multi-product heterogeneous fleet
split delivery VRP with a time windows formulation is proposed. The problem is hence formulated as a mixed-integer mathematical model. The
mathematical model is run for different scenarios and optimal routes are obtained. The experimental analysis shows that the mathematical model
developed, can help decision-makers to obtain effective solutions for their CIT operations with different money currencies.
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1. The Cash in Transit Problem

The cash transportation problem has not received much attention in the literature, and
there are few studies focusing on this problem. One of the key reasons why robberies are
so common is the lack of security analysis during the route planning process (Hepenstal
& Johnson, 2010). CIT operations should be carefully planned in case of theft. Banks’
cash management is of great interest due to significant changes in interest rates and
the availability of funds, particularly during periods of recession. This emphasis on
cash management is prompted, in part, by the relatively low cost of cash management
costs compared to general banking costs, and in part by a cost effective process due to
increased liquidity in times of a liquidity crunch (Agoston, Benedek, & Gilanyi, 2016).
CIT transport activities include the receipt, transportation, and distribution from payment
centers, bank branches, ATMs, jewelers, and retail stores of valuables (i.c., cash, shares,
jewelry, and other financial instruments). Financial companies, such as banks, exchange
offices, jewelers, major supermarket stores, etc., perform CIT operations. Such services
are requested by businesses that process large amounts of cash and other valuables daily
(Bozkaya, Salman, & Telciler, 2017). However, following the global economic downturn,
the volume of cash in circulation worldwide has risen annually and continues to play an
important role in recent decades. Cash sales globally were valued at $11.6 trillion in 2012,
with a 1.75 percent increase between 2008 and 2012. The CIT business, banknotes, coins
and valuables are used for this purpose. In general, cash and valuables are exchanged
between consumers and one or more cash depositors or institutions, usually via ground
vehicles (armored or unarmored) (Talarico, 2016).

Crime is a major concern due to the nature of the items being carried, and CIT carriers
are constantly vulnerable to serious security risks such as theft and gun attacks. Attacks
on CIT instruments are certainly not uncommon, but the number of incidents, risk ratios
and average casualties differ by region. The United Kingdom is the European country
with the most attacks on cash carriers and the highest risk ratio and casualty statistics. In
2008, there were over 1,000 confirmed attacks against CIT carriers (Talarico, Sorensen, &
Springael, 2015). Vehicle routing and timing for cash transportation are critical for security
carriers to reduce operating costs and ensure safe cash delivery (Yan, Wang, & Wu, 2012).
It is vital to develop strategies to better avoid the outbreak of robbery. Cash transport
companies supply cash, valuable documents, precious metals and other items used by
the banking and finance industries. It provides storage, counting and custody services
for these institutions’ shares and payment system equipment. Cash transport companies
are responsible for the relevant value within the time it takes to deliver the money and
value it receives. The CIT company is primarily responsible for the losses that may occur
in the assets transported and stored within the liability period specified as a trap in the
sector. For this reason, cash transportation companies have arranged all their operation
processes, the containers they use in transportation, to protect the value of vehicles and
buildings. Armored vehicles are equipped with different armor levels according to the risk
of the mission. The cash counting centers where cash is stored have been designed and
built to meet the needs in terms of architecture and construction. Up-to-date electronic
protection and detection systems are used in armored vehicles, and cash counting and
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cashing centers. In this respect, cash transportation companies stand out as businesses that
constantly invest in security systems. To maximize cash conveyance protection in actual
activities, regular cash transportation vehicle routes and schedules must vary significantly,
making certain vehicle routes and schedules challenging to formulate.

Boonsam et al. consider a case study on the application of techniques for solving an
assignment problem (AP) and a vehicle routing problem with time windows (VRPTW)
that occurred in the cash distribution of a bank in Bangkok, Thailand (Boonsam,
Suthikarnnarunai, & Chitphaiboon, 2011). Michallet et al. address a periodic VRPTW
submitted by a software company specialized in transportation problems with security
constraints. The hours of visits to each customer over the planning horizon must be spread
in the customer’s time window (Michallet, Prins, Amodeo, Yalaoui, & Vitry, 2014). Van
Anholt et al. introduce the model and solve a rich multi-period inventory-routing problem
with pick-ups and deliveries motivated by replenishing ATMs in the Netherlands (Van
Anbholt, Coelho, Laporte, & Vis, 2016). Larrain et al. model rich and challenging VRP,
called the inventory-routing problem with cassettes and stockouts, as the inventory-
routing problem (Larrain, Coelho, & Cataldo, 2017). Tarantilis and Kiranoudis present a
decision support system (DSS) that uses an intelligent metaheuristic approach and exploits
risk methodologies and spatial data information to allow logistics planners to design
safe intra-city distribution routes. The DSS routes reduce the likelihood of a profitable
vehicle burglary at a certain point on the road network while still satisfying all the
operating constraints of the delivery problem (Tarantilis & Kiranoudis, 2004). Sorensen
et al. present a version of the VRP to improve protection in the CIT market. A particular
index is used to measure the vulnerability of a vehicle to the possibility of being stolen
along its path (Talarico, Sorensen, & Springael, 2017). Ghannadpoir and Zandiyeh aim
to develop a model for solving VRP with two objective functions; risk minimization and
distance minimization to optimize the safety of cash/valuable commaodities transportation
(Ghannadpour & Zandiyeh, 2020).

In the CIT problem handled in this study, most of the ATMs contain different currencies.
Some regions with more tourists and these people need more global currencies. In other
words, their amounts vary for each location. Some of them require more global currencies,
while others require the main currency of the country. Furthermore, banks take certain
constraints into account when transporting money to ATMs. One of them is the time
window. Banks define the time intervals for each ATM that money can be delivered to
the ATM. This time window may also differ between ATMs. This difference may vary
according to the ATM location, the population density of the region, traffic density and
transportation networks. In the problem discussed, the allocation of money to each ATM
must be between the starting and ending times of the time window. The vehicle arriving
at the ATM early will have to wait until the starting time of the ATM’s time window.
However, due to parking problems at some ATMs, waiting is not allowed. So, it reduces
the flexibility of the vehicles while avoiding risks. With split delivery, some vehicles
deliver some money and go for the further deliveries, and others can top up the rest of
the money. With this feature, vehicles have more flexibility in creating their routes at
cheaper costs. The traveling time of the vehicle depends on the location of the ATM/
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depot. So, if there is more than one depot, the vehicle could be more flexible regarding
the cheaper route and avoid risks during delivery.

This paper’s main contributions can be summarized as follows: (1) With multi-product
features, the ATMs’ demands become more realistic. (2) The split delivery and multi
depot problem becomes more complex and allows the vehicles more flexibility. (3)
Since the products inside the vehicle are valuable, there is some risk of theft, so with this
problem, the vehicles avoid the risks while creating their routes. (5) A new mathematical
formulation for the novel CIT problem is presented. (6) Money distribution routes are
created for different numbers and types of vehicles.

This study is organized as follows: the basic explanations for VRP are given in Section
2. In Section 3, the proposed methodology to obtain the optimal route(s) is explained.
The results are presented and discussed through a sensitivity analysis in Section 4. The
last section shows the conclusions and future recommendations.

2. Vehicle Routing Problem

The VRP, in its simplest and general form, is a routing problem in which the constraints
are taken into account in order to provide a full service to customers and at the same
time it aims to minimize the cost. Dantzig and Ramser proposed the first VRP model in
1959 (Dantzig & Ramser, 1959). The problem can be described as “the design of a set
of minimum cost vehicle routes that start and end from a central warehouse for a fleet
of vehicles while serving a range of customers”. The VRP is a model that serves a set of
customers in multiple vehicles in one or more warehouses. It is concerned with finding
the most fitting routes for its fleet. The challenge is designing the lowest priced routes
for vehicles with complex constraint sets. The definitions of costs can differ from one
situation to another. The expense description can vary from one situation to another, but
the total distance of vehicles is considered as the objective function in the simplest case.
While a pure routing problem has only a regional component, a timing element and a
time component require more practical considerations.

In the first proposed VRP model, the homogeneous vehicles supply services/products to
customers using the available resources of a depot. The vehicles are identical, have the same
capacity and speed (homogeneous fleet). Each customer has a demand and this demand
must be satisfied by vehicles. Additionally, each arc from one node to another (customer and
depot) has a transportation cost. These costs usually represent distances, traveling times, or
a combination of these factors (Caceres-Cruz, Arias, Guimarans, Riera, & Juan, 2014). The
VRP and its extensions are a well-studied research area among academics and researchers.
According to problem structures, these extensions deal with certainty (deterministic) and
uncertainty (i.e. stochastic, fuzzy, or robust). These issues can include a wide variety of
real-life constraints related to time and distance factors, the use of heterogeneous fleets,
linkage with inventory and scheduling problems, security conditions, environmental and
energy issues, traffic density, and more (Caceres-Cruz et al., 2014).

In VRP, which is encountered during the distribution of goods and services in companies,
if various assistance such as consultancy, tracking systems and programming are not
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received for this problem, this situation causes high costs in some sectors. Due to these
very high costs, the practical solution to VRPs is important for companies in reducing
their costs. Figure 1 shows an example of a VRP solution.

20 4

10 4

Figure 1: An example of a VRP solution

The topics reviewed are usually more accessible than the challenges of everyday life.
Although certain restrictions are omitted, the studies usually model key features and
include key findings used in examining and executing real-life problem structures.
There are a lot of different variations of VRP. Various types of VRP are available in the
literature according to the constraints. The road network, customers, depots, vehicles and
drivers are key components of VRP. Different restrictions and situations can be placed
on each variable to build various versions of VRP, and each may be necessary to achieve
unique goals. We can count these variants as Simple VRP, Capacitated VRP (CVRP),
vehicles with capacity, VRP with time windows (VRPTW), and a VRP generalization
with additional permissible complication time windows. In these situations, a customer’s
operation involving the pick-up (delivery) of goods or services, may begin within the
time window specified by the earliest and latest times the customer will allow the service
to begin (Desrochers, Desrosiers, & Solomon, 1992). A customer must be visited by one
vehicle rule is flexible and can be visited by more than one vehicle in Split Delivery VRP
(SDVRP) (Archetti & Speranza, 2012). In Multi Depot VRP (MDVRP), each customer
is visited by a vehicle-based at one of several depots (Ramos, Gomes, & Barbosa-Pdvoa,
2020). In some VRP appiications, the distance to be travelled may be limited for vehicles
to be used in routing. Such problems are called Distance Restricted VRP (DCVRP).
Periodic VRP (PVRP) is the problem of making the planning period more than one
day. Each customer must be visited at least once within the specified period. In VRP
with back-haul (VRPB), consumers can demand or return these goods. It is currently an
extension of CVRP in which customers are split into two subsets: customers with line-
haul and back-haul. In VRP with Pick-up and Delivery, the starting and ending points of
the routes are the depots and each customer requests a vehicle, and while this is done,
the vehicle capacity cannot exceed the total demand on the route (Goksal, Karaoglan,
& Altiparmak, 2013).
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Extensions used in this study are briefly described: 7ime Window: The feature that
distinguishes the vehicle routing problem with a time window from others is that the
customer is visited within a certain time interval. VRPTW is divided into two according to
the time interval mentioned. It is a hard VRPTW when the delivery/transaction cannot be
made before the specified time interval and a soft VRPTW when the delivery/transaction
is carried out, but the penalty cost is incurred when the delivery/transaction is gone (Ho &
Haugland, 2004). Multi Depot Vehicle Routing Problem: There is only one warehouse for
traditional VRP, and all vehicles in that warehouse start and finish their routes. MDVRP
has several depots. In this problem, each client in one of several depots is visited by a
vehicle (Stodola, 2018). Split-Delivery Vehicle Routing Problem: In this VRP type with
split demand, more than one vehicle can visit the customer, and the customer demand can
be divided. Since one of the purposes is to minimize the cost, if cost reduction is in, VRP
may be handled in this way. Some of the remarkable studies in the literature considering
the extensions mentioned above are summarized according to the constraints in Table 1.

