YASAR UNIVERSITY

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

SIMULATION & ANALYSIS OF IZMIR METRO
TRANSPORTATION SYSTEM

Giiler OZTURK
Thesis Advisor: Asst.Prof.Dr.Adalet Oner

Department of Industrial Management and Information Systems

Bornova — iZMIR

2012






111

This study titled “SIMULATION & ANALYSIS OF IZMIR METRO
TRANSPORTATION SYSTEM” and presented as MSc Thesis by Giiler
OZTURK has been evaluated in compliance with the relevant provisions of Y.U
Graduate Education and Training Regulation and Y.U Institute of Science
Education and Training Direction and jury members written below have decided
for the defence of this thesis and it has been declared by consensus / majority of

votes that the candidate has succeeded in thesis defense examination dated
August 08, 2012.

Jury Members g Signature:
Head: ..................
Rapporteur Member: ............... FEE oo

Member: ........ccvvvnn..

................












OZET

[ZMIR METRO ULASIM SISTEMINiIiN BENZETIM
YOLUYLA ANALIZI

OZTURK, Giiler

Yiiksek Lisans Tezi, Endiistriyel Yonetim ve Biligim Sistemleri Programi
Tez Danismani: Yrd. Dog. Dr. Adalet Oner

Agustos 2012, 71sayfa

Bu tezde Izmir Metro ulasim sisteminin biiyiik &lgekli bir benzetim
modeli gelistirilmistir. Model, kesikli-olay simiilasyon yaklasimi ile
ARENA™ programumi  kullanilarak olusturulmugtur. Caligmanin amaci

metro operasyonlarinin  analizi ve etkinliginin degerlendirilmesidir.

Performans kriterleri enerji maliyeti, yolcularm ortalama bekleme siireleri

ve konforudur.

Calisma klasik simulasyon ¢alismalarinda oldugu gibi veri toplama,
girdi analizi, modelin kurulmasi, gegerlilifinin saglanmasi & dogrulama,

deneysel tasarim ve ¢ikt1 analizi béliimlerinden olusmaktadir.

Yolcularin istasyonlara gelislerine iliskin son 15 ay1 iceren 50
milyondan fazla kayit analiz edilerek ARENA™ modeline girdi olarak
kullamlmigtir. Yolcularin gelisleri “non-stationary” Poisson prosesine gire
modellenmistir. Model giinde 135,000 den fazla yolcuyu yaratarak
islemektedir. Modelin kosturulmas: sonunda her seferde trenlerdeki
ortalama yolcu sayilari, yolcularin istasyonlardaki ortalama bekleme siireleri
gibi mefro yonetiminin daha &nce sahip olmadigi bilgiler edinilmistir.

Ayrica operasyon etkinligini arttiracak 6nerilerde bulunulmustur.

Anahtar sozciikler: benzetim, modelleme, ulagim sistemi
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ABSTRACT

SIMULATION & ANALYSIS OF IZMIR METRO
TRANSPORTATION SYSTEM

OZTURK, Giiler

MSc in Industrial Management and Information Systems
Supervisor: Asst.Prof. Dr. Adalet Oner

August 2012, 71 pages

This study concerns with developing a large-scale simulation model of
Izmir metro transportation system. The model is based on discrete-event
simulation approach and it is developed using ARENA™ simulation software.
The goal is to make an analysis and evaluate the effectiveness of operations in
metro line. The performance criteria of effectiveness are the cost of energy spent
for operations, waiting time of passengers at stations and the comfort of the

passengers.

The study is designed to be in accordance with the stages which a typical
simulation study consists of: data collection, input analysis, model building,

verification and validation, experimental design and output data analysis.

Historical data containing more than 50 million records about the arrivals
of passengers have been analyzed, interpreted and compiled as an input to the
simulation model. Arrivals of passengers are modeled as a non-stationary Poisson
process. The model creates and processes more than 135,000 passengers daily.
The simulation model delivers some useful information that the management
didn’t have before such as average number of passengers in the train across
stations, average waiting time of passengers at stations etc. Some

recommendations have been made to improve the efficiency of metro operations.

Keywords: Simulation, modeling, transportation systems
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1. INTRODUCTION

lzmir Metro Inc. is atfiliated with Great Municipality of lzmir. It runs a part of’
public transportation system having 12 km in length and carrying approximately
[35.000 passengers a day in the average. The goal of the company is to provide

comfortable, economical, and safe transportation for people of Izmir.

