BALANCING MASS TRANSIT RIDERSHIP THROUGH
LAND USE DEVELOPMENT

Miss Achara Limmonthol

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Civil Engineering
Department of Civil Engineering
FACULTY OF ENGINEERING
Chulalongkorn University
Academic Year 2019
Copyright of Chulalongkorn University



= 1 1 saa
myadnaugavestSunug lngasszuvvudaasuriums 15ilse Teninau

Y
U.A.09RT aUUUND

o

UNIUBIMIANBIHANGATUS Y NI sumMaasquRtnume

o)
=
=
-
=)
=
5
N
e
ca
=
2.

11791390550 1851 M1AIWIAINTTU 1B
AUZAAINTTUANAAS JWIAINTAIUMIING1ED

Unseiny 2562

4
asllﬁﬂ‘ﬁsllﬂ\iﬂW”Iﬁ\iﬂiﬂiﬂJﬁ1’31/]81’@8



Thesis Title BALANCING MASS TRANSIT RIDERSHIP
THROUGH LAND USE DEVELOPMENT

By Miss Achara Limmonthol

Field of Study Civil Engineering

Thesis Advisor Associate Professor Jittichai Rudjanakanoknad

Accepted by the FACULTY OF ENGINEERING, Chulalongkorn
University in Partial Fulfillment of the Requirement for the Doctor of
Philosophy

________________________________________________________ Dean of the FACULTY OF
ENGINEERING
(Professor SUPOT TEACHAVORASINSKUN)

DISSERTATION COMMITTEE
_________________________________________________________ Chairman
(Associate Professor Saksith Chalermpong)
________________________________________________________ Thesis Advisor
(Associate Professor Jittichai Rudjanakanoknad)

________________________________________________________ Examiner
(Associate Professor APIWAT
RATANAWARAHA)
________________________________________________________ Examiner

(Dr. Pongsun Bunditsakulchai)
_________________________________________________________ External Examiner
(Assistant Professor Somprasong Suttayamully)



Y
2INI ANNUNA & mﬁﬁ%ﬁmuaammﬂ%mwﬁﬂﬂmiizumummaﬁvumu

mslfszTeninan. ( BALANCING MASS TRANSIT

RIDERSHIP THROUGH LAND USE
DEVELOPMENT) e.fid3numdn : 5. as.5adde jaununuig

Fg 3 Y o Y a o ' ' . A

msaduavgavesSmadlasasiudsdomivayuliinaessolss Temigagadoszunvuds Faluiea

4 s o a 1o A s a oy o & = ,
sginunailsgTeyanmadutinam uaduiuilseaninmvesszunlagsaudnale nsnanniunseugaiyuds

= ' ) da VY Yo vy &Aoo A& o
werswilunmsysanmsseninms llse Temindunag sy vvudadiaieiy Tagguduiiuiusnadoill dEanyus
sda o o o Aa ' a a sa ' a a

msldlsgTeminawiulaseddgniinademananismunie msldlss Teminauulszanne ldinanismunisly

fananseay Tuvaznunalszanne ldmams@umalugauennauiaain

o

aou A ' ' sda & g
Q1u3ﬂﬂﬁ1§i!ﬁuﬁﬂﬂ1ﬂ?ﬁﬁ%}']ﬂﬁilﬂ‘ﬁsllaﬁlﬁiﬂmmﬂﬂﬁ'ﬁ§$1J°]J"Uuﬁ\nnﬁEﬁquuﬂqiﬂl%}ﬂiﬁfiﬂﬂﬁuﬁﬂu iy

uwamumsiaiddy Taelddnywuuiaesmsnszaensdunie 1dun The Gravity Model waz The

modified Fluid Analogy Method (FAM) §awui1 nuusiass The modified FAM weandos

v o a a

7 ' 0 ° 99 91
‘uanymzwq@ms311mimumwamiﬂﬂmiﬁwmummmu Llagm1J”I$ﬁmﬁ1ﬂiﬂﬂ1§u1vlﬂﬂi$QﬂGﬂ‘U(ﬂ6‘11] Tag

v
29 9 a a

° o o ) s ' o = A o Y a

L!,“]Jllﬂ']ﬁf’Nu1ﬂgﬂﬂ§$qﬂﬁﬂﬂﬂ1§ﬁﬂﬂmgﬂ']icl‘lfﬂ5318‘lfu1/lﬂu WUN ﬂ']ﬁﬂﬂﬁiiﬂﬂuV]ﬁuﬂﬁuuiﬁ!ﬂﬂﬂlﬁmﬁﬂﬂaﬂlﬂﬂ
P T 4 ) ' ) ' X A a a ¢