Table 1. Constraints of some of the remarkable studies

Heterogeneous |  Multi Split Multi Time .
Study Fleet Depot Delivery Product Window Risk
(Afshar-Nadjafi & Afshar-Nadjafi, 2017) Yes Yes No No Yes No
(Xu, Wang, & Yang, 2012) Yes Yes No No Yes No
(Yao, Yu, Hu, Gao, & Zhang, 2016) Yes No No No No No
(Levy, Sundar, & Rathinam, 2014) Yes Yes Yes No No No
(Soeanu, Ray, Berger, Boukhtouta, &
IDigtbibgof, 2L No Yes No No No Yes
(Wang et al., 2020) Yes Yes No No No Yes
(Nugroho, Nafisah, Khannan, Mastrisiswadi,
s Inrmndlaec, 2100) Yes Yes Yes Yes Yes No
(Park, Yoo, & Park, 2016) No No Yes No Yes No
(Kaabachi, Jriji, & Krichen, 2017) No Yes No No Yes No
(Sharma & Saini, 2020) No Yes No No No No
This study Yes Yes Yes Yes Yes Yes

Kaabachi et al. propose an advanced meta-heuristic ant colony optimization and local
search to resolve the new type of multi-depot heterogeneous VRP with time windows.
In this type, the proposed green multi-depot heterogeneous VRP with time windows,
they try to optimize the cost of fuel consumption and emission (Kaabachi et al., 2017).
Nugroho et al. focus on the distribution of fuel for Premium and Bio-Solar products.
In determining the distribution route and distribution time, a heterogeneous fleet, split
delivery, multiple products, multiple trips and time windows constraints are considered
(Nugroho et al., 2020). Xu et al. solved the multi depot heterogeneous fleet VRP with
time windows by constructing and modifying a variable neighborhood search algorithm
(Xu et al., 2012).
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As a result of the literature research, it is seen that the problem handled in this study is a
novel VRP concerning the banking sector. This study deals with the multi-depot, multi-
product, heterogeneous fleet, time window and split delivery VRP considering the risk.
This study also has a real-life application.

3. Proposed Mathematical Model

The problem is defined on a directed graph expressed as G = (N,4), where N represents
the set of nodes and A represents the set of arcs between nodes. The location of each
ATM and depot is represented as a node. The index “1”” and “2” represent the depot node.
The set of arcs defined on A={(i,j):Vi, j € N, i#j} . In this model, P represents the set
of products, and each product is represented as set p € P. The problem is given by a set
of ATMs J, at different locations. Each connection between location (i, j), where i #j
and i, j € N and, has a travel time 7;; and a distance traveled Cj; that are not symmetrical
(#;# t; and ¢; # ¢;;) and ¢;; is nonnegative; denoted by d;, the demand at the point i. The
ATM is served from two depots with a limited and heterogeneous fleet. The vehicle has
to leave from and return to the depot at the end. There is a set of K of the vehicle with
identical capacities for each product. The capacity of each vehicle for each product
k € Vis represented by gy,,. There are two different depots, and all depots have the capacity
for three products V;,. Each ATM i € J has a time window, i.e., between [e;, /;],, where ¢;
<1, which means the earliest time of the ATM and the ATM’s latest time to start service
for ATM i. Let S, be the service time at ATM i. When the vehicle arrives at the depot,
it might be waiting in the parking area for the service time if there is a parking area.
More than one vehicle can fulfill the demand of an ATM. This happens in all situations
where any demand exceeds the vehicle’s capability, but in other cases, it may also be
cost-effective. There are robbery risks (7;;) between nodes and the sum of the risks at the
used arcs cannot exceed the maximum risk (R)

Set/Indices

N Set of all nodes (depots and ATMs)

j Set of all ATMs

1 Set of all depots

P Set of all products

K Set of all vehicles

QO Set of all locations that don’t have a parking area
Parameters

M Big Number

m number of ATMs

C;; distance between i and j
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d;, the demand of customer i for product p

g, the capacity of vehicle k for product p

Vi, the capacity of depot i for product p

S; service time for ATM i

e; earliest service time for ATM i

[; latest service time for ATM i

r;; risk between i and j

Decision Variables

x;ix 1, if ATM j is supplied after ATM i by vehicle k; 0, otherwise
z; 1,if ATM j is served from depot i; 0, otherwise

Ujauxiliary variable for sub-tour elimination constraints for vehicle k
Bk, fraction of ATM j’s demand p delivered by vehicle k

L leaving time for vehicle k at node i

Ajarriving time for vehicle k at node i

Wi waiting time for vehicle k at node i

Formulation

2,00

kev ieN jen 3.1)

The objective of the proposed mathematical model is to minimize the total cost under
the following constraints:

Z dipBjip < qrp vk €EK,Vp € P
jen (3.2)

Constraint (3.2) is a vehicle capacity constraint that guarantees that each product’s vehicle
capacity is not exceeded.

UL-k—Ujk+mXiij(m—1) Vi,j€J,Vk €K (3.3)

Constraint (3.3) is a sub-tour elimination constraint.

zxijk_zxjik=0 ViEeEN,Vk €K

JeN JeN (3.4

Constraint (3.4) is a balance constraint for each node in each of the routes.
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ZZ%‘kSl vk € K

i€l jeJ (3.5)
Constraint (3.5) provides a vehicle to exit from one depot at the most.

Zdipzij =V Viel,Vvp€eP

S (3.6)

Constraint (3.6) is the constraint of depot capacity that accounts for the total demands
of ATMs assigned to a depot not to exceed the depot’s capacity.

Mz; = Z (eipre + xgj1) Viel,VjeJ Vk €K
feh (3.7)

Constraint (3.7) provides an ATM to be on the depot route to which the ATM is assigned.

zxjik 2 Bjkp Vj€J,VkeK,Vp€EP

iEN (3.8)
Constraint (3.8) ensures that each ATM’s demand can be met only if the vehicle goes
through that location.

Z.Bjkpzl Vi€, Vk e K,Vp EP

keK (3.9)

Constraint (3.9) ensures that each ATM ‘s total demand can be met.
Aj — Ly + M(l — xijk) = tjj Vi,j € N,Vk € K (3.10)
Ajk—Ll-k+M(xl-jk—1) < tij Vl,] €EN,Vk €K G.11)

Constraint (3.10) and (3.11) add the departure time and travel time to determine the
relevant node’s arrival time.

Aji + 5+ Wi = Ly Vie] Yk €K (.12)

Constraint (3.12) adds the waiting and service time passed at any node to the arrival time,
allowing it to determine when it leaves the relevant node.

Ay + Wy, > e Vi €EN,Vk €K G.13)
Ly <l Vi € N,Vk €K (3.14)
Constraints (3.13) and (3.14) are time window constraints.

Ly,=0 Vk € K (3.15)
Ly, =0 Vk € K (3.16)

With constraints (3.15) and (3.16), the vehicle leaves the depots (node 1 and 2) at the start.
qu =0 Vq € QVk eK 3.17)
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1snue|Bes juepfau0: |9.9an

atirk (=)
kapaly W

With constraint (3.17), the vehicles cannot wait for the ATM with no parking area.

EZrijxjik <R

i€l jeJ

Vk € K
(3.18)

Constraint (3.18) ensures that the total risk cannot exceed the maximum risk for each
vehicle.

Uiter B o Likr Aitr Wige 2 0 Vi,j € N,Vk €K,Vp € P

(3.19
Constraint (3.19) is a non-negativity constraint for decision variables.
Zzzxijkzo Vi,j € 1,vk € K
kev i€l jel (3.20)

Constraint (3.20) ensures that there are no routes to be travelled between any two depots.

xijk,2ij€{0,1} Vi,j € N,Vk €K (321)

Constraint (3.21) is a binary constraint for decision variables.

4. The Real Case Application in Istanbul

Within the scope of the study, the Besiktas district of Istanbul is considered as an
application area for the CIT problem. The socio-economic population, location, shopping
centers, schools, and business centers of the district play an important role in selecting the
region. The process of money distribution to the ATMs of a public bank operating in this
region is discussed. The bank has 19 ATMs and 2 depots in this region. All nodes can be

?

Zincirlike
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o1}
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Figure 2: ATMs and depots at Besiktas region
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seen in Figure 2. In the proposed methodology, the locations of the ATMs, the departure
nodes and available parking areas are important. Google maps is used to determine the
locations of these nodes. The distances between the ATMs are determined considering
the actual travel/traffic distances.

Within the scope of this study, the CIT problem for 19 ATMs located in the Besiktas
region in Istanbul is handled. Eight of these ATMs are located at bank branches, three
in shopping centers, seven on the streets and one at the metro station. The locations of
ATMs affect service times and time windows. For example, while the money loading
service to ATMs should be completed before the shopping center is opened, for ATMs
at bank branches, this service should be performed after the branch opening. Likewise,
service times depend on ATM locations, too. For example, the service times of the ATMs
at the metro stations are longer than the others. All the service times and time windows
of the ATMs are determined according to historical data and expert opinions, and given
in Table 2. The money distribution process starts at 06:00 and must finish before 14:00.

Table 2. Types, service times and time windows of ATMs

ATM ID Service Time(min) | Earliest Latest | ATM ID Service Time(min) = Earliest Latest
3 20 06:00 10:00 13 25 10:00 14:00
4 25 10:00 14:00 14 20 06:00 10:00
5 25 10:00 14:00 15 30 06:00 07:00
6 30 06:00 | 07:00 16 30 06:00 07:00
7 25 10:00 14:00 17 20 06:00 10:00
8 20 06:00 10:00 18 20 06:00 10:00
9 40 06:00 | 07:00 19 25 10:00 14:00
10 25 10:00 14:00 20 25 10:00 14:00
11 20 06:00 10:00 21 25 10:00 14:00
12 25 10:00 14:00
Table 3. The demands of each ATM
Demand Demand
ATM ID ATM ID
€ $ b € $ b

3 10000 8000 150000 13 12000 15000 180000
4 10000 8000 170000 14 9000 12000 140000
5 20000 25000 240000 15 5000 6000 200000
6 5000 5000 200000 16 6000 5000 250000
7 14000 20000 220000 17 12000 10000 180000

8 4000 5000 140000 18 2500 10000 160000
9 22000 15000 300000 19 2000 2000 120000
10 9000 7000 130000 20 2000 2000 120000
11 5000 4000 150000 21 3000 3000 90000
12 15000 20000 280000
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Table 4. Vehicle capacities

The amount of money deposited to and withdrawn from the ATMs during the day is important
for determining the daily money needs of the ATMs. Therefore, it is necessary to determine
the daily money accurately. In this study, historical data is used to determine the amount of
money required for each ATM. Table 3 gives the demand for each type of money for each ATM.

Armored vehicles are used to safely transport money from one destination to another.
The cash needs of ATMs are met from the depot by armored vehicles. These vehicles
have different types and different capacity constraints.

They have the same technical properties as each other; in other words, they are identical.
The only difference is in terms of their insurance levels. The insurance level determines
the maximum amount of money that a vehicle can carry; the higher the capacity of the
vehicle, the more the cost of insurance. The firm has two different types of vehicles, two
of each. The armored vehicles’ capacities are given in Table 4.

Capacity
Vehicle
€ $ b
1 47000 47000 1050000
2 47000 47000 1050000
3 42000 42000 700000
4 42000 42000 700000

Table 5. Depot capacities

The firm distributes money to ATMs from two different depots. These depots have
different capacities for each money type. The capacities of depots are given in Table 5.

Capacity
Depot
€ $ b
1 85750 90250 1800000
2 85750 90250 1800000

In this study, the CIT problem is studied. For the CIT problem, the risk factors are
determined by a comprehensive literature review and then the most appropriate ones
are specified by consulting with the anonymous experts that work on or study money
transportation operations. As a result, the critical risk factors for money distribution are
determined as the distance to residential areas, traffic density, the structure of the road, etc.

Road factors are important in determining risks for CIT operations. Traffic on the road,
conditions of the road affect the accident risks that may cause theft. Road capacity can
be determined according to the number of lanes in the road. The road material (gravel,
asphalt, etc.) is taken into consideration in determining the risks. Also, deteriorated
roads may cause an accident. So road condition plays an important role for money
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distribution. These factors are very important for possible accident and/or theft of the
vehicle, which carries money from a depot to the ATMs. In this study, the risks of the
roads the vehicle uses in the distribution network are determined by expert interviews.
The experts determine the risk values of the roads between 0.1 and 0.9 considering the
proximity of the road to shopping and residential areas, traffic density, the structure of
the road, etc.

In this study, the Delphi technique is used when determining the risks. In the technique,
interviews with five different experts were carried out face-to-face and via e-mail during
the assessment of the risks. These experts work for money transportation operations. In
addition, the opinions of two different academics taking part in academic studies and
projects on similar subjects are also taken, and the first meeting is held with the experts
and ideas were collected to better understand the current situation and the problem. These
negotiations are repeated until consensus is achieved, and expert opinions are obtained
again and again. At the end of the process, a comprehensive common opinion is shared
with the experts about the risks. As a result of the evaluations expressed by the experts
of the risks, it is concluded that the experts had same opinions about the risks. Thus,
the identified risks are integrated into the study. Lastly, the maximum risk is set at 1.4
according to firm policy and consultation with experts to determine the optimum route.

After the values of all the parameters are determined, the optimum distribution routes
obtained by the mathematical model are shown in Figure 3 with different colors for each
vehicle. The mathematical model is solved by IBM ILOG Cplex OPL Optimization
Studio 12.8.

The ATMs that each vehicle distributes according to their capacity, traveling times between
ATMs, arrival times to ATMs, service and waiting times at ATMs and departure times
from ATMs are given in Table 6.