Figure 1.1 *“Konak”™ station of [zmir Metro Line

The metro line has 10 stations. The names of stations are (“Ugyol”, “Konak™,
“Cankaya”, “Basmane”, “Hilal”, “Halkapinar”, “Stadyum”, “Bolge”, “Bornova™)

respectively in west-east direction. The first and last stations are terminuses where



[§9)

trains begin and finish their trips in the line. The distance between stations varies
between 0.8 - 1.6 km. There are totally 30 escalators for easy access and 32 special
elevators for disabled passengers. All station platforms have a 125 m long and are

suitable to accommodate the operation of a train with up to 5 coaches.

Figure 1.2 “Halkapinar” station.

The company wants to improve its management system alongside with its
technology and equipment in order to assure providing comfortable, economical, and
safe transportation for people of Izmir. For this reason., the management wants to
establish an integrated management system that is capable of assessing operations
depending on measurable performance criteria. This study includes a simulation
model of the metro line and it is a part of or a basis for the integrated management

system to be established.

A typical simulation study consists of several steps such as data collection,
input analysis, model building, verification and validation, experimental design and
output data analysis. This study is designed to be in accordance with those stages and
it consists of 8 chapters. The next chapter describes the operations of metro line and

makes a formal definition of the problem. Chapter 3 includes literature survey on the
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simulation model of public transportation systems. Input analysis for the simulation
model is provided in Chapter 4. The simulation model and its details are given in
Chapter 5. Subsequently verification and validation is presented in Chapter 6. Output
Analysis of the simulation model is the subject of Chapter 7. Finally the experimental
results. outcomes of the simulation, discussions and recommendations are presented

in Chapter 8.



2. STATEMENT OF THE PROBLEM

In this chapter. operations of metro line will be described first. The
operational environment in which the problem arises will be mentioned and then the

formal definition of the problem will be given.

2.1 Operations in Metro Line

Current metro line consists of 10 stations that are located in the southeast to
northwest direction. The line has two tracks therefore trains can travel in both

directions simultaneously. The layout of metro line is shown in Figure 2.1.
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Figure 2.1 Layout of izmir Metro Line.

“Halkapinar” station is the midpoint of this line which consists of
management center and maintenance facilities. Besides, it serves as parking lot for
trains. The trains access and leave the metro line at this station. There are 45
coaches and each coach has 44 seats. There is additional 34 m” of empty space for
standing passengers who can’t have a seat when the coach is crowded. Under
congested situations, if the passengers take all seats in a coach, some additional

passengers can still get in the coach as straphangers in the empty space. Maximum



number of straphangers is physically limited to 6 persons per square meter. In such
a case. each coach may have up to 248 passengers. This is the maximum capacity
which creates uncomfortable voyage and it is not desirable. The company wants to
provide a service not to exceed 3 standing passengers per square meter of empty

space which means 146 passengers per coach.

A train which arrives at a terminus should be ready tfor the next trip on the
opposite direction. However, there is not enough space to make a complete U-turn.
Instead of that, it makes a simple manoeuvre to change the track and therefore to
reposition itself such that its former tail becomes the head. It is now ready for the
next trip in the opposite direction. In this way, trains keep travelling in cycles at the
metro line. In order to keep the safety margins within limits, only 6 trains will be
allowed to move in the same direction. Trains may consist of double. triple,
quadruple or even more coaches. However, it is possible to change the number of
coaches of a train only at “Halkapinar™ station since other stations have no enough

space and equipment.

The line consists of 2 tracks. The trains always use the “right™ track relative to
the direction they take. Except the emergency situations, trains are not allowed to

change tracks.

Figure 2.2 Tracks of Metro Line.



Electrical energy is used to run the trains. A train with 4 coaches can have a
maximum speed of 80 km per hour. However, average traveling speed is 40 km per
hour because of the safety precautions and for the limited distances between
stations. The cost of energy consumed is 0.70 TL/km per coach at the average

speed.

The system begins operating at 6 o’clock of every day where trains start their
daily tours. Traveling times between stations are known since the distances between
stations are fixed. When a train arrives at a station, it waits for a specific period of
time (dwell time) for passengers get in and get off the train. Dwell times are
different for particular stations. The train closes its doors automatically when the
dwell time ends and moves next station. The total time to complete a one-way trip is
between 16 to 18 minutes. The travelling times between stations and dwell times are

given in the following tables.