[fﬁﬂﬂﬁWi o N gi’]W’(flﬂ\‘i'l’]Q‘}JﬁWEWN'ET?)\W]WULLﬁgﬂ)"Nﬂ?ﬂWWf’NLﬁNWNigﬂﬂsuuﬁ\iﬂ'lﬁ"]iu NWHNEBINTUFINTSANYATULUD

= a I

' 2 o v o a v a? a g
TAYINN !!agwuﬂ'ﬁiﬂﬂﬁunluuiu“ﬁﬁﬁﬂaW\? HONIINU LLﬂUTlWafJ\?llﬂQﬂUWUlﬂ'JLﬂiTs‘Viﬂ‘]JiﬂylVIﬂWﬁWfJﬁuTNuLﬂu

a

e

o Vo 2 o Ha A g o 3 v =2 a ¢
NIUANH Tﬂflvl,ﬂﬂTWuﬂﬁﬂWl&ﬂWimﬂTinuTﬂﬂu e U UINNT WA TUTUAY SINDIUATIEHHANTENV VDS
'y v . .
ﬂ“!ﬁu\1‘ﬁﬂ\‘ﬂﬂi\‘iﬂTiﬂ@ﬂ?TﬂJﬁﬂJﬂﬁﬂJ@ﬂmﬂUﬁ]i WUN Vi"IﬂIﬂiQﬂ"li@Nf’Jgiu@]nlﬁu@ﬁWUJ1$ﬁﬂﬂ$ﬁ1ﬂ150LWNﬂ'J1ﬂﬁﬂﬂﬁ
v ao X 3 ' ' Y a A o Ad A o
l‘lﬂ \ﬂu'mﬂuﬂgLﬂuiWﬂﬂWusUf’J\‘iﬂ"liﬂuiﬂ\l"lfﬂiigﬂ31@551J1J“|Juﬁ@ﬂ?ﬂ"ﬁukm5ﬂWiGI,“]ﬁ/]ﬂu IWONITNAUINYIYUATNNANDIT

o & 4 a , ,
Wﬁumwumauamumumma“vum"lﬂ

]
A

FVI¥ IINITN 185 Aeiloyeiide

AUmsanu 2562 Aeilo¥e 0.M5Au1ManN



##5771476821 : MAJOR CIVIL ENGINEERING

KEYWOR  Trip distribution, Transit Oriented Development, Gravity model,

D: Fluid Analogy Method
Achara Limmonthol : BALANCING MASS TRANSIT RIDERSHIP
THROUGH LAND USE DEVELOPMENT. Advisor: Assoc. Prof.
Jittichai Rudjanakanoknad

The utmost utility of the transit system can be supported by the balance of
ridership. It is not only gaining more operational benefits but also enhancing the
efficiency of the system as a whole. Transit Oriented Development (TOD) is
defined as an integration between land use and transportation, which focuses on the
station areas. Land use characteristics are the essential factors that affect trip
generation and trip attraction. Some types of land use generate trips mainly during
peak hours. Meanwhile, some other types generate trips during off-peak hours.

This dissertation therefore focuses on the balancing mass transit ridership
through land use development which is regarded as a great solution for the
sustainable development. The trip distribution models; the Gravity Model and the
modified Fluid Analogy Method (FAM), are proposed. The results achieved by the
modified FAM prove more robust and will be more reliable when put into
practice. The model is further adapted to deal with land use consideration. The
results of optimal land use allocation indicate that the residential area should be
accumulated at both ends and the center of the transit line, the retail area should be
consistently spreading along the whole line, whereas business area should be
concentrated in the Central Business District (CBD). The modified FAM is also
utilized in practical use with a case study in Thailand, The MRT Blue Line. The
scenarios of mixed-use development are initiated to figure out the development
guideline of some specific types of land use. The analysis of the effect of mixed-
use projects location along the corridor suggests that if the projects are located
around well-chosen location, they would substantially enhance the balance of
ridership. The contributions from this dissertation are to serve as a foundation of
the integration between mass transit and land use to build upon in sustainable
development, incorporating TOD.
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Chapter 1
INTRODUCTION

11 CONTEXT AND BACKGROUND

Each transportation sector has its own purposes regarding service provision. They
include system utilization, high profit margin, market share, commercial
development, etc. All transportation sectors also have different pathways to achieve
their purposes. One of the pathways that lead to the success is the efficiency of
system utilization, which should be fully adopted by transit system providers as a
fundamental principle. Such method can be implemented by balancing ridership

distribution.