The objective function for this route is determined as 87750 TL (Turkish Lira). According
to obtained route, Vehicle 1 distributes money during the time period between 06:00-
14:00. The vehicle departing from the depot follows the route of Depot 2-ATM 16-ATM
8-ATM 17-ATM 14-ATM 12-Depot 2. It arrives at ATM 16 at 06:12:00 and completes
the money loading process at 06:42:00 including 30 minutes of service time, and departs
from ATM 16. It arrives at ATM 8 at 06:47:00 and completes the money loading process
at 07:07:00 including 20 minutes of service time; the vehicle waits for 2 hours and 3
minutes at ATM 8 and departs from ATM 8 at 09:10:00. It arrives at ATM 17 at 09:15:00
and completes the money loading process at 09:35:00 including 20 minutes service time
and departs from ATM 17. It arrives at ATM 14 at 09:40:00 and completes the money
loading process at 10:00:00 including 20 minutes of service time, and departs from ATM
14. Finally, Vehicle 1 arrives at ATM 12 at 10:03:00 and waits until 13:35:00 because of
the earliest service time, then completes the money loading process at 14:00:00 including
25 minutes of service time and departs from ATM 12 and goes to Depot 2.

Vehicle 2 distributes money during the time period between 06:00-14:00. The vehicle
departing from the depot follows the route of Depot 1-ATM 15-ATM 18-ATM 19-ATM
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Vehicle 1

Vehicle 2
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Figure 3: Optimum money distribution routes

7-ATM 10-ATM 5-Depot 1. It arrives at ATM 15 at 06:13:00 and completes the money
loading process at 06:43:00 including 30 minutes service time and departs from ATM 9.
It arrives at ATM 18 at 06:47:00 and completes the money loading process at 07:07:00
including 20 minutes of service time; the vehicle waits for 2 hours and 53 minutes at
ATM 18 and departs from ATM 18 at 10:00:00. It arrives at ATM 19 at 10:04:00 and
completes the money loading process at 10:29:00 including 25 minutes service time,
and the vehicle waits for 2 hours and 4 minutes at ATM 19 and departs from ATM 19
at 12:33:00. It arrives at ATM 17 at 12:37:00 and completes the money loading process
at 13:02:00 including 25 minutes of service time and departs from ATM 7. After that
vehicle arrives at ATM 7 at 12:37:00 and completes the money loading process at 13:02:00
including 25 minutes of service time and departs from ATM 7. After that vehicle arrives
at ATM 10 at 13:07:00 and completes the money loading process at 13:32:00 including
25 minutes service time and departs from ATM 10. Finally, vehicle 2 arrives at ATM 5
at 13:35:00 and completes the money loading process at 14:00:00 including 25 minutes
of service time and departs from ATM 7 and goes to Depot 1.

Vehicle 3 distributes money during the time period between 06:00-14:00. The vehicle
departing from the depot follows the route of Depot 2-ATM 9-ATM §-ATM 13-ATM
21-ATM 20-Depot 2. It arrives at ATM 16 at 06:10:00 and completes the money loading
process at 06:50:00 including 40 minutes of service time and departs from ATM 16.
It arrives at ATM 8 at 06:52:00 and completes the money loading process at 07:12:00
including 20 minutes of service time; the vehicle waits for 2 hours and 48 minutes at ATM
8 and departs from ATM 8 at 10:00:00. It arrives at ATM 13 at 10:08:00 and completes
the money loading process at 10:33:00 including 25 minutes of service time; the vehicle
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Table 6. Money distribution route for each vehicle

Stop D::;n)c € D,ll:::ll;g Arrival Time Service Time “,;flii;i:g Deg?:::re
Vehicle 1

Depot 2 - - - - - 06:00:00
ATM 16 6.2 00:12:00 06:12:00 00:30:00 - 06:42:00
ATM 8 1.9 00:05:00 06:47:00 00:20:00 02:03:00 09:10:00
ATM 17 1.8 00:05:00 09:15:00 00:20:00 - 09:35:00
ATM 14 1.1 00:05:00 09:40:00 00:20:00 - 10:00:00
ATM 12 0.8 00:03:00 10:03:00 00:25:00 03:32:00 14:00:00
Depot 2 6.6 00:11:00 14:11:00 - - -
Vehicle 2

Depot 1 - - - - - 06:00:00
ATM 15 11.3 00:13:00 06:13:00 00:30:00 - 06:43:00
ATM 18 1.3 00:04:00 06:47:00 00:20:00 02:53:00 10:00:00
ATM 19 1.7 00:04:00 10:04:00 00:25:00 02:04:00 12:33:00
ATM 7 1.9 00:04:00 12:37:00 00:25:00 - 13:02:00
ATM 10 1.8 00:05:00 13:07:00 00:25:00 - 13:32:00
ATM 5 1.2 00:03:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.9 00:12:00 14:12:00 - - -
Vehicle 3

Depot 2 - - - - - 06:00:00
ATM 9 53 00:10:00 06:10:00 00:40:00 - 06:50:00
ATM 8 0.75 00:02:00 06:52:00 00:20:00 02:48:00 10:00:00
ATM 13 2.5 00:08:00 10:08:00 00:25:00 02:25:00 12:58:00
ATM 21 3.2 00:07:00 13:05:00 00:25:00 - 13:30:00
ATM 20 1.8 00:05:00 13:35:00 00:25:00 - 14:00:00
Depot 2 6.6 00:10:00 14:10:00 - - -
Vehicle 4

Depot 1 - - - - - 06:00:00
ATM 6 8.1 00:12:00 06:12:00 00:30:00 - 06:42:00
ATM 11 0.75 00:03:00 06:45:00 00:20:00 02:30:00 09:35:00
ATM 3 2.7 00:05:00 09:40:00 00:20:00 - 10:00:00
ATM 5 0.45 00:01:00 10:01:00 00:25:00 03:05:00 13:31:00
ATM 4 1.8 00:04:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.2 00:11:00 14:11:00 - - -

waits for 2 hours and 25 minutes at ATM 13 and departs from ATM 13 at 12:58:00. It
arrives at ATM 21 at 13:05:00 and completes the money loading process at 13:30:00
including 25 minutes service time and departs from ATM 21. Finally, Vehicle 4 arrives
at ATM 20 at 13:35:00 and completes the money loading process at 14:00:00 including
25 minutes of service time and departs from ATM 20 and goes to Depot 2.

Vehicle 4 distributes money during the time period between 06:00-14:00. The vehicle
departing from the depot follows the route of Depot 1-ATM 6-ATM 11-ATM 3-ATM
5-ATM 4-Depot 1. It arrives at ATM 6 at 06:12:00 and completes the money loading
process at 06:42:00 including 30 minutes of service time and departs from ATM 6. It
arrives at ATM 11 at 06:45:00 and completes the money loading process at 07:05:00
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including 20 minutes of service time; the vehicle waits for 2 hours and 30 minutes at ATM
11 and departs from ATM 11 at 09:35:00. It arrives at ATM 3 at 09:40:00 and completes
the money loading process at 10:00:00 including 20 minutes of service time and departs
from ATM 3. It arrives at ATM 5 at 10:01:00 and completes the money loading process
at 10:26:00 including 25 minutes of service time; the vehicle waits for 3 hours and 5
minutes at ATM 5 and departs from ATM 5 at 13:31:00. Finally, it arrives at ATM 4 at
13:35:00 and completes the money loading process at 14:00:00 including 25 minutes of
service time and departs from ATM 4 and goes to Depot 1.

4.1. Sensitivity Analysis

The proposed model for the CIT problem, which considers risks and different types of
money for distribution, provides a more realistic approach than the mathematical models
prepared for the traditional CIT problem. By solving the mathematical model, accurate
and efficient results are obtained. The sensitivity analysis is performed to demonstrate
and prove the proposed mathematical model’s accuracy and efficiency by comparing

Table 7. Money distribution routes for each vehicle for Scenario 1

Stop Dg(tlz:ln)c ¢ Dll:;;;llzg Arrival Time = Service Time “?;:I:Ielg De};:;f:re
Vehicle 1

Depot 2 - - - - - 06:00:00
ATM 9 53 00:10:00 06:10:00 00:40:00 - 06:50:00
ATM 8 0.75 00:02:00 06:52:00 00:20:00 02:23:00 09:35:00
ATM 17 1.8 00:05:00 09:40:00 00:20:00 - 10:00:00
ATM 12 1.9 00:04:00 10:04:00 00:25:00 02:29:00 12:58:00
ATM 21 4.1 00:07:00 13:05:00 00:25:00 - 13:30:00
ATM 20 1.8 00:05:00 13:35:00 00:25:00 - 14:00:00
Depot 2 7.7 00:10:00 13:40:00 - - -
Vehicle 2

Depot 1 - - - - - 06:00:00
ATM 15 11.3 00:13:00 06:13:00 00:30:00 - 06:43:00
ATM 18 1.3 00:04:00 06:47:00 00:20:00 02:53:00 10:00:00
ATM 19 1.7 00:04:00 10:04:00 00:25:00 02:04:00 12:33:00
ATM 7 1.9 00:04:00 12:37:00 00:25:00 - 13:02:00
ATM 10 1.8 00:05:00 13:07:00 00:25:00 - 13:32:00
ATM 5 1.2 00:03:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.9 00:12:00 14:12:00 - - -
Vehicle 3

Depot 2 - - - - - 06:00:00
ATM 16 6.2 00:12:00 06:12:00 00:30:00 0 06:42:00
ATM 14 1 00:04:00 06:46:00 00:20:00 02:54:00 10:00:00
ATM 12 0.8 00:03:00 10:03:00 00:25:00 03:01:00 13:29:00
ATM 13 2 00:06:00 13:35:00 00:25:00 0 14:00:00
Depot 2 9.4 00:13:00 14:13:00

Vehicle 4

Depot 1 - - - - - 06:00:00
ATM 6 8.1 00:12:00 06:12:00 00:30:00 - 06:42:00
ATM 11 0.75 00:03:00 06:45:00 00:20:00 02:30:00 09:35:00
ATM 3 2.7 00:05:00 09:40:00 00:20:00 - 10:00:00
ATM 5 0.45 00:01:00 10:01:00 00:25:00 03:05:00 13:31:00
ATM 4 1.8 00:04:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.2 00:11:00 14:11:00 - - -
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different risk levels. In the first scenario, the risk level is decreased to 1.3, and the problem
1s solved. Table 7 shows the results of the first scenario.

The objective function for this route is determined as 90850 TL in this scenario. Then,
in the second scenario, the risk level is increased to 1.5, and the problem is solved. Table
8 shows the results of the second scenario.

Table 8. Money distribution routes for each vehicle for Scenario 2

Stop Distance Driving Ar}‘ival Sel.'vice Wa.iting Depz'lrture
(km.) Time Time Time Time Time
Vehicle 1
Depot 2 - - - - - 06:00:00
ATM 9 53 00:10:00 06:10:00 00:40:00 0 06:50:00
ATM 8 0.75 00:02:00 06:52:00 00:20:00 01:58:00 09:10:00
ATM 17 1.8 00:05:00 09:15:00 00:20:00 0 09:35:00
ATM 14 1.1 00:05:00 09:40:00 00:20:00 0 10:00:00
ATM 12 0.8 00:03:00 10:03:00 00:25:00 03:32:00 14:00:00
Depot 2 6.6 00:11:00 14:11:00
Vehicle 2
Depot 1 - - - - - 06:00:00
ATM 15 11.3 00:13:00 06:13:00 00:30:00 - 06:43:00
ATM 18 1.3 00:04:00 06:47:00 00:20:00 02:53:00 10:00:00
ATM 19 1.7 00:04:00 10:04:00 00:25:00 02:04:00 12:33:00
ATM 7 1.9 00:04:00 12:37:00 00:25:00 - 13:02:00
ATM 10 1.8 00:05:00 13:07:00 00:25:00 - 13:32:00
ATM 5 1.2 00:03:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.9 00:12:00 14:12:00 - - 14:12:00
Vehicle 3
Depot 1 - - - - - 06:00:00
ATM 6 8.1 00:12:00 06:12:00 00:30:00 - 06:42:00
ATM 11 0.75 00:03:00 06:45:00 00:20:00 02:30:00 09:35:00
ATM 3 2.7 00:05:00 09:40:00 00:20:00 - 10:00:00
ATM 5 0.45 00:01:00 10:01:00 00:25:00 03:05:00 13:31:00
ATM 4 1.8 00:04:00 13:35:00 00:25:00 - 14:00:00
Depot 1 7.2 00:11:00 14:11:00 - - -
Vehicle 4
Depot 2 - - - - - 06:00:00
ATM 16 6.2 00:12:00 06:12:00 00:30:00 - 06:42:00
ATM 12 1.8 00:05:00 06:47:00 00:25:00 05:15:00 12:27:00
ATM 13 2 00:06:00 12:33:00 00:25:00 - 12:58:00
ATM 21 32 00:07:00 13:05:00 00:25:00 - 13:30:00
ATM 20 1.8 00:05:00 13:35:00 00:25:00 - 14:00:00
Depot 2 7.7 00:10:00 14:10:00 - - -

The objective function for this route is determined as 87150 TL in this scenario. We see
that our model gives the best result in scenario 2. The increase in the risk level constraints
made the model work more conveniently. In the main problem, we used 1.4 as the risk
level constraint; when we increase it like the second model in a sensitivity analysis, the
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vehicles work more freely and have the chance to choose the cheapest routes. Conversely,
when we reduce the risk constraints as the first model of the sensitivity analysis, it costs
more than before. As a result, if we choose the safest paths, the objective function will
decrease.