Table 2.1 Travelling times between stations (in seconds)

From To Notes TIi)rzZa(tSichl.)
Ugyol Ugyol turning and preparing in the reverse direction 150
Ugyol Konak - 116
Konak Cankaya - 76
Cankaya Basmane - 64
Basmane Hilal - 84
Hilal Halkapinar - 97
Halkapmar Stadyum - 96
Stadyum Sanayi - 81
Sanayi Bolge - 81
Bolge Bornova - 79
Bornova Bornova turning and preparing in the reverse direction 90




Table 2.2 Dwell times at stations (in seconds)

Station Duration (sec)

konak station 33
cankaya station 33
basmane station 30
hilal station 15
halkapinar station 20
stadyum station 20
sanayi station 15
bolge station 20

When system starts to operate at 06:00 A.M., the number of passengers is
relatively small. The headway (time interval between consecutive trips at a station)
is 10 minutes at the beginning. The arrival rate of the passengers gets higher as time
advances to rush hours, therefore headway gets shorter and shorter. The duration of
headway is controlled by the number of trains in the system. At the beginning there
are 4 trains, but it becomes 5, 6. 7, 8. 9 and finally 10 trains at rush hours in the
morning. The headway decreases to 4 minutes at that moment. The arrival rate of
passenger decreases gradually after 9:00 A.M.. and therefore the trains are pulled
out of system one by one. It is responsive arrangement to the fluctuations of arrival
rate. Similarly, the number of trains in the system increases again in the evening
rush hours. There are 190 trips in each direction which means 380 trips in total a

day. Current train schedule is given in the Table 2.3.

Table 2.5 Current schedule of trains

Train Time Train Time Train Time Train Time

No No No No

1 06:00:00 3 07:30:00 8 08:18:00 5 09:07:30
3 06:10:00 9 07:34:00 2 08:22:00 4 09:10:00
2 06:20:00 8 07:38:00 5 08:26:00 10 09:15:00
4 06:30:00 2 07:42:00 4 08:30:00 7 09:20:00
1 06:40:00 5 07:46:00 10 08:34:00 1 09:25:00
3 06:50:00 4 07:50:00 7 08:38:00 3 09:30:00
2 07:00:00 10 07:54:00 1 08:42:00 9 09:37:30
5 07:05:00 7 07:58:00 6 08:46:00 8 09:40:00
4 07:10:00 1 08:02:00 3 08:50:00 2 09:45:00
7 07:15:00 6 08:06:00 9 08:54:00 4 09:52:30
1 07:20:00 3 08:10:00 8 09:00:00 10 10:00:00
6 07:25:00 9 08:14:00 2 09:05:00 1 10:07:30




Table 2.3 Current schedule of trains(continued)

T;fﬂ‘" Time T;“O'“ Time T;ao'“ Time T;“O‘“ Time
3 10:15:00 51 14:18:00 61 17:20:00 2 19:50:00
9 10:22:30 2 14:24:00 1 17:25:00 4 19:55:00
2 10:30:00 4 14:30:00 3 17:30:00 10 20:00:00

10:37:30 10 14:35:00 71 17:34:00 61 20:06:00
10 10:45:00 61 14:40:00 9 17:38:00 1 20:12:00
1 10:52:30 1 14:45:00 51 17:42:00 3 20:18:00
3 11:00:00 3 14:50:00 2 17:46:00 9 20:24:00
9 11:07:30 9 14:55:00 4 17:50:00 51 20:30:00
2 11:15:00 51 15:00:00 81 17:54:00 2 20:37:30
4 11:22:30 2 15:05:00 10 17:58:00 4 20:45:00
10 11:30:00 4 15:10:00 61 18:02:00 10 20:47:30
1 11:37:30 10 15:15:00 1 18:06:00 61 20:52:30
3 11:45:00 61 15:20:00 3 18:10:00 1 21:00:00
9 11:52:30 1 15:25:00 71 18:14:00 3 21:10:00
2 12:00:00 3 15:30:00 9 18:18:00 5 21:15:00
4 12:07:30 9 15:35:00 51 18:22:00 2 21:20:00
10 12:15:00 51 15:40:00 2 18:26:00 4 21:30:00
1 12:22:30 2 15:45:00 4 18:30:00 1 21:40:00
3 12:30:00 4 15:50:00 81 18:34:00 3 21:50:00
9 12:36:00 10 15:55:00 10 18:38:00 2 22:00:00
51 12:42:00 61 16:00:00 61 18:42:00 4 22:10:00
2 12:48:00 1 16:05:00 1 18:46:00 1 22:20:00
4 12:54:00 3 16:10:00 3 18:50:00 3 22:30:00
10 13:00:00 9 16:15:00 71 18:54:00 2 22:40:00
61 13:06:00 51 16:20:00 9 18:58:00 4 22:50:00
1 13:12:00 2 16:25:00 51 19:02:00 1 23:00:00
3 13:18:00 4 16:30:00 2 19:06:00 3 23:10:00
9 13:24:00 10 16:35:00 4 19:10:00 2 23:20:00
51 13:30:00 61 16:40:00 81 19:15:00 4 23:30:00
2 13:36:00 1 16:45:00 10 19:20:00 1 23:40:00
4 13:42:00 3 16:50:00 61 19:25:00 3 23:50:00
10 13:48:00 9 16:55:00 1 19:30:00 2 00:05:00
61 13:54:00 51 17:00:00 3 19:35:00 4 00:10:00