The balance of ridership distribution can be examined both on the macro and micro
level, from transit network to corridor level. For a better understanding, the transit
route analysis on the micro level would be the definite answer as to how to reach the
highest efficiency of the whole transit route. This research therefore focuses on the

corridor level balance, which is concerned with the aspects of mass transit agencies.

The utmost utility of the transit system can be supported by the even balance of
ridership along the transit route, which is regarded as a significant characteristic.
Imbalanced ridership problems, which often overwhelm many transit agencies,
always occur in various transportation modes. As a result, the non-optimality of
Origin-Destination (O-D) distribution leads to the waste of available capacity and

inefficient usability.

From a transportation perspective, the problems of inefficient O-D distribution and
the corresponding imbalance of ridership distribution can be witnessed through
several aspects, which reflect ridership characteristics. They are as follows:
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Figure 1-1 The characteristics of imbalanced ridership: (a) the imbalance between

two directions, (b) the imbalance between any adjoining stations.

(1) The imbalance between inbound and outbound directions: one direction of the
transit system is densely-packed with passengers, whereas numerous seats in the

other direction are left vacant, as shown in Figure 1-1(a).

(2) The imbalance of the numbers of onboard passengers between any adjoining
stations: the crowds of passengers can only be seen in some particular sections of

the route, as shown in Figure 1-1(b).

Evidently, balancing a mass transit ridership distribution not only makes a transit
agency gain more operational benefits but also enhances the efficiency of the transit
system as a whole by reducing losses from an unoccupied capacity of the system. In
addition, passengers can enjoy more punctuality, comfortable services as they can
board the train they are waiting for without having to wait for the next one because of

the excess of capacity, which causes longer travel time.



Transit Oriented Development (TOD) is defined as a land use and transport integrated
urban planning strategy. It is highly notable for promoting sustainable city
development, which focuses on the development of station areas that link a transit
corridor. TOD is a mixed-use community within walking distance of a transit stop.
Many countries might have many guidelines, definitions and concepts of TOD,
according to their own development standards. However, it is generally accepted that

it can encourage public transport ridership (Calthorpe, 1993; Cervero, 2007).

Mixed-use attributes are also a significant aspect of TOD. Some types of land use for
residential and business areas, which generate trips mainly during peak hours, often
lead to overcrowded trains. Meanwhile, some other types of land use that generate
trips during off-peak hours can promote the efficiency of rail services. These types of
land use involve entertainment complexes, retail shops and restaurants. TODs typically
have a diverse range of land uses. They require good transit service frequency both

during peak and off-peak periods to support both work and non-work trips.

One significant benefit of TOD is that it helps to balance directional split. When
TOD is perfectly and functionally applied, it would result in trip distribution being
evenly spread. It thus produces efficient bi-directional flows. The result of TOD in
trip distribution in Stockholm, Copenhagen, Curitiba and Brazil shows that the
directional split of mixed-use development is 45:55. At the same time, the imbalance
of ridership distribution is greater in America, where trains are overcrowded in one
direction and largely unoccupied in the other. These actual situations are a good
indication of how mixed and balanced land use supports mixed and balanced passenger
flows. In other words, land use form and transport system balance out and support each
other (Cervero 2007).

Several studies claim that land use characteristics are among the essential factors that
affect trip generation and trip attraction, both of which can be interpreted as
fundamental behaviors of O-D distribution. They therefore have considerable impacts
on transit ridership, depending on different generated activities (Pushkarev and
Zupan, 1977; Hendrickson, 1986; Crane, 2000; Taylor and Fink, 2003; Wang and
Hofe, 2008; Generation, 2008).



As a result, the adjustment of land use development with the application of the TOD
concept, which influences the O-D distribution, could be a possible solution. It can be
implemented to improve the current pattern of O-D distribution and counteract the
imbalance of transit ridership accordingly.