5. Conclusion

This study aims to minimize the total distance with the given constraints of the model,
including multi-depots, multi-products, split deliveries and time windows. Nineteen
different ATM locations are taken, and Turkish liras (TL), Euros (€) and American
dollars (§) are transported to nineteen ATMs from two different depots. The mathematical
programming formulation is solved using IBM ILOG Cplex OPL Optimization Studio
12.8, routes of the vehicles are calculated, and the total distance is calculated as 87750 m.
In addition, the model is examined for two different scenarios, which are increased risk
and decreased risk constraints.

New vehicle routing problems that may arise in the future within the scope of merging cash
machines of banks or after the positioning of new ATMs can be solved using this model.
Also, the vehicle routing program in the model can be used not only for ATMs but also for
the transportation of any risky product or any vehicle routing problem by removing the
risk restriction. The proposed multi-product, multi-depot, time constraint, and split delivery
mathematical model has been applied to real life application in Istanbul. The model can
be further developed and used in larger areas. When the number of ATMs increases, the
solution of the problem takes a long time, so this study and model can be developed and
can be solved by increasing the numbers and variables with heuristic modeling.

The contributions of the paper to the literature and application area can be specified as
follows: (1) To handle the CIT problem more realistically, a risk constrained multi-depot,
multi-product, heterogeneous, fleet split delivery VRP with a time windows formulation
is proposed; (2) A real application is presented to show the applicability and reliability
of the methodology; (3) The mathematical model is run for different scenarios and the
optimum routes obtained are compared; (4) It is aimed that the proposed method will be
used for the purposes of improving the cash distribution strategies of organizations; (5)
To the best of our knowledge, this study is the first real case proposing a multi-depot,
multi-product, heterogeneous, fleet split delivery CIT problem with time windows.

In the real world, operational systems are always ATM specific. For this reason, our
problem and proposed model have proven to be an interesting research topic with many
possibilities for future research. The presented model considers the total travel distance.
Other metrics such as environmental factors, the total distance and duration of congested
segments, risk in the target region etc., could be incorporated into the model as a future
direction. Conflicting objectives such as the environmental and economic objectives could
be considered by developing multi-objective models. Bigger and/or combined regions
can be selected as the application area for the CIT problem. Heuristic or metaheuristic
algorithms can be developed to handle complexity. The problem can be modeled as
stochastic or robust structures.

J -I- L Journal of Transportation and Logistics
Volume 7, Issue 2, 2022



Ayyildiz, Sahin, Tagkin

A Multi Depot Multi Product Split Delivery Vehicle Routing Problem with Time 231
Windows: A Real Cash in Transit Problem Application in Istanbul, Turkey

Peer Review: Externally peer-reviewed.

Conflict of Interest: Authors declared no conflict of interest.

Financial Disclosure: Authors declared no financial support.

Author Contributions: Conception/Design of Study- M.C.S., E.A., A.T.; Data Acquisition- M.C.S., E.A.; Data Analysis/
Interpretation- E.A., A.T.; Drafting Manuscript- M.C.S., E.A. Critical Revision of Manuscript- E.A., A.T.; Final Approval
and Accountability- E.A., A.T.

References

Afshar-Nadjafi, B., & Afshar-Nadjafi, A. (2017). A constructive heuristic for time-dependent multi-depot
vehicle routing problem with time-windows and heterogeneous fleet. Journal of King Saud University
- Engineering Sciences, 29(1), 29-34. https://doi.org/10.1016/j.jksues.2014.04.007

Agoston, K. C., Benedek, G., & Gilanyi, Z. (2016). Pareto improvement and joint cash management
optimisation for banks and cash-in-transit firms. European Journal of Operational Research, 254(3),
1074-1082. https://doi.org/10.1016/j.ejor.2016.04.045

Archetti, C., & Speranza, M. G. (2012). Vehicle routing problems with split deliveries. International
Transactions in Operational Research, 19(1-2), 3-22. https://doi.org/10.1111/j.1475-3995.2011.00811.x

Boonsam, P., Suthikarnnarunai, N., & Chitphaiboon, W. (2011). Assignment problem and vehicle routing
problem for an improvement of cash distribution. Proceedings of the World Congress on Engineering
and Computer Science, 2, 1160—1164.

Bozkaya, B., Salman, F. S., & Telciler, K. (2017). An adaptive and diversified vehicle routing approach to reducing
the security risk of cash-in-transit operations. Networks, 69(3), 256-269. https://doi.org/10.1002/net.21735

Caceres-Cruz, J., Arias, P., Guimarans, D., Riera, D., & Juan, A. A. (2014). Rich vehicle routing problem:
Survey. ACM Computing Surveys, 47(2), 1-28. https://doi.org/10.1145/2666003

Dantzig, G. B., & Ramser, J. H. (1959). The Truck Dispatching Problem. Management Science, 6(1), 80-91.
https://doi.org/10.1287/mnsc.6.1.80

Desrochers, M., Desrosiers, J., & Solomon, M. (1992). A new optimization algorithm for the vehicle routing
problem with time windows. Operations Research, 40(2), 342-354. https://doi.org/10.1287/opre.40.2.342

Ghannadpour, S. F., & Zandiyeh, F. (2020). An adapted multi-objective genetic algorithm for solving the cash in
transit vehicle routing problem with vulnerability estimation for risk quantification. Engineering Applications
of Artificial Intelligence, 96(June 2019), 103964. https://doi.org/10.1016/j.engappai.2020.103964

Goksal, F. P., Karaoglan, 1., & Altiparmak, F. (2013). A hybrid discrete particle swarm optimization for
vehicle routing problem with simultaneous pickup and delivery. Computers and Industrial Engineering,
65(1), 39-53. https://doi.org/10.1016/.cie.2012.01.005

Hepenstal, S., & Johnson, S. D. (2010). The concentration of cash-in-transit robbery. Crime Prevention and
Community Safety, 12(4), 263-282. https://doi.org/10.1057/cpcs.2010.14

Ho, S. C., & Haugland, D. (2004). A tabu search heuristic for the vehicle routing problem with time windows
and split deliveries. Computers and Operations Research, 31(12), 1947-1964. https://doi.org/10.1016/
S0305-0548(03)00155-2

Kaabachi, 1., Jriji, D., & Krichen, S. (2017). An improved ant colony optimization for green multi-depot
vehicle routing problem with time windows. Proceedings - 18th IEEE/ACIS International Conference
on Software Engineering, Artificial Intelligence, Networking and Parallel/Distributed Computing,
SNPD 2017, 339-344. Institute of Electrical and Electronics Engineers Inc. https://doi.org/10.1109/
SNPD.2017.8022743

Larrain, H., Coelho, L. C., & Cataldo, A. (2017). A Variable MIP Neighborhood Descent algorithm for
managing inventory and distribution of cash in automated teller machines. Computers and Operations
Research, 85,22-31. https://doi.org/10.1016/j.cor.2017.03.010

J T L Journal of Transportation and Logistics
Volume 7, Issue 2, 2022



Ayyildiz, Sahin, Tagkin

A Multi Depot Multi Product Split Delivery Vehicle Routing Problem with Time 232
Windows: A Real Cash in Transit Problem Application in Istanbul, Turkey

Levy, D., Sundar, K., & Rathinam, S. (2014). Heuristics for routing heterogeneous unmanned vehicles with
fuel constraints. Mathematical Problems in Engineering, 2014. https://doi.org/10.1155/2014/131450

Michallet, J., Prins, C., Amodeo, L., Yalaoui, F., & Vitry, G. (2014). Multi-start iterated local search for the
periodic vehicle routing problem with time windows and time spread constraints on services. Computers
and Operations Research, 41(1), 196-207. https://doi.org/10.1016/j.cor.2013.07.025

Nugroho, S. M., Nafisah, L., Khannan, M. S. A., Mastrisiswadi, H., & Ramdhani, M. N. (2020). Vehicle
Routing Problem with Heterogeneous Fleet, Split Delivery, Multiple Product, Multiple Trip, and Time
Windows: A Case study in fuel distribution. /OP Conference Series: Materials Science and Engineering,
847(1), 012066. Institute of Physics Publishing. https://doi.org/10.1088/1757-899X/847/1/012066

Park, Y. B., Yoo, J. S., & Park, H. S. (2016). A genetic algorithm for the vendor-managed inventory routing problem
with lost sales. Expert Systems with Applications, 53, 149—159. https://doi.org/10.1016/j.eswa.2016.01.041

Ramos, T. R. P., Gomes, M. 1., & Barbosa-Pévoa, A. P. (2020). A new matheuristic approach for the
multi-depot vehicle routing problem with inter-depot routes. OR Spectrum, 42(1), 75-110. https://doi.
org/10.1007/s00291-019-00568-7

Sharma, R., & Saini, S. (2020). Heuristics and Meta-Heuristics Based Multiple Depot Vehicle Routing
Problem: A Review. Proceedings of the International Conference on Electronics and Sustainable
Communication Systems, ICESC 2020, 683—689. Institute of Electrical and Electronics Engineers Inc.
https://doi.org/10.1109/ICESC48915.2020.9155814

Soeanu, A., Ray, S., Berger, J., Boukhtouta, A., & Debbabi, M. (2020). Multi-depot vehicle routing problem
with risk mitigation: Model and solution algorithm. Expert Systems with Applications, 145, 113099.
https://doi.org/10.1016/j.eswa.2019.113099

Stodola, P. (2018). Using Metaheuristics on the Multi-Depot Vehicle Routing Problem with Modified
Optimization Criterion. Algorithms, 11(5), 74. https://doi.org/10.3390/a11050074

Talarico, L. (2016). Secure vehicle routing: models and algorithms to increase security and reduce costs in
the cash-in-transit sector. 40R, 14(1), 105-105. https://doi.org/10.1007/s10288-015-0290-y

Talarico, L., Sorensen, K., & Springael, J. (2015). Metaheuristics for the risk-constrained cash-in-transit
vehicle routing problem. European Journal of Operational Research, 244(2), 457—-470. https://doi.
org/10.1016/j.€jor.2015.01.040

Talarico, L., Sorensen, K., & Springael, J. (2017). A biobjective decision model to increase security and
reduce travel costs in the cash-in-transit sector. International Transactions in Operational Research,
24(1-2), 59-76. https://doi.org/10.1111/itor.12214

Tarantilis, C. D., & Kiranoudis, C. T. (2004). An adaptive memory programming method for risk logistics

operations. International Journal of Systems Science, 35(10), 579-590. https://doi.org/10.1080/00207
720412331285986

Van Anholt, R. G., Coelho, L. C., Laporte, G., & Vis, L. F. A. (2016). An inventory-routing problem with
pickups and deliveries arising in the replenishment of automated teller machines. Transportation Science,
50(3), 1077-1091. https://doi.org/10.1287/trsc.2015.0637

Wang, B., Qian, Q., Tan, Z., Zhang, P., Wu, A., & Zhou, Y. (2020). Multidepot Heterogeneous Vehicle
Routing Problem for a Variety of Hazardous Materials with Risk Analysis. Scientific Programming,
2020. https://doi.org/10.1155/2020/8839628

Xu, Y., Wang, L., & Yang, Y. (2012). A New Variable Neighborhood Search Algorithm for the Multi Depot
Heterogeneous Vehicle Routing Problem with Time Windows. Electronic Notes in Discrete Mathematics,

39,289-296. https://doi.org/10.1016/j.endm.2012.10.038

Yan, S., Wang, S. S., & Wu, M. W. (2012). A model with a solution algorithm for the cash transportation
vehicle routing and scheduling problem. Computers and Industrial Engineering, 63(2), 464-473. https://
doi.org/10.1016/j.cie.2012.04.004

Yao, B., Yu, B., Hu, P, Gao, J., & Zhang, M. (2016). An improved particle swarm optimization for carton
heterogeneous vehicle routing problem with a collection depot. Annals of Operations Research, 242(2),
303-320. https://doi.org/10.1007/s10479-015-1792-x

J -I- L Journal of Transportation and Logistics
Volume 7, Issue 2, 2022



Available online at www.iujtl.com

i [STANBUL
5 UNIVERSITY
Journal of Transportation and Logistics T PRESS

7 (2) 2022

DOI: 10.26650/JTL.2022.1192542 RESEARCH ARTICLE

Jeo

\STA

Turkiye-Fransa Mermer Tasimaciliginda Optimal Rotanin Cok Kriterli
Karar Verme Yontemi ile Belirlenmesi*

Determining Optimal Routes for Marble Transport Between Turkey and France Using the
Multi-Criteria Decision Making

Melih Celik® ©, Yasin Giiltekin?