14:00:00 2 17:05:00 7 19:37:30 1 00:25:00
3 14:06:00 4 17:10:00 9 19:40:00
9 14:12:00 10 17:15:00 51 19:45:00

[f the train schedule above is conducted, then the number of trains in the line

over time can be tabulated as given in Table 2.4,



Table 2.4 Number of trains in the system

Time Interval Number of trains in the system
06:00-06:52 4
06:52-06:55 5
06:55-07:02 6
07:02-07:05 7
07:05-07:18 8
07:18-07:21 9
07:21-09:14 10
09:14-09:16 9
09:16-09:47 8
09:47-09:49 7
09:49-12:26 6
12:26-12:28 7
12:28-17:18 8
17:18-17:20 9
17:20-19:43 10
19:43-19:49 9
19:49-20:54 8
20:54-20:57 i/
20:57-21:21 6
21:21-21:24 5
21:24-00:00 4

2.2 Definition of the Problem

The goal of this study is to build a simulation model in order to make an
analysis and evaluate the effectiveness of operations in metro line. The performance

criteria of effectiveness are identified as follows:

a. cost of energy spent for operations ( 0.7 TL / coach / km)
b. average waiting time of passengers at stations
¢. comfort of the passenger ( number of standing passengers in each square

meter of the empty space devoted to straphangers in the coach)
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It is desirable to decrease cost of energy. It is possible by decreasing the
number of coaches and trains in the line which leads the headways to become longer
and longer. Average waiting time of passengers gets higher then. Furthermore the
trains would be much more crowded and it would not be convenient for the comfort
of the passengers. Hence we have some contradicting objectives derived from

performance criteria on hand.
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3. LITERATURE SURVEY

There are many studies in literature about transportation systems. Some
studies concerns with the analysis of the system whereas the other includes also the

improvement and optimization of some performance criteria in the system.

Goverde (1998) dealt with synchronization control of scheduled train services
to minimize passenger waiting times. This model can be utilized to review the
optimal synchronization control policy from the point of view of expensed arrival
delays. The objectives are to minimize of the total generalized passenger waiting
time and to resolute of substantial buffer times related with the passenger waiting

times in service network timetables.,

Chang et al (1999) concerned a multi-objective model for passenger train
services planning which is applied to Taiwan’s high speed rail line. The goal is to
improve a multi-objective programming model for optimal assignment of passenger
train services on an intercity high speed rail line without branches. There are two
objectives: minimizing the operator’s total operating cost and minimizing the
passenger’s total travel time loss. This model assisted to improve train service
planning in general. The train stop schedule plan, service frequency and fleet size

are parameters that are few to mention that involves in the model.

Li (2000) built up a simulation model of a train station and its passenger flow.
Simulation model consists of the processes, equipment and queues which a
passenger comes across from entering the station. All these parameters directly
affect the total passenger travel times. Minimizing the total passenger travel times
and increasing the service quality are the purpose of this study, and that is to

develop existing condition and upgrade for the future, and to review station design.

Martinez (2002) denoted application of Siman ARENA™ that is a discrete
event simulation tool in the operational planning of a rail systems. This model also

involves in an animation of a Siman simulation. The simulation model gives the



capability to use a realistic model of the rail network and calculated waiting time in

platform and on time performance tor special system performance parameters.

Sheu and Lin (2011) denoted optimization of train regulation and energy
usage of metro lines using an adaptive — optimal - control algorithm, The automatic
train regulation system involves in service quality, transport capacity and energy
usage of a metro line operations. The train regulator has a purpose of maximizing

the schedule and headway commitment while minimizing the energy depletion.

Lindner and Zimmermann (2005) presented an optimization model of train
schedule in public rail transport system to reduce cost and increase resource

utilization.