1.2 PROBLEM STATEMENT

In this research, the integration of trip distribution and land use development, together
with the TOD principle, is the focused solution to the imbalanced ridership problems.
Nonetheless, there are 2 main critical problems that should be tackled. They are as

follows:

(1) There are many trip distribution models for the estimation of O-D
passengers. Each model has different strengths and drawbacks,
depending on the conditions of employment.  Nevertheless, the
appropriate trip distribution model for a mass transit system, which is not
the immediate mode of transportation between origin and destination,
does not exist. A precise distribution model, which performs the
behavior of mass transit ridership distribution, is necessary for solving
imbalanced ridership problems. The trip distribution model for mass
transit system should therefore be formulated in order that the

fundamentals of the research can originate in a proper way.

(2) Academic studies about the relationship between the pattern of O-D
distribution and the balance of transit ridership are insufficient. There
have also been no researches that integrate O-D distribution and land use
variables together. The integration of these two features would be the
fundamental of transit route planning and land use regulations in order to
make them supplement each other for sustainable transportation and land

use.



In Thailand, the imbalance of ridership is obviously seen in the Metropolitan Rapid
Transit Chaloem Ratchamongkhon Line (The MRT Blue Line), the first subway of
the MRT system in Bangkok’s downtown area. The situation of imbalanced ridership
appears to be both the imbalance between directions and the imbalance of onboard
passengers between adjoining stations. It is realized that the aforementioned problems
can be solved by planning the transit system, together with systematic land use, for the

long-term unity growth.
1.3 RESEARCH OBJECTIVES

The most principal objective of this dissertation is to balance mass transit ridership
through the development of land use. To achieve the purpose, other important

objectives of this research have to be specified. They are as follows:

(1) To develop a theoretical model that can explain optimal O-D distribution

in order to balance mass transit ridership.

(2) To theorize a relationship model between land use and O-D distribution

and conduct numerical simulation.
(3) To verify the model by actual land use and mass transit ridership data.
1.4  SCOPE OF RESEARCH

Balancing mass transit ridership can be managed in many ways, depending on each
sector’s aspects. This research focuses on the integration between the trip distribution
and development of land use, which is regarded as a solution to imbalanced ridership
problems. As trip distribution models cover a wide range of research areas, the
models have thus been developed and modified for many different contexts.
Furthermore, the development of land use can be performed in many different
contexts as well. The research will therefore be scoped in the following ways:



(1) This research focuses on balancing mass transit ridership in the viewpoints
of transit agencies to reduce losses from the unoccupied space of mass
transit system and utilize a mass transit system for approaching the

maximum efficiency.

(2) The development of land use is assigned to be the solution for O-D
distribution adjustment. Other factors, including pricing strategy, fare
policy, flexible working hours policy on work employment and level of

service, are not examined in this study.

(3) The structure of a mass transit line is scoped for the linear system, which is
a single and stand-alone rail line. It can be implied that there is no

connection with any other lines.

(4) The effective area to balance mass transit ridership is scoped within the
radius of approximately 550 meters around a mass transit station in

accordance with the principle of TOD potential coverage area.

(5) The allocation of land use is captured in terms of the station level and the
corridor level to balance ridership, whereas the allocation for the network

level is not examined in this research.
1.5 OUTLINE OF DISSERTATION
This dissertation is organized into six chapters, which are as follows:
Chapter 1 Introduction: as described in this chapter.

Chapter 2 Literature review: This chapter reviews the transportation demand
management. Factors that affect transit demand, including impacts of
land use characteristics on transit ridership, TOD’s background and
concept for urban planning and the application of TOD in other
countries, are taken into account. It also reviews trip generation and
trip attraction rates, as well as various trip distribution models with the

advantages and limitations.



Chapter 3

Chapter 4

Chapter 5

Chapter 6

Methodology: This chapter delves into the structure of trip distribution
models, formulates the model for the balance of ridership and compares

the model performances in mass transit behavior reflection.

Balancing mass transit ridership through land use development: This
chapter presents the application of the chosen model to cope with land
use consideration and assumes the development scenarios to verify the

effects of the development of land use on the balance of ridership.

The case study in Thailand: This chapter provides the background of
MRT blue line, optimizes the land use allocation with the existing total
proportion and analyzes the effects of the mixed-use project location at

stations.

Conclusions and recommendations: This chapter summarizes the
findings and contributions of this research and demonstrates the model
validation for switching the application between the morning and evening

peak hours. The recommendations for the future works are also provided.