0z

Kuresellesmenin etkisi ve tiketicilerin tercihleri dogrultusunda artan talebe karsilik vermek amaciyla tasimacilik sektori strekli kendini gelistirmeye
ve verimliligini arttirmaya odaklanmasi gerekmektedir. GiniimUizde optimal tagima rotalari Gizerinden tagimacilik operasyonlarini gergeklestirmek bu
yuzden kritik Gneme sahiptir. Bu calismada, Turkiye-Fransa mermer tasimaciliginda optimal rota gok kriterli karar verme yontemleriyle belirlenmeye
calisilmistir. Oncelikli olarak literatiir taranarak rota secimini etkileyen kriterlerden en ¢ok iizerinde durulan 6 ana ve 18 alt olmak iizere 24
kriter belirlenmistir. Belirlenen kriterler lojistik sektoriinde tagimacilik hizmeti saglayan sirket yoneticileri, operasyon uzmanlari ve alaninda uzman
akademisyenlerin olusturdugu gruba sunulmus ve kriterler son haline getirilmistir. Super Decision programi kullanilarak AHP yénteminin temeli
olan hiyerarsik yapi olusturulmus ve kriter agirliklari elde edilmistir.

Sektorde Afyon-Lyon noktalari arasinda tasimacilik hizmeti saglayan isletmelerden glinimizde kullanilan 5 farkli rotanin maliyet ve transit siire
bilgileri elde edilmistir. EcoTransIT emisyon hesaplama araciyla rotalarin emisyon analizi yapilmistir. TOPSIS yéntemiyle ayni lojistik uzmanlarinca
degerlendirilen 5 rota AHP yontemiyle elde edilen kriter agirliklariyla beraber analiz edilmis ve s6z konusu iki nokta arasinda optimal tagima rotasi
belirlenmistir. Analizler sonucunda denizyolu+ig suyolu intermodal tagimacilik rotasi diger alternatiflere gore sahip oldugu duisiik maliyetin yani sira
kismen transit stire ve diisiik emisyon degerleri avantajiyla Afyon-Lyon plaka mermer tasinmasinda optimal rota olarak belirlenmistir.

Anahtar Kelimeler: Tasimacilik, Mod Segimi, Optimal Rota, TOPSIS, AHP

ABSTRACT

In order to respond to increasing demand in line with the effects of globalization and the consumers’ preferences, the transportation sector has
needed to focus on constantly improving itself and its efficiency. Currently, operating transportation operations through optimal transport routes
have become critical. This study attempts to determine the optimal transportation route for exporting marble from Turkey to France using multi-
criteria decision-making methods. The study first reviews the literature to determine the 6 main and 18 sub-criteria that have been mentioned
the most. The study submitted these criteria to groups made up of logistics company managers, operation executives, and scholars in order to
get expert opinions. The study uses the program Super Decisions to create a hierarchy structure for the analytical hierarchy process (AHP) and to
calculate the criterion weights.

The study collected information from companies providing service between Afyon and Lyon regarding the costs and transit times of the five
different transportation routes that are currently used. The study then analyzed the emissions for each of these five routes using the tools from
the emissions calculator software EcoTransIT. By using the criterion weights found using the AHP method, the five transportation routes were
analyzed in terms of the same group using the technique for order of preference by similarity to ideal solution (TOPSIS) method to determine which
route is the most appropriate. After the analysis, the study compared the various routes and selected the seaway + inland waterway intermodal
transportation route as the optimal one due to its low cost and minimal transit time and emission values.

Keywords: Transportation, Mode choice, Optimal route
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Extended Abstract

Due to globalization and changes in consumer behaviors, the rising demand for products
has increased trade volumes, which has in turn put pressure on the transportation sector,
which is an indispensable part of global trade. In order to meet the constant rises in demand,
the transportation sector has had to concentrate on improving itself and its efficiency in
addition to trying to find novel solutions. In this sense, great importance is had in running
transport operations through the optimal transportation routes. Having logistics companies
transport products on efficient routes allows them to reduce transportation costs, which
have the largest share of their operational costs, to increase customer satisfaction by
delivering goods on time, and to gain advantages over other competitors.

This study attempts to determine the optimal transportation route for exporting marble
from Turkey to France by combining the analytical hierarchy process (AHP) and the
technique for order preference by similarity to ideal solution (TOPSIS) multi-criteria
decision making methods.

Firstly, the study discusses the importance of determining optimal transportation routes
and the factors that affect efficiency based on the mode of transport. Afterwards, the study
reviews the literature to determine the six main and 18 sub-criteria that are mentioned
the most and have occurred the most in studies. These criteria were then submitted to
groups consisting of logistics company managers, operation executives, and scholars in
order to obtain expert opinions. These same groups filled out the paired comparisons
matrices, which were then used based on the AHP method. Next, the study used the
program Super Decisions to construct the hierarchy structure of the AHP method and to
calculate the criteria weights.

The study made calculations within its scope by considering the values closest to the ideal
solution and the most optimal route for transporting 20 tons of marble slabs along the
Afyon-Lyon line and revealed the seaway + inland waterways intermodal transportation
route (i.e., Route 5) to be the most optimal. Transportation operations along this route take
10 days to complete, with a carbon dioxide emission of 12.40 and a cost of 4,115€ (3,465 +
650). The next most optimal routes were determined respectively as the RORO-+Railroad,’
Sea + Land, RoRo + Highway, and Highway routes. The RoRo + Railroad and the Seaway
+ Highway routes can be said to have similar values. The reason why the Highway
Route ranked last is its higher costs and emissions compared to the other transportation
routes. The low weight value of the transit time sub-criterion was another reason why
the Highway Route ranked last, despite its speed advantage.

As a result of the analyses performed using the program SuperDecisions, cost is seen
as the most important criterion with a weight of 0.53, with the other criteria in order
of importance being found as reliability (0.19), product features (0.11), speed (0.08),
flexibility (0.04), and environment (0.02). From this point of view, the most important
criterion can be said to be cost when determining the optimal route for transporting marble
slabs from Afyon to Lyon. The reliability criterion has the second highest weight and
also plays an important role in determining the optimal route.

1 RORO = Roll On-Roll Off ships
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Due to the structural fragility of marble slabs, they must be delivered to their final
destination without any damage, and this increased the importance of the reliability
criterion. Product features also play an important role in determining routes. Marble
slabs being a high tonnage product requires certain restrictions to be observed while
being transported enroute.

Contrary to the findings in the studies in the literature, the speed criterion can be
remarkably described as having the second lowest weight (after environment) in this
study. The reason for this is that very few situations require urgent transportation of marble
slabs within the supply chain. Despite the increasing importance of the environmental
factor (carbon dioxide emissions in particular being the main cause of global warming
threatening the Earth) in the transportation sector, this study found it to have the lowest
criterion weight. However, because the decision groups gave average values to the sub-
criteria of undamaged product delivery, capacity flexibility, and weight, carbon dioxide
emissions are seen to still play an important role in determining the optimal route despite
its low criterion weight. According to the findings regarding the environment criterion,
the environmental factor can be said to still be ignored in the transportation sector, despite
the regulations countries as well as global non-governmental organizations have made
to protect the environment.
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Giris

Tasimacilik operasyonlarinda tasimanin hangi rota {izerinden gergeklestirilecegi biiyiik
bir dneme sahiptir. Verimli bir rota iizerinden {irliniin taginmasi operasyonel maliyetlerde
en biiyiik paya sahip tasima maliyetlerinin diisliriilmesine, zamaninda teslimat yapilarak
miisteri memnuniyetinin arttirilmasina ve rekabet icerisinde oldugu diger rakipleri
iizerinde rekabet avantaji elde etmesine olanak verir.

Tasimacilik sistemi, iiriinlerin tiretildigi ilk noktadan misterilerin talep ettigi noktaya
kadar motorlu veya motorsuz tasitlar yoluyla belirli bir tasima kabinin iginde iki tarafinda
onceden belirlemis oldugu sartlar ve zaman konusu goz 6nilinde bulundurularak belirli
iki nokta arasindaki hareketlerin olusturdugu organizasyondur (Khoban vd., 2011: 108).

Ulkeler arasindaki etkilesimlerin artmasi ve ticaret yapmadaki kolayliklarla beraber
artan rekabet ortaminda igletmeler maliyetleri diisiirmek amaciyla {iretim sahalarinda
yeni planlamalara gitmistir. Kiiresel 6lgekte iiretilen noktada ve son nihai kullanict
arasindaki mesafelerin artmasi lojistigin rekabet etmede 6nemli bir ara¢ oldugunu
gostermistir. Kiiresellesmenin getirdigi yogun rekabet ortaminda isletmelerin katma
deger tiretebilmesine olanak saglayan lojistik faaliyetler bliylik 6neme sahiptir. Hem
tagima noktasinda elde edebilecekleri maliyet avantaji hem de miisteri memnuniyetini
iist diizeyde tutmak isteyen firmalar her bir tasima modunun avantajlarini tek bir potada
eritip Uirlinlin baglangicindan son dagitim noktasina kadar olan lojistik siireci en optimal
sekilde planlamalidir. Uluslararasi lojistik maliyetlerinin toplam tiiretim maliyetlerinin
%30-%50’sini olusturdugu diisiiniildigiinde (Cho vd., 2010: 529) lojistik kaynaklar1 ve
zamani en iyi sekilde kullanan igletmeler 6l¢ek ekonomisi avantaji elde ederek rakipleri
tizerinde Ustiinliik saglamaktadirlar (Banomyong 2001: 680).

Lojistik faaliyetlerdeki kalitesizlik ve verimsizlik uluslararasi rekabette geri kalmanin en
onemli nedenlerindendir. Uriinlerin ithalat1 ve ihracati noktasinda giimriik islemlerindeki
yolsuzluk, kirtasiye islerinin fazla olmasinin yani sira kurumlar arasi uyumsuzlugun yol
actig1 gecikmeler, altyapiya bagli olarak limanlarda verilen hizmetlerin kisitli olmas1
ve buna bagli olarak 6ngoriilen teslimat siirelerindeki sapmalar, liman i¢inde bulunan
depolarin yetersiz olmasi1 maliyetleri arttirarak rekabette geri kalmanin nedenlerini
aciklamaktadir (Gani, 2017: 280).

Tagima modu se¢imi ve farkli tasima modlari ile yapilan kombinasyonlar lojistik
yonetiminin verimini dogrudan etkileyen en 6nemli kararlardan biridir. Buna paralel
olarak kolektif tedarik zinciri verimi tercih edilen tasimacilik modundan etkilenecektir
(Banomyong, 2001: 1). Eger bir modun verimsizligi s6z konusu ise bu tiim kombinasyonu
dolayisiyla da tedarik zinciri verimini etkilemektedir (Seo vd., 2017: 157). Belirli iki nokta
arasinda her bir tasimacilik modunun kendine 6zgii avantajlar1 oldugu diistiniiliirse, her bir
modun avantajini kullanacak sekilde bir optimal rota belirlemek giivenilir, zamaninda ve
ucuz bir navlun talep eden yiikleyiciler i¢in 6nemlidir (Yang vd., 2011: 516). Baska bir
deyisle, her bir tasima modunun verimli oldugu noktalar1 kullanarak ekonomik ve gevreye
duyarl siirdiiriilebilir ¢oklu tasima rotasi olusturmak son donemde karar vericilerin
iizerinde durdugu 6nemli noktalardan birisidir (Cetinkaya ve Deveci, 2020: 27).
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Lojistik siireci tasarlayan yoneticilerin odaklandigi ana noktalar tasima siireleri
ve maliyettir. Bu siire¢ iki parametreden olusan basit bir siire¢ degildir aksine tam
anlamiyla siniflandirilamayan, sektorlere ve taginan liriinlere gore farklilik gosteren
ilave faktorleri barindiran bir siirectir (Meixell ve Norbis, 2008: 183). Dolayisiyla optimal
bir tasima modunun belirlemesinden dikkat edilmesi gereken bir¢ok farkli degisken
vardir. Bilinmelidir ki etkin bir sekilde tasarlanmayan lojistik siirecler isletmeye ek
tagima maliyeti, uzayan teslimat siireleri ve hedeflenenden diisiik miisteri memnuniyeti
olarak geri doner. Ozellikle gokmodlu tasimacilik rotasinin belirlenmesi maliyetleri ve
riskleri minimize etmesi ve zamaninda teslimat yapilmasina olanak vermesi agisindan
da onemlidir. Verimli bir sekilde planlanan ve yiiriitiilen bu tasimalar kiiresel ticareti
kolaylastirmakta ve uluslararasi ticaret zincirinin verimini arttirmaktadir (Seo vd., 2017:
155).