Finally, Yalcinkaya and Bayhan (2009) described modeling and optimization of
average travel time for a metro line by simulation. They present a modeling and
solution approach based on simulation and response surface methodology for
optimization. The aim is to find the optimum headways. and to minimize the
average passenger time spent in the metro line with a satisfactory rate of carriage
fullness. Actually their study is conducted on the same transportation system as in
our model. There are some discrepancies in that study such that the arrival rates of
passengers are assumed to be fixed during the day. However, it is shown that the
arrival rates are non-stationary (See Chapter 4 and 5.1). On the other hand, the
objective is to find the optimal headways (time interval between consecutive trips at
a station). They assume that there are infinite numbers of trains available at the end
of the metro lines. In fact, there are limited numbers of trains available and the

headways are limited by some other factors.



4. INPUT ANALYSIS

There are two stochastic inputs of the system. The first one is the arrivals of the
passengers into the system, the other one is the destination station of the passengers.

The details of input analysis are given in the following sections.
4.1 Arrivals of Passengers

When a passenger arrives at station, he/she uses an electronic pass card or a
token to access the system. Therefore arrival information including the time stamp

and station is automatically stored in an ORACLE ™ database.

The records of passengers served by the system within last 15 months have
been considered for the analysis in order to determine arrival rates. There are more
than 50 million of such records in the database. Since the size of the file is huge. an
interface and an analysis tool have been designed to interact with the database in
place at the corporate IT department. Only then it was possible to make statistical
analysis of arrivals. Both the interface and the analysis tool have been coded using

VBA tools.

Raw data has been investigated, and average number of passengers has been
determined for every minute of a day. for each day of the week and for each station.
The idea is to identify the differences, if any, in arrival rates for different stations and
hours in a day. We are also interested in whether there is a difference between days of

a week (working days vs weekend) and between winter and summer seasons.

It has been observed that every station has its own characteristic pattern for
arrival rates. It is not surprising since the stations are established at different parts of
the city. Some stations are at the neighborhood of business center whereas some
others are settled at residence area. The arrival patterns for different stations are
given in Figure 4.1 through 4.10. The graphics depicted in those figures represent the

average number of passengers per minute that arrives to the corresponding station
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over time during the day. Numerical data is supplied in a DVD attached to the thesis

and also stored at http://aoner.yasar.edu.tr/?page_id=723

Average Number of Passengers Per Minute at Bornova
Station
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Figure 4.1 Average number of passengers per minute at “Bornova” station for monday.
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Figure 4.2 Average number of passengers per minute at “Bolge” station for monday.



Average Number of Passengers Per Minute at Sanayi
Station
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Figure 4.3 Average number of passengers per minute at *Sanayi” station for monday.

Average Number of Passengers Per Minute at Stadyum
Station

35

30

25

20

15 = Monday

10

O T T T T T T T T
06:00 08:09 10:19 12:28 14:38 16:48 18:57 21:07 23:16

Figure 4.4 Average number of passengers per minute at “Stadyum" station for monday.




Average Number of Passengers Per Minute at
Halkapinar Station
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Figure 4.5 Average number of passengers per minute at “Halkapinar™ station for monday.
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Figure 4.6 Average number of passengers per minute at “Hilal” station for monday.
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Average Number of Passengers Per Minute at Basmane
Station
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Figure 4.7 Average number of passengers per minute at “Basmane™ station for monday.
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Figure 4.8 Average number of passengers per minute at “Cankaya™ station for monday.



Average Number of Passengers Per Minute at Konak
Station
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Figure 4.9 Average number of passengers per minute at “Konak™ station for monday:.

Average Number of Passengers Per Minute at Ugyol
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Figure 4.10 Average number of passengers per minute at “Ugyol” station for monday.




Another remarkable observation is that the patterns repeat themselves at each
particular station during the weekdays but differ only weekends. Saturday and
Sunday namely. It leads to an important result such that there should be three
scenarios in the model; one for weekdays, the other one for Saturdays and finally the

last one for Sundays. The following figures indicate differences between weekdays,

Saturdays and Sundays.
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Figure 4.11 Average number of passengers on weekdays vs. weekends at “Bornova” st.
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Figure 4.12 Average number of passengers on weekdays vs. weekends at “Bélge™ st.
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Figure 4.13 Average number of passengers on weekdays vs. weekends at ““Sanayi™ st.
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Figure 4.14 Average number of passengers on weekdays vs. weekends at “*Stadyum™ st.
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Figure 4.15 Average number of passengers on weekdays vs. weekends at “Halkapinar™ st.
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Figure 4.16 Average number of passengers on weekdays vs. weekends at “Hilal™ st.
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Figure 4.17 Average number of passengers on weekdays vs. weekends at “*Basmane™ st.
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Figure 4.18 Average number of passengers on weekdays vs. weekends at “Cankaya’ st.
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Figure 4.19 Average number of passengers on weekdays vs. weekends at “Konak™ st.
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Figure 4.20 Average number of passengers on weekdays vs.weekends at “Ugyol™ st.

The final observation is that only the magnitudes change whereas the shapes of
the patterns do not change when the seasonal changes come into question. All those

observations provide valuable information that the company has not have before.



4.2 Destination Stations of Passengers

When a passenger accesses in the system at a particular station, there is no
information available about at which station he/she leaves the system. However, it is

important to have this information in order to assess the performance of the system.

One-week lasting public surveys have taken place twice during winter and
summer seasons in order to provide information about destination stations of the
passengers. Surveys are conducted by the assistance of security personnel. At each
station, security men have questioned arriving passengers about their destination
station. The answers including time stamps have been automatically recorded with
their hand counters. Each survey covers more than 500,000 passengers in total.
Collected data has been organized and analyzed to produce probability tables for
destination stations. The outcomes are assumed to be confident and consistent since

sample spaces are pretty big for each station.

Destination probabilities are organized in two complementary tables tor each
station. Because when a passenger arrives at a station, first of all it is required to
identify the probability of the direction which he/she will take. The probability of
destination station should be determined next. It the station is a terminus, it is obvious
that the passenger will travel in either west or east direction depending on the
terminus which he/she arrives. However if the station is an intermediate one, a
preliminary probability should be assigned for the direction, and then a probability

table should accompany for the destination stations.

Due to socio-economical behavior of the passengers and the attributes of the
stations in the line, destination probabilities may change over time during the day.
Therefore the tables should be prepared as a function of time to represent those
fluctuations. The following two tables indicate the probabilities of direction and

destination station if a passenger enters into the system at “Basmane™ station.
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Table 4.1 Probability of directions for passengers at “Basmane™ station

Direction aidol
06-07 | 07-08 08-09 [ 09-10 | 10-11 | 11-12 12-13 13-14 14-15
WEST 0.241 | 0.250 0.251 [ 0.291 [ 0.296 | 0.326 0.339 0.314 0.294
EAST 0.759 | 0.750 | 0.749 | 0.709 | 0.704 | 0.674 | 0.661 | 0686 | 0.706
Table 4.1 Prabability of directions for passengers at “Basmane™ station (Continued)
Direction = IS
15-16 16-17 17-18 18-19 19-20 20-21 21-22 | 22-23 23-24
WEST 0.303 0.339 0,362 0,333 0,364 0.328 0,385 | 0.338 0.358
EAST 0.697 | 0.661 0.638 0,667 0,636 0.672 0,615 | 0,662 0,642
Table 4.2 Probabilities of destination station for passengers at “Basmane” station
Destination Hours
Stations 06-07 | 07-08 | 08-09 | 09-10 | 10-11 | 11-12 | 12-13 | 13-14 | 14-15
= | ueyol 0.558 | 0.489 | 0.472 | 0.415 | 0.441 | 0.428 | 0.391 | 0,412 | 0.520
§ konak 0.383 | 0.326 | 0.354 | 0426 | 0.417 0.460 | 0.451 | 0,442 | 0,343
cankaya 0.058 | 0.184 | 0.172 | 0.157 | 0.141 | 0.111 | 0.157 | 0,144 | 0.135
basmane 0.5 g0 RSl 0 e
hilal 0.004 | 0.012 | 0.009 | 0.018 | 0.005 0.008 | 0.009 | 0,008 | 0,008
halkapinar 0.247 | 0.188 | 0.204 | 0.163 | 0.241 0.253 | 0.256 | 0,287 | 0,291
e stadyum 0.109 | 0.143 | 0.178 | 0.141 | 0.091 0.112 | 0.096 | 0,105 | 0,121
5 sanayi 0.050 | 0.056 | 0.081 | 0.056 | 0.037 0.038 | 0.039 | 0,038 | 0,051
bolge 0.073 | 0.069 | 0.070 | 0.067 | 0.059 0.062 | 0.063 | 0,061 | 0,062
bornova 0.513 | 0.529 | 0.455 | 0.551 | 0.564 0.523 | 0.534 | 0.499 | 0,463




Table 4.2 Probabilities of destination station for passengers at “Basmane™ station (Continued)