1. Optimal Tasima Modu Secimini Etkileyen Faktorler

Tasimacilik sisteminin i¢inde bir¢ok tasima sekli yer almaktadir ve zaman, maliyet,
miktar, elverislilik durumlarina gore birbirleri lizerinde avantaj ve dezavantaja sahiptirler.
Her bir tasgimacilik modunun diger tasimacilik modu iizerinde maliyet, hiz, giivenilirlik,
kapasite anlaminda avantaj ve dezavantajlara sahip olmasindan dolay1 farkli modlarinin
bir arada planlandig1 tasimacilik sistemleri mevcuttur (Ruijgrok, 2008: 40). Hedeflenen
iki nokta arasinda gerceklestirilecek tasima modu ve rotasinin belirlenmesinde literatiirde
en ¢ok yer verilen iki kriter tagima siireleri (h1z) ve maliyettir. Bu siirec iki parametreden
olusan basit bir stire¢ degildir aksine tam anlamiyla siiflandirilamayan, sektorlere ve
taginan uriinlere gore farklilik gosteren ilave faktorleri barindiran bir siiregtir (Meixell
ve Norbis, 2008: 183). Dolayisiyla optimal bir tasima modunun belirlemesinden dikkat
edilmesi gereken birgok farkli degisken vardir. iki nokta arasinda genellikle alternatif
rotalar olusturmak miimkiindiir. Optimal tagima modu se¢imi karmasik bir problemdir.
Bu problemi ¢ézerken maliyet, zaman, mesafe, ¢evre, kapasite gibi faktorleri diisiinerek
en uygun tasima modunu ve rotay1 belirlemek hedeflenmelidir (Kasilingam, 2012: 168).

Teknolojinin gelismesi sayesinde liretim maliyetlerini azaltan igletmeler bir sonraki adim
olarak biiytik bir gider kalemi olan lojistik maliyetleri minimize etmeye ¢alismaktadirlar.
Lojistik maliyetlerde en fazla paya sahip olan tasima maliyetinin diisiiriilmesi lojistik
maliyetleri diistirmek, dolayisiyla karlilig1 arttirmak anlamina gelmektedir (Jung vd.,
2019: 56). Tasimacilik i¢in belirlenen rota ve mod se¢imi tasima maliyetini ve zamanini
dogrudan etkilemektedir. Tagima siiresi genel olarak arz ve talep noktalar1 arasinda
tiim lojistik faaliyetleri iceren toplam siireyi ifade etmektedir. Tasima stiiresi lojistik
servis saglayicilarin rekabet avantajint dogrudan etkileyebilmektedir. Tagima siiresinde
anlamli azalmalar tasimanin aktdrlerini bu tasimacilik modunu kullanmasi agisindan
cezbetmektedir (Brooks vd., 2012: 294). Benzer sekilde tagima siirelerini kisaltmak icin
lojistik maliyetlerin arttig1 durumlarda mevcuttur. Ayrica arz ve talep noktalari arasinda
planlanan rotalarin optimizasyonu ile tasima siireleri kisaltilarak depolama ve stok
maliyetlerinden tasarruf edilebilmektedir (Sambracos ve Ramfou, 2014: 25).

Tasimaciliga olan talebin artmasi, tasimacilik dolayisiyla ortaya ¢ikan karbondioksit
salimi neticesinde olusan kirliligin de artmasina neden olmustur. 1990 yilindan gliniimiize
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kadar siirekli yiikselen tagimacilik endiistrisi, kiiresel ¢capta meydana gelen emisyonun
%25’ini olusturmaktadir (Navarro, 2014: 1545). Ulusal ve uluslararasi kuruluglar bu
etkiyi uzun donemde azaltmak ve tersine ¢evirmek i¢in silirdiiriilebilir bir tagimacilik
sistemi olusturmak icin politikalar ytiriitmektedir. Ancak Bask ve Rajahonka (2017)
calismalarinda tasimacilik hizmeti aliminda karar vericilerin, ¢evre faktoriinii en 6nemli
kriterler arasinda gérmediklerini belirtmistir.

Tiiketiciler acisindan giivenilirlikte onemli bir faktordiir. Miisteriler satin aldiklar
iiriinlerin zamaninda ve eksiksiz teslimatini, maliyet gibi 6nemli gérmeye baslamiglardir.
Zamaninda gergeklestirilemeyen tasimalar, isletmelerin olmasi gerekenden daha fazla
maliyete katlanmasina yol agmaktadir. De Jong vd. (2004) calismasinda karayolu
tasimaciliginda teslimat siirelerinde %10-11 oranindaki artigin, tasima maliyetlerini
yaklasik %3 oraninda yiikselttigini saptamistir. Bu sebeple zamaninda teslimat faktorii
tagimacilik modu ve rota se¢ciminde dikkat edilmesi gereken noktalar arasina girmistir.

Uluslararasi tagimacilik planlamasi yapilirken goz oniinde bulundurulan kriterlerden
bir tanesi de giivenlik faktoriidiir. Terdr ya da farkli eylem tipleri i¢in yiik trenlerinin,
kargo ugaklarinin ya da boru hatlarinin sabote edilmesi bu konu 6zelinde 6rnek
olarak gosterilebilir. Giivenli olmayan bdlgelere yapilan tagimalarda kargonun basina
gelebilecekler riskler karar verme asamasinda 6nemli bir rol oynamaktadir (Konstantinus
ve Zuidgeest, 2019: 7). Tasimacilik rotalar1 {izerinden tasimanin giivenli bir sekilde
yapilmasi siyasilerin, sanayicilerin ve lojistik sirketlerinin ortak hareket etmesine, kararlt
bir sekilde konunun iizerine gitmesine baglidir (Reniers ve Dullaert, 2013: 104).

Uriin karakteristigi, iirlinlerin tasinmasi, depolanmasi, paketlenmesi, elleclenmesi
ve etiketlenmesi gibi kisaca tiim lojistik faaliyetlerin nasil planlanmasini gerektigini
gostermesi agisindan onemlidir. Literatiir tarandiginda iiriin karakteristiginin fiziksel,
deger, ikame ve risk olmak {izere 4 ayr1 grupta toplandig1 goriilmektedir. Lojistik agisindan
degerlendirildiginde fiziksel karakter 6ne ¢ikmaktadir. Bunlar agirlik, bozulabilirlik,
yaniciliktir. Tm bu 6zellikler tirtinlerin son tiiketiciye ulastirilirken kullanilan tagima
modu ve rotasini dogrudan etkilemektedir (Stefanov, 2018: 42). Taginan {iriiniin sahip
oldugu ozellikler tagimacilik modu ve rota se¢imini daha karmasik hale getirmektedir.
Ornek vermek gerekirse genel kargolarin disinda pahali iiriinlerin tasimaciliginda giivenlik
faktoriine daha fazla dikkat edilmelidir. Pham ve Yeo (2018) caligmalarinda elektronik
bir iirlin olan diziistii bilgisayar1 havayolundan daha ucuz denizyolundan daha risksiz
diisiincesiyle demiryolu ile tasimistir. Cok agir ve biiyiik liriinler genel olarak ¢ok modlu
tasima sistemleri kullanilarak iki nokta arasinda tasinmasi hedeflenir. S6z konusu {iriiniin
nerede tiretildigi ve nerede kullanilacagi g6z oniinde bulundurularak, bu {iriine 6zgii bir
tagima operasyonu degerlendirilmeli ve planlanmalidir. Agir iiriinlerin tasinmasinda
giivenlik ve zamaninda ve hasarsiz teslimat 6nemli tagimanin kalitesini etkileyecek, goz
oniinde bulundurulmas: gereken etmenlerdir. Ornek vermek gerekirse trafik akisinin
yavag ve dar oldugu bdlgelerden planlanan son tagsima bolgenin karayolu altyapisina ve
bdyle tasimalar igin 6zel tiretilmis araclara zarar verebilmektedir (Bazaras vd., 2013: 20)

Tedarik zincirinde meydana gelen degisimler, ayrilmaz bir pargasi olan tagimaciligin
da bu degisime kendini adapte etmesini gerektirmistir. Sistemlerin kendini degisimlere
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gore uyarlamasi ve ¢ozlimler iireterek operasyonlarin devam etmesi ise esneklik olarak
karsimiza ¢ikmaktadir (Gosling ve Naim, 2010: 11). Baska bir deyisle karsilasilan
zorluklara ragmen operasyonlarin devam ettirilme yetenegidir. Yogun bir sekilde kullanilan
rota lizerinde gerceklesecek tasimanin kismen ya da tamamen engellenmesini gerektirecek
bir olumsuzlugun yasanmasi teslimatin gecikmesine, operasyonel performans ve miisteri
memnuniyetin diismesine son olarak da maliyetlerin artmasina neden olur. Bu yiizden
karar vericiler s6z konusu durumlarin yaratacagi olumsuz etkiyi en aza indirgeyecek
planlamalar1 yapmalidirlar (Ishfaq, 2012: 216).

2. Literatiirde Rota Secimi Uzerine Yapilmis Calismalar

Ulusal ve uluslararasi literatiirde ¢oklu tasima sistemleri ve hedeflenen iki nokta arasinda
en uygun rota se¢imini farkli yonleri ile ele alan bir¢ok ¢alisma gerceklestirilmistir. Bu
caligmalar1 su sekilde 6zetleyebiliriz. Boardman vd. (1997) ¢alismalarinda Atlanta-Fort
Worth noktalar1 arasinda en diisiik maliyetli tagima tiirleri kombinasyonunu bulmaya
caligmiglardir. Calismada tasima maliyeti, siiresi ve mesafe degiskenlerini igeren karar
destek veri tabani olusturulmus ve K- En Kisa Yol Algoritmasi ile bilgisayar {izerinde
calistirllarak en uygun rota saptanmustir. Gelistirilen karar destek veri tabaninin intermodal
tagimaciligi kullanimi kolaylastirdigi ve mal sahipleri ve tasima operatérlerinin maliyet,
hiz ve hizmet kalitesi temelinde en uygun rotay1 bulmasini sagladigi sonucuna varilmistir.
Bookbinder ve Fox (1998) iki Kuzey Amerika Serbest Ticaret Anlagsmasi (NAFTA) nin iki
tiyesi Kanada (Toronto, Montreal, Winnipeg, Calgary ve Vancouver) ve Meksika (Mexico
City, Montrerrey ve Guadalajara) arasinda tagitan perspektifiyle en verimli rota {izerinden
intermodal konteyner tagimacilig1 planlamak tizerine bir ¢alisma hazirlamiglardir. Maliyet-
transit siire analizini yontem olarak belirlemislerdir. Belirlenen baglangi¢ ve bitis noktalari
arasinda her bir intermodal senaryosunun kendine has avantajlar1 oldugu, Meksika sinir
gecisinden yasanan sikisiklik nedeniyle tir kullaniminin teslimat siirelerini uzattigi
sonucuna varilmig ve tiim bu ¢ikarimlar dogrultusunda en uygun rota belirlenmistir.
Banomyong (2001) caligmasinda maliyet modelini kullanarak Vientiyan-Singapur
koridorunda farkli tagimacilik modlarini ve kombinasyonlarini igeren rotalar belirlemistir.
Belirlenen noktalar arasinda karayolu se¢imi en hizli transit siire segenegini, Bangok
iizerinden gergeklestirilen karayolu+denizyolu opsiyonunu ise en ucuz rotay1 sunmustur.
Ozellikle kargo hacimlerinin artmas1 durumunda demiryolu tasimaciliginin da cazip hale
gelebilecegi tespit edilmistir. Banomyong ve Beresford (2001) ¢aligsmalarinda gok modlu
tagima maliyet siire analizini kullanarak Laos-Avrupa koridorunda bes farkli alternatif rota
belirlemis ve en uygun olani belirlemeye ¢aligmislardir. Hedef iki nokta arasinda denizyolu
en ucuz, demiryolu orta ve karayolu en pahali oldugu saptanmistir. Viyentiyan-Roterdam
destinasyonlar1 arasinda maliyet-transit siire-giivenilirlik paritesinin en yiiksek oldugu
tasimacilik modu Malezya’da bulunan Klang limanindan gergeklestirilen denizyolu
oldugu belirlenmistir.

Chang (2008) Tayvan-ABD arasinda tam-sayili dogrusal planlama modelini kullanarak
en uygun intermodal rotay1 belirlemeye caligmistir. Olusturulan matematiksel model
uygulandiginda birtakim sonuglara ulagmistir. Rota se¢iminde gz 6niinde bulundurulan
faktorlere gore degisiklikler olmaktadir. Oyle ki maliyet diisiiniiliirse denizyolu, teslimat
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siiresi disiiniildiigiinde ise havayolu tercih edildigi ortaya ¢ikmistir. Demiryolu bu iki
nokta arasinda hi¢bir zaman alternatif olamamuistir. Ergin ve Cekerol (2008) olusturduklari
modeli Tiirkiye’de intermodal tasimaciliginin uygulanabilirligini hizli titketim mallarini
iceren sektdrde uygulamay1 ve intermodal tagima i¢in rotalar bulmay1 amaglamiglardir.
Tiirkiye’de i¢ bolgelere yapilan tagimalarda karayolu-demiryolu tercih edildigi gortilmiistiir.
Uzun mesafeli tasimalarda tagima maliyetini azaltmak i¢in demiryolunun kullanildig:
saptanmistir. Ayrica demiryolu aginin iilke genelinde genisletilmesini ve demiryolu
baglantis1 olmayan limanlara hizli bir sekilde baglanti noktasi kurulmasi gerektigini
onermislerdir. Tuzkaya ve Oniit (2008) calismalarinda FANP ydntemi kullanarak
Almanya ve Tiirkiye arasinda bir tagima senaryosu gerceklestirmislerdir. Maliyet,
giivenlik, esneklik, izlenilebilirlik, risk, hiz ve {iriin 6zellikleri ¢alismanin kriterleridir.
Kriter agirliklariin hesaplanarak varilan sonugta en optimal tasima modlar sirasiyla
demiryolu, denizyolu ve karayoludur. Demiryolunun dncelikli olarak gdziikmesine ragmen
demiryolu tasimaciligindaki sefer saatlerinin degisikligi, artan talebe yanit verememesi
ve yetersiz kapasiteye sahip olmasindan dolay1 gercekte sirket tarafindan karayolu tercih
edilmektedir. Cho vd. (2010) yiiriittiikkleri ¢aligmada dinamik planlama ve en kisa yol
algoritmasini kullanarak 3. parti lojistik isletmelerinin de kullanabilecegi bir optimal rota
planlama algoritmas1 gelistirmislerdir. Gelistirdikleri maliyet ve zamani1 minimize eden
algoritmay1 Giiney Kore’de bulunan Busan limani ile Hollanda’da bulunan Rottherdam
limani arasinda kiicilik ve bliytlik 6l¢ekte intermodal tasimacilikta kullanmiglardir.