Destination Hours
Stations 15-16 | 16-17 | 17-18 | 18-19 | 19-20 20-21 | 21-22 | 22-23 | 23-24
- ucyol 0.449 | 0.521 | 0.571 | 0,614 | 0.573 0.639 | 0,561 | 0.610 | 0.564
= konak 0.471 | 0,383 | 0.351 | 0.323 | 0.334 0.331 | 0,351 | 0,303 | 0.301
z cankaya 0.078 | 0.095 | 0,077 | 0,062 | 0,089 0.029 | 0,086 | 0,085 | 0.133
basmane 0 0 0 0 0 0 0 0 0
hilal 0,009 | 0,003 | 0,018 | 0,010 | 0,020 0.001 | 0.013 | 0,009 | 0,030
halkapinar 0.300 | 0.312 | 0,331 | 0,307 | 0,309 0,327 | 0.296 | 0.263 | 0.246
; stadyum 0,082 | 0,071 | 0,096 | 0,080 | 0,082 0.066 | 0,078 | 0,069 | 0.077
5 sanayi 0,026 | 0,031 | 0,038 | 0.031 | 0,033 0.005 | 0.036 | 0,041 | 0,027
bolge 0,062 | 0.043 | 0,087 | 0,131 | 0,079 0,047 | 0,075 | 0,084 | 0,116
bornova 0,519 [ 0,535 | 0.427 | 0.439 | 0,474 0,550 | 0,500 | 0,53t | 0.501

It is noticeable that the passengers arriving at “Basmane™ station usually travel
in east direction. “Bornova" station is the most popular destination at the east wing of

metro line probably due to hospitals and universities located nearby.

The destination probabilities for passengers arriving at other stations are
supplied in a DVD attached to the thesis and also stored at

http://aoner.yasar.edu.tr/?page 1d=723
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5. SIMULATION MODEL

Simulation model is created by ARENA software which uses discrete-event
simulation methodology. An animation model is also established to accompany the
model. Main structure of the model and an overview of the animation are shown in

the following figures.

Figure 5.1 Main structure of the model
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The model is accompanied by two external files, one for inputs and the other
one for outputs of the simulation. Both of them are MS Excel™ files. The input file

includes the following data:

e Travel durations for trains between stations
e Dwell times at stations
e Current train schedule
o Arrival rates at each station at each minute

( an array of real numbers with dimensions 10 stations x 1080 minutes)

e The probabilities of direction and destination stations of passengers
arriving at each station as function of time (an array of real numbers
with dimensions 10 stations x 10 stations x 18 hours)

o The number of trains in the system over time during the day

The model is developed in a modular structure that includes several sub-
models. For example a sub-model simulates train motions and their entrance into and
exit from the system. It also controls time, distance between stations and speed of the
trains. Another sub-model controls special statistical counters and system parameters.
Some other several sub-models simulate arrivals of the passengers to the stations,
Finally a sub-model that controls the train and passengers interaction has been
developed for each station. The details of sub-models are explained in following sub-

sections.
5.1 Arrival of Passengers

Statistical analysis of passenger arrivals reveals that the arrival rates are
constantly changing during a day. It means that it is not appropriate to investigate a
single probability distribution to fit for inter-arrival times. Instead of that, arrivals of

the passengers should be modeled as a (non-stationary) Poisson process.
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Poisson process is probably the most commonly used model for the arrival
process of passengers to a queueing system. Cinlar(1975) defined the stochastic

process [N¢1). 1 =0} is said to be a Poisson process if:

1. Passengers arrive one at a time.

2. N(r+s) — N(t) (the number of arrivals in the time interval /1. t+s] ) is

independent of [ N(u). O<u=t .

3. The distribution of N(z+s) —N(t) is independent of t for all 7, s > 0.

Properties | and 2 are characteristic o many actual arrival processes. Property
I would not hold if customers arrived in batches. The passengers in metro model
don’t arrive in batches therefore this property is not violated in our model. Property 2
says that the number of arrivals in the interval /7, f+s] is independent of the arrivals in
the earlier time interval [0,f] and also of the times at which these arrivals occur. This
property could be violated if, for example, a large number of arrivals in [0,#] caused
some passengers arriving in (1, f+s) to balk, i.e.. to go away immediately without
being served, because they find the system highly congested. Property 2 holds for our
model since violation conditions don’t exist. The passengers don't go away once they
arrive at a station. Property 3, on the other hand, is violated by many real-life arrival
processes since it implies that the arrival rate of passengers does not depend on the
time of day. ete. The arrival rates in metro model are constantly changing during a
day, which means Property 3 does not hold. Therefore regular Poisson process can’t
be used in metro model. but instead a non-stationary process should be considered.
The theoretical background is explained in following theorems proved in Cinlar
(1975). First the theorems on Poisson process are given, and then non-stationary

process will be explained.

Theorem 5.1. If /N(1), 1 >0 } is a Poisson process, then the number of arrivals
in any time interval of length s is a Poisson random variable with parameter Ais

(where X is a positive real number). That is.
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e as5)

Pl N(t+s)-N@1) =k ] = A

Jork=01.2,...and 1, s > ()

Therefore £/N(s)/= 4s and in particular E/N(1)]= .. Thus, X is the expected
number of arrivals in any interval of length 1. The parameter A is called the rate of
the process. The theorem leads a practical result such that the inter-arrival times for a
Poisson process are independent. identically distributed (I1D) exponential random

variables.

Theorem 5.2. If /N(1). t >0 } is a Poisson process with rate A. then its
corresponding inter-arrival times A,A..... are IID exponential random variables with

mean // A

On the other hand, if the arrival rate in Poisson process changes over time as in
metro model, we need to consider non-stationary Poisson process, which is often used
as a model of the arrival process to a system when the arrival rate varies with time.

Non-stationary Poisson process is defined as follows (Kelton and Law. 2000):

Let A(7) be the arrival rate of passengers to some system at time 7. If passengers
arrive at the system in accordance with a Poisson process with constant rate L. then
A(t)= 4 for all ¢ 20. However, for many real-world systems. A7) is actually a function
of 1. For example, the arrival rate of passengers to a metro transportation system will
be larger during the morning rush hour than in the middle of the afternoon. If the
arrival rate (1) does in fact change with time, then the inter-arrival times A|.A,....
are not identically distributed; thus, it is not appropriate to fit a single probability
distribution to the A;‘s by using the distribution fitting techniques. The properties of

non-stationary Poisson process are listed as follows :
1. Passengers arrive one at a time.

2. N(1+s) — N{1) is independent of {N(u),0 <u <1}.



Thus. for a non-stationary Poisson process. passengers must still arrive one at a
time, and the numbers of arrivals in disjoint intervals are independent, but now the

arrival rate 4¢7) is allowed to be a function of time.

In our model, average number of arrivals per minute has been determined for
each station that corresponds to parameter 4(7) for non-stationary Poisson process at
minute f . Each minute A7) takes a different value as in real life. Creation of the

passengers in “Basmane™ station is shown in the following figure.

P B
Create li&]
Name: Entity Type:
Create Passengers at Basmane v BasmaneYolcu v
Time Between Arivals
Type: Value: Units:
[F{andom ([Expo) v] BasmaneRate Seconds V]
Entities per Arrival: Max Armivals; First Creation:
1 Infinte 0.0
[ oK ] [ Cancel ] [ Help

Figure 5.3 Creation of passengers at “Basmane™ station

Since the passengers are created using “Poisson process™, the time between
arrivals should come from Exponential distribution with mean ( / / A1) ). It is
represented by the value “BasmaneRate™ in the model. The simulation model reads
the average number of passengers from the input file that corresponds to parameter
(1) for that particular minute. Each minute the parameter /A7) changes and its value
is assigned to “BasmaneRate™. Creation of passengers at other station is handled by
but some details and the numerical parameters change

similar structures.

correspondingly.

When a passenger arrives at an intermediate station, first of all, it is required to

identify the probability of the direction which he/she would take. The probability of



destination station should be determined next. Furthermore. those probabilities may
change over time during the day. Therefore they have to be determined depending on
the hours of the day. The following two figures indicate how these issues have been

implemented in ARENA.

Determining
destination of
passengers in
East direction

Determining
direction of
passenger

Creating
passengers

Determining
destination
station of
passengers
in West
direction

[y
i G

Figure5.4 Management of passengers at “Basmane™ station

Decide =)

Name: Type:

To west from Basmane? v ] [2-way by Chance T‘
Percent Tiue (0-100]):

100*BasmaneBativa (1.F v %

100*To WestFromBasmane ( 1, Hour )

[ oK ][ Cancel ][ Help ]

Figure 5.5 Determining the direction of passengers at “Basmane™ station
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A two dimensional array “ToWestFromBasmane™ contains the probabilities of
direction in an hourly basis. The probability changes as the hour changes during the

day. Values of probabilities are read from input file.

Following the direction, the destination station is assigned to the incoming
passenger as an entity attribute depending on the corresponding probabilities. The
name of the attribute is ““destination”™. Related probabilities are read fro