Yang vd. (2011) Cin’in Senzen ve Sangay Hindistan’in ise Mumbai, Yeni Delhi, Kalkuta
ve Visakhaptam sehirleri arasinda intermodal tagima ag1 kurmak icin 36 farkli rota
olusturmuslardir. Tasima mesafesinin toplam maliyeti diisiirmek i¢in 6nemli bir anahtar
olmadigini, modlar arasi yapilan gecislerde bekleme siirelerinin 6nemli oldugu, antrepo
ve sigorta maliyetlerinin toplam maliyet tizerinde ciddi bir ylik olusturdugu ¢alismadan
elde ettikleri bulgular arasindadir. Kengpol vd. (2012) Tayvan ve Vietnam arasinda
yapilmasi planlanan ¢okmodlu tagima rota planlamasini belirlemek icin karar destek
sistemi olusturmuslardir. Bu sistemde biit¢e ve zaman sayisal kriterleri, tasima sirasinda
iiriine gelecek risk, altyap1 ve ekipman hasarlari ise kalite kriterlerini olusturmustur. Her
bir rotanin maliyetini belirlemek i¢in maliyet analizi, risk durumunu 6lgmek i¢in risk
analizi, kriter agirliklarini belirlemek icin AHP (Analitik Hiyerarsi Prosesi) yontemini
son olarak en optimum rotay1 bulmak i¢in de hedef programlamay1 kullanmislardir.
Kim ve Chang (2014) calismalarinda dogrusal planlama ydntemini kullanarak Giiney
Kore’nin Seul sehrinden Amerika’nin Seatle limanina tasima mesafesi, tasima maliyeti
ve emisyon degiskenlerine sahip {i¢ farkli intermodal tasima senaryosu planlamislardir.
Senaryolarda tagima ve zaman maliyetinin yani sira digsal maliyet olarak da karbon
vergisi ve emisyon ticaret semasi tanimlanmistir. Karbon vergisinin arttirildiginda
demiryolu kullanimimin kayda deger bir sekilde artti§1 gézlemlenmistir. Ancak emisyon
ticaret semasi programi kapsaminda iiretim merkezlerinden birim karbondioksit salim1
basina alman ticretin arttirildig: bir durumda, kullanilan modlarda énemli bir degisiklik
yasanmamistir. Oyle ki i¢ tasimada hala en fazla karayolu kullanilmistir. Calismanin
Onerisi uluslararasi organizasyon ve devletlerin karbon vergisi altinda alinan {icret ile
emisyon ticaret semasi programi kapsaminda alinan iicretleri esitlemesi durumunda
cevreye daha az zarar verilecegi olmustur.
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Macharis vd. (2015) ¢alismalarinda Belgika’nin Antwerp limaninda yine Belgika i¢ginde
rastgele secgilen 11 noktaya tasima senaryosu gerceklestirmislerdir. Yontem olarak
kriterlerin agirliklandirilmasi icin AHP ve optimum rotanin se¢ilmesi iginde PROMETHEE
kullanilmistir. Calismada Tagima maliyeti, tagima siiresi, zamaninda teslimat giivenilirliligi,
trafik sikigiklig1, emisyon miktari, kaza riski ve giiriiltii degiskenleri yer almaktadir. Daha
az glriiltii ¢gikaran ve karbondioksit salim1 yapan araglarin yerine ¢evreye daha duyarli
araclarin karayolunda kullanilmasi karayolu tasimaciliginin olumsuz dissal etkisini
azaltabilir sonucuna varmislardir. Demir vd. (2015) ¢aligmalarinda Avrupa iginde 32
farkli servisle birbirine baglanabilen igsuyolu karayolu ve demiryolunu igeren 10 farkli
terminal arasinda bir intermodal ve tek modlu bir tasima senaryosu gergeklestirmislerdir.
Caligmada stokastik ve karigik tam sayili programlama kullanilmigtir. Demiryolu ve i¢
suyolu karayoluna gore oldukg¢a ekonomiktir. Bu iki tasima modu ayrica emisyon salimi
acisindan en g¢evreci olarak gdze carpmaktadir. Ancak ana tagimanin gemi ve trenle
yapilmasi teslimat siirelerinde uzamalara dolayisiyla da yiiksek ceza 6demelerine yol
acabilmektedir. Hao ve Yue (2016) ¢alismalarinda Cin’in Shenyang ve Chedgu sehirleri
arasinda on adet standart konteynerin karayolu, demiryolu ve denizyolu kullanilarak
minumum maliyet ve en kisa slirede taginmasini ele almistir. Bu ¢caligmayi tagima siiresi,
tagima maliyeti, tasima mesafesi ve kargo degeri degiskenlerini kullanarak karigik tam
say1l1 programlama metodundan faydalanarak gerceklestirmistir. Belirlenen iki nokta
arasinda tagima maliyet-tagima siiresi paritesinin en uygun oldugu sistem demiryolu
olarak one ¢ikmustir.

Seo vd. (2017) galismalarinda Cin’in Chongqing sehrinden Hollanda’nin Rotherdam
limanina yedi farkli rota lizerinden laptop tasima senaryosunu maliyet, transit slire ve
tasima mesafesi degiskenleriyle ve Beresford’un gelistirdigi maliyet-siire yontemiyle
gergeklestirmiglerdir. 7 rota arasinda da en ucuz rota i¢ tasimada i¢ suyolu, ana tasimada
da denizyolu kullanilan 1.rota olmasina ragmen, laptop iiriiniin nispeten daha hizli teslimat
edilmesini gerektiginden 6.rota se¢ilmistir. 6.rota i¢ ve ana tasimanin demiryolu ile
gergeklestigi rotadir. Sonraki ¢alismalar igin tagima gecikme ve rota iizerindeki kaza
oranlarinin degisken olarak eklenebilecegini dnermistir. Stoilova (2018) ¢alismasinda
iki nokta arasinda 5 farkli alternatif {izerinden en uygun konteyner tagima operasyonunu
gerceklestirmistir. Hedeflenen iki nokta arasinda demiryolu ve karayolu modlarimi
kullanarak tagima maliyet ve siiresi, emisyon, zamaninda ve giivenli teslimat, modlar
arasi transfer geciskenligi degiskenleriyle Shannon Entropy, DEAMATEL ve AHP
metodlarin1 uygulayarak kriter agirliklarint Compromise Programing metoduyla da
alternatifler arasindan optimal tasima modu ve rotasini bulmaya amaglamigtir. Pham
ve Yeo (2018) calismalarinda Cin’in Schenzen sehrinden Vietnam’in Haipong sehrine,
tagitan ve lojistik servis saglayicilar1 perspektifinden kapidan kapiya tagima senaryosu
gerceklestirmislerdir. Tutarli bulanik tercih ve Delphi metodunu kullanmislardir. Yiiksek
teknoloji igeren {riinlerin tasinmasinda havayolunun kullanabilecegini belirtmislerdir.
Gelecek ¢aligsmalar igin farkli sehirlerden tasima gergeklestirilebilecegini ve demiryolunu
dahil edebileceklerini 6nermiglerdir. Arslanhan ve Tosun (2021) ¢alismalarinda Kayseri
[linden Cin’e kiraz tasima senaryosu ger¢eklestirmistir. En iyi- En kotii yontemi kullanarak
kriter agirliklar1 belirlenmis, sonrasinda ise WASPAS yontemi kullanilarak tasimacilik

J T L Journal of Transportation and Logistics
Volume 7, Issue 2, 2022



Celik, Gultekin

Tirkiye-Fransa Mermer Tasimacihginda Optimal Rotanin Cok Kriterli Karar 242
Verme Yéntemi ile Belirlenmesi

modu secilmistir. Kirazin bozulabilen bir {irlin olmasi1 sebebiyle havayolu tasimacilig
birinci alternatif olarak secilmistir. Kaewfak vd. (2021) Caligmalarinda Tayland’da 50.000
ton sinirli komiir tasima operasyon senaryosu gerceklestirmislerdir. ZOGP(Zero-One-
Goal Programing) ve AHP metodunu kullanarak tasima maliyeti, tasima siiresi ve risk
degiskenleri 3 farkli rota tizerinde deneyerek en uygun rotay1 bulmay1 amag¢lamislardir.

3. Yontem

Calismanin bu boliimiinde Tiirkiye-Fransa arasinda igerisinde plaka mermer bulunan
konteynerin taginmasi i¢in birka¢ farkli rota olusturulmustur. Rota se¢imini etkileyen
kriterler sektorde aktif olarak ¢alisan uzman kisilerce belirlenmis ve AHP yontemiyle
agirliklandirilmistir. TOPSIS (ideal Coziime Benzerlik Bakimindan Siralama Performansi
Teknigi) yontemi ile de hedef iki nokta arasindaki en uygun rota belirlenmeye ¢alisiimistir.

Bu ¢alismanin temel amaci Tiirkiye-Fransa arasinda gergeklestirilecek tasimacilik
operasyonlarinin optimal rotasin1t AHP ve TOPSIS ¢ok kriterli karar verme ydntemlerinin
hibrit bir sekilde kullanarak belirlemektir. Bagka bir deyisle yiikiin ¢ikis ve varis noktalart
arasinda diisiik maliyet, transit siire ve emisyonlu bir intermodal tasima rotast belirlemektir.
Bu amag dogrultusunda hedef iki nokta arasinda lojistik hizmet sunan sirketlerden rota,
maliyet, transit siire bilgileri, literatiir taramasi ile de rota se¢imini etkileyen kriterler
edinilmistir. Afyon-Lyon arasinda tasimacilik senaryosu gergeklestirirken ayni zamanda
asagida belirtilen diger hedeflere de ulasilacag diistintilmektedir.

+  iki nokta arasindaki en optimal rotanin belirlenmesi
e Mevcut olarak kullanilan rotalara alternatif rotalar belirlenmesi

* Rotalar 6zelinde transit siire, maliyet ve emisyon degerlerinin hesaplanarak
stirdiiriilebilirlik diizeyinin tespit edilmesi

+  Uriiniin belirlenen iilkeye en optimal sekilde tasiyarak ihracatgilarimiza rekabet
avantajinin saglanmasidir.

Literatiir taramas1 sonucunda elde edilen 6 ana 18 alt kriter sektor yoneticisi ve
akademisyenden olusan uzman goriis grubuna gonderilmis onay alindiktan sonra
kriterlerin ikili karsilagtirmalarini iceren uygulama formu tasimacilik sektoriindeki
isletmelerde ¢aligan uzman yoneticilere mail yoluyla sunulmustur. Doldurulan uygulama
formlarina gore kriter agirliklart AHP yontemi ile Super Decision v2.10 paket programinda
belirlenmistir. Belirlenen rotalar arasindan en optimal olan1 segmek icin ise TOPSIS
yontemi kullanilmistir. AHP yonteminde agirliklandirilan her bir ana kriterin en fazla
agirliga sahip alt kriterleri alinarak TOPSIS i¢in karar matrisi olusturulmustur. Karar
matrisi, normallestirildikten sonra AHP yontemiyle elde edilen agirliklar ile ¢arpilarak
agirliklandirilmis matris elde edilmis, ideal ¢ozlime en yakin ve en uzak degerler
hesaplanmis ve alternatifler arasindan en uygun olani secilmistir. TOPSIS yontemi Excel
2016 paket programi tizerinde uygulanmustir.

Literatiirde tam sayili dogrusal planlama, hedef programlama gibi karar verme teknikleri
bulunmaktadir. AHP yonteminin igerisinde bir¢ok degiskeni barindiran ve karmasik bir
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yapiya sahip bir¢ok problemi kolaylastirmasi, objektif yorumlarin yaninda siibjektif
yorumlara da olanak vermesi sebebiyle literatiirde en ¢ok yer verilen ¢ok kriterli karar
verme yontemi (CKKV) yontemidir ve bu ¢alismada da bu neden ile tercih edilmistir
(Omiirbek ve Simsek, 2014: 308). Ciinkii optimal tasima rotas1 belirlenmesi amaciyla
yapilan degerlendirmede sayisal degerlerin yaninda tecriibelerin de degerlemeye katilmasi
calismanin verimliligini arttirmaktadir. Ideal ¢dziime en yakin ve negatif ¢dziime en uzak
mesafe metodolojisine dayanan TOPSIS yontemi bu ¢aligmada 5 farkli rota arasindan en
verimli olan1 segme agamasinda kullanilmistir. TOPSIS yontemi karar vericilerin rasyonel
ifadelerinin yaninda en iyi ve en kotii alternatifin ayni anda gdsterebilmesine ek olarak
kolay uygulanabilir ve anlasilabilir olmasindan dolayi tercih edilmistir (Shih vd. 2007:
802). Belirlenen iki nokta arasinda emisyon degerlerini 6lgmek amaciyla EcoTransIT
web uygulamasi kullanilmistir. EcoTransIT yiik tagimaciligi esnasinda ortaya ¢ikan
karbondioksit salimini direkt ve dolayli bir sekilde hesaplayabilen {icretsiz bir emisyon
hesaplama aracidir (Petro ve Konency, 2017: 679).

Calisma kapsaminda Afyon-Lyon noktalar1 arasinda tasimaciligin gergeklestirilmesi igin
sirketlerden hélihazirda gergek miisterilerine sundugu mevcut rotalarin bilgisi alinmis ve
bu rotalar {izerinden uygulama gergeklestirilmistir. Rota, maliyet ve transit siire bilgileri
sektordeki s6z konusu hedef noktalara lojistik hizmet sunan sirketlerden edinilmistir.

3.1 Veri Toplama Siireci ve Verilerin Analizi

Literatiir taramasi sonucu ana ve alt olmak {izere elde edilen toplam 24 kriter tasimacilik
sektoriinde hizmet veren armator ve freight-forwarder sirketlerinin operasyon, satin alma,
is gelistirme ve planlama midiiri unvanlaria sahip yoneticilerine ve lojistik alaninda
uzman akademisyenlere mail yoluyla gonderilerek uygulama formlarinin doldurulmasi
saglanarak veriler toplanmistir. Veri toplama asamasinda 10 sirket yoneticisi ve 3
akademisyene ulagilmistir. Ulasilan sirket yoneticilerinin ortalama tecriibesi 13 yildur.

Rotalarin maliyet ve transit siire bilgileri 1 Haziran- 1 Temmuz 2022 tarihleri 6grenilmis ve
gelisen durumlara gore navlun fiyatlarinda farklilar yasanabilecegi bilgisi elde edilmistir.
Elde edilen veriler Excell 2016 ve Super Decision v2.10 kullanilarak analiz edilmistir.

Uygulamada rota se¢imini etkileyen ana ve alt kriterler genis literatiir taramasindan sonra
belirlenmistir. Belirlenen kriterler lojistik sektoriindeki uzman kisilerin ayrica devlet ve
vakif tiniversitesindeki lojistik alaninda uzman akademisyenlerin goriisiine sunulmustur.
S6z konusu kriterlerin uygunluk onay1 alindiktan sonra kriterler son seklini almustir.

Uygulama kapsaminda Afyon’dan Lyon sehrine gergeklestirilecek plaka mermer ihracati
icin toplamda 5 rota se¢ilmistir. Secilen rotalarin hepsi aktif halde kullanilmaktadir. Rotalar
ile maliyet(navlun) ve transit siire ile ilgili bilgiler armatorler ve freight forwarderlarin
satig temsilcileri tarafindan elde edilmistir. Belirlenen rotalarda her giin gemi ya da
tirin tasimaciliga uygun oldugu transit siirelerin rota tizerinden herhangi bir olumsuzluk
olmadig1 durumlara gore hesaplandigi ve buna gore veri girisinin yapildig1 bir varsayim
kabul edilmistir. Ayrica hasarsiz iiriin teslimati ve kapasite esnekligi ile ilgili literatiirde
6l¢ek bulunmamasina bagl olarak s6z konusu iki kriter uzman goriisiine sunulmus ve
rotalara gore degerlendirildiginde aralarinda anlamli bir fark bulunmamasindan dolay1
nitel ifadeleri nicel ifadeleri ¢eviren dlgek kullanilmig ve 5(orta) puan verilmistir,
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Afyon-Lyon hedef noktalar1 arasinda optimal rotanin belirlenmesi amaciyla kriterler ve alt
kriterler i¢in ulusal ve uluslararasi literatiir taranmistir. Literatiirde yer alan ¢alismalarda
en fazla iizerinde durulan ve dneme sahip 6 ana 18 alt kriter belirlenmistir. Belirlenen
kriterlerin amaca yonelik olup olmadigina yonelik sektordeki yoneticilerin yani sira devlet
ve vakif iiniversitelerindeki lojistik alaninda uzman akademisyenlerden goriis alinmistir.
Siire¢ sonunda 6 ana 18 alt kriter olmak tizere 24 kriter belirlenmistir. Bu kriterler asagida
Tablo 1’de gosterilmistir.

Tablo 1: Calismada Kullanilan Ana ve Alt Kriterler

Maliyet (M) Giivenilirlik (G)
Ana Navlun (M1) Zamaninda Teslimat (G1)
I¢ Tagima (M2) Hasarsiz Uriin Teslimat1 (G2)
Liman ve Giimriik Masraflar1 (M3) Gecikmelerde Alinan Sorumluluk Diizeyi (G3)
Hiz (H) Uriin Ozellikleri (U)
Transit Stire (H1) Agirhk (U1)
Mesafe (H2) Hacim(U2)
Aktarma Noktalarinda Gegen Siire (H3) Ambalaj Gereksinimi (U3)
Cevre (C) Esneklik (E)
Karbondioksit Salimi (C1) Zaman Esnekligi (E1)
Yenilenebilir Enerji Kul. Maliyeti (C2) Kapasite Esnekligi (E2)
Giirilti (C3) Rota Esnekligi (E3)

3.2 Rotalarin Belirlenmesi

Rota 1 Afyon-Lyon Karayolu Tasimacihi@i: Rota 1’de Afyon’da fabrikada dolumu
yapilan konteyner tir tizerine yiiklenip miihiirlenip glimriik islemleri yapildiktan sonra
Tiirkiye’den ayrilarak Bulgaristan-Sirbistan-Hirvatistan-Slovenya-Avusturya-Almanya
iizerinden Fransa’ya girig yapar ve Lyon sehrine vararak tasima son bulur.

Rota 2 Afyon-Lyon Ro-Ro+Karayolu Tasimacihigi: Rota 2’de Afyon’da dolumu yapilip
yiiklenen konteyner tir ile Yalova’daki Ro-Ro terminaline oradan da Ro-Ro gemisi ile
Fransa’nin Sete limanimi varir. Sete limaninda tir inis yaparak Lyon sehrine karayolu
vasitastyla hedef noktaya ulastirilir

Rota 3 Afyon-Lyon Ro-Ro+Demiryolu Tasimaciligi: Rota 3’te Afyon’dan ¢ikan tir
Pendik’te bulunan Ro-Ro terminaline gelir, Ro-Ro gemisiyle italya’nimn Trieste limanina
varir. Burada konteyner elleglenerek demiryoluna aktarilir ve Trieste-Duisburg-Lyon
demiryolu hattiyla Lyon’a ulastirilir.

Rota 4 Afyon-Lyon Denizyolu+Karayolu Tasimaciligi: Rota 4’te Afyon’dan konteyner
tir ile Izmir Aliaga’da bulunan TCEEGE konteyner limanina getirilir ve konteyner gemisi
ile Fransa’da bulunan Fos/Sur/Mer limanina taginir. Burada elleglenerek tir tizerine tekrar
yiiklenir ve karayolu vasitasiyla Lyon’a ulastirilir.

Rota 5 Afyon-Lyon Denizyolu+i¢ Suyolu Tasimacihigi: Rota 5’te Afyon’da dolum
gerceklestirilen konteyner gerekli islemleri yapildiktan sonra Bursa Gemlik’te bulunan
Gemport limanina tir ile getirilir ve konteyner gemisine yliklenerek Fransa’da bulunan
Seayard 2XL limanina tasinir. Burada elle¢lenerek Avrupa’da nehir tasimaciliginda
kullanilan kiiglik konteyner gemilerine yiiklenerek Lyon’a getilir ve tasimacilik operasyonu
sonlandirilir.
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3.3 Rotalarin Maliyet ve Transit Siire Analizi

Afyon-Lyon noktalar arasinda olusturulan 5 farkli rotanin maliyet, transit siire ve toplam

emisyon miktarlari agsagidaki tabloda gosterilmektedir.

Tablo 2: Rotalarin Maliyet, Transit Stire ve Emisyon Rakamlari

Rotalar Agiklama Mallyflfz(‘z;lll:al)\l?élunﬂc Tra(rlégns)ure Topla?} ;Enl;usyon
Rota 1 Karayolu 5200(4600+600) 7 18,58
Rota 2 RoRo+Karayolu 4500(3900+600) 8 10,35
Rota 3 RoRo+Demiryolu 4110(3560+550) 11 11,20
Rota 4 Denizyolu+Karayolu 4300(3750+550) 9 12,10
Rota 5 Denizyolu+ig suyolu 4115(3465+650) 10 12,40

3.4 Rotalarin Emisyon Analizi

Afyon-Lyon noktalar1 arasinda belirlenen birbirinden farkli 5 rotanin ¢evreye ne kadar

duyarl bir tasimacilik gerceklestirecegini 6lgmek amaciyla her bir rotanin emisyon

analizi gergeklestirilmistir. Emisyon analizinde kullanilan birgok farkli lgme metodolojisi

bulunmaktadir. Ancak EcotransIT emisyon hesaplama araci kullanilarak olusturulan 5

rotanin emisyon analizi yapilmustir.

Tablo 3: Belirlenen Rotalarin Emisyon Analizi

COZ Esdeger Emisyon Miktari

T istif Bos T Mesaf (ton)
asima - - os Tur esafe
Rotalar Modu Arag¢ Tipi | F al(()toru Faktorii(%) | (km)
(%) Dogrudan | Dolaylh | Toplam
Rota 1. Afyon-Lyon Karayolu Tir 60 20 3161 14,95 3,63 18,58
Rota 2. Afyon-Yalova 350+
Sete-Lyon Karayolu Tir 60 20 330 3,34 0,81 4,15
Rota 2. Yalova-Sete Denizyolu Ro-Ro - - 2848 5.94 0.26 6.20
Rota 3. Afyon-Pendik Karayolu Tir 60 20 382 1.96 0.43 2.39
Rota 3. Pendik-Trieste | Denizyolu Ro-Ro - - 2249 4.69 0.21 4.90
Rota 3.Trieste- . 1123+
Duisburg-Lyon Demiryolu Tren 50 20 301 3.09 0.82 3.91
Rota 4. Afyon-TCEEGE 375+
Fos/Sur/Mer- Lyon Karayolu Tir 60 20 295 3.29 0.79 4.08
Rota 4. TCEEGE-Fos/ | 1y i volu | Handysize - . 2422 7.39 0.63 8.02
Sur/Mer
Rota 5.Afyon-Gemport | Karayolu Tir 60 20 300 1.56 0.34 1.90
Rota 5. Gemport- . .
Seayard 2XL Denizyolu | Handysize - - 2744 7.97 0.67 8.64
I¢ suyolu

WOE S REVETANER | oo || Rameymer . . 312 1.53 0.39 1.92
Lyon -

Gemisi

Tablo 3 incelendiginde en fazla emisyon degerinin 18,58 ile 1. Rotada en az emisyon

degerinin ise 10,35 ile 2. Rotada oldugu tespit edilmistir.
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3.5 Arastirmanin Bulgular:

Arastirma kapsaminda daha 6nceden belirlenmis olan kriterlerin agirliklart hesaplanmis
ve devaminda yapilan arastirma kapsaminda elde edilen bulgulara yer verilmistir.
Katilimcilardan elde edilen veriler Superdecision, EcotransIT ve Excel programlari
kullanilarak anlamli tablolar olusturulmus ve yorumlanmistir

Calisma kapsaminda hazirlanan ana ve alt kriterlerin birbirleri ile karsilastirmalarini
sonucunda olusturulan ikili karsilagtirma matrislerini i¢eren uygulama formlar1 her bir
sirket yoneticisi ve akademisyene gonderilerek doldurulmalari saglanmustir. Elde edilen 13
uygulama formunda bulunan ana ve alt kriter ikili karsilastirma matrislerinin medyanlar1
alinarak temel bir uygulama formu meydana getirilmistir. Temel uygulama formunun
karsilagtirma matrisleri asagida Tablo 4’te gosterilmistir. Tablo 4’te gosterilen karar
matrisindeki