Chapter 2
LITERATURE REVIEW

This chapter provides an overview of the previous research about the TOD
background and concept, concerning a land use and transport integration for urban
planning, and the application of TOD in other countries. The factors that affect the
transit ridership are concerned with the impacts from land use characteristics. The O-D
estimation models for a variety of situations with the advantages and limitations are
also reviewed in this study. Trip generation and trip attraction rates in other countries
are referred to as guidelines on the trip distribution models with the application of

land use to balance ridership.
2.1 THE TRANSPORTATION DEMAND MANAGEMENT

The transportation demand can be managed in many methods. Transportation
Demand Management (TDM) has become a popular issue in recent years. It focuses
on how people make their decisions on travel modes. Also, it refers to various
strategies that affect travel behavior as they increase the efficiency of transport in

alignment with objectives of planning.

There are many factors that affect people’s transport-related decisions and justify
mobility management, such as infrastructure supply, vehicle supply, transportation
diversity, institutional capacity, traffic safety, comfort level of mode choice,
environment in urban areas and economic development including land use. These
factors are influenced by TDM strategies, which attempt to encourage more efficient
travel patterns. In any case, the guidelines may be different, depending on the factors
that influence transit demand. This part reviews those factors that affect the

transportation demand and how they induce or discourage transit passengers.



2.1.1 Factors Influencing the Transit Demand

The factors that influence transit demand can be divided into 2 types, namely internal
factors and external factors, as shown in Table 2-1. The difference between these two
types is that the internal factors can be controlled by transit agencies, whereas the

external factors are beyond their control.

‘The external factors’ that affect transit ridership can be subdivided into 3 categories.
The first one is the socio-economic factors, such as population, employment level,
income level and automobile ownership. These socio-economic factors are investigated
in several aspects. Each study might focus on different factors. However, the results
reveal that these socio-economic factors have effects on transit ridership. (Hendrickson
1986) analyzed the impacts of socio-economic factors on the transit demand in terms of
regional population, whereas (Chung 1997) focused on the effects of passenger’s

income level as the socio-economic factors affecting transit demand.

Table 2-1 Factors Influencing the Transit Ridership.

EXTERNAL INTERNAL

Socio-Economic Pricing Policy
(Sale 1976); (Kain and Liu 1995)

e Population (Hendrickson 1986) o Fare

o Employment (Liu 1993); (Gomez-lbanez 1996) e Marketing
e Income (Chung 1997)

e GDP (Taylor, Haas et al. 2002)

e Car ownership (Kitamura 1989)

Spatial Level of Service (Taylor and Fink 2003)

e Land Use and urban form (Pushkarev and Zupan e Frequency

1977); (Corporation, Planners Collaborative et

al. 2007)
o Accessibility
General Public Policy Service quality (Taylor and Fink 2003)
o Car ownership taxes / Transit campaign /Road o Facilities.
pricing.
o Flexible working hours e Technologies employment

e Parking cost e Transit operation efficiency
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Gomez-lbanez (1996) analyzed the effects of pricing system and found that the
employment and income level has more influences on ridership than the level of
service or fare. (Liu 1993) applied the sensitivity analysis to compare the influence of
each factor on the transit ridership. They concluded that employment had a greater
impact on the transit ridership than other relevant socio-economic factors.
Furthermore, they also argued that some factors had a correlation between one
another. They include car ownership, car use and transit use. Likewise, Kitamura
(1989) specified that changes in car ownership affect the frequency of car use, which
leads to the shifts in transit ridership demand. Economic factors concerning Gross
Domestic Product (GDP) were also scrutinized as they have effects on the transit
ridership (Taylor and Fink 2003).

The second category is the spatial factors, which are comprised of land use and urban
form, transportation system and travel behavior. Various land use configurations have
wide-ranging impacts on other city components, including the transportation system.
The characteristics of land use and urban form that influence transit ridership would
be examined in terms of compact, density, mixed-use development, level of
automobile access, pedestrian network, residential density, size of downtown, multi-

family housing and distance from stations to downtown (Pushkarev and Zupan 1977).

The last category of external factors is the general public policy factors, which are
the plan on the level of transit funding, subsidy in transit service, car ownership taxes,

road pricing, parking cost, flexible working hours and transit campaign.

On the other hand, ‘the internal factors’ that affect transit ridership could be
regulated by transit agencies. They can also be subdivided into 3 categories, namely

pricing policy, level of service, and service quality.

The pricing policy factors involve fare level. It is found that they have great impacts
on transit ridership in many cities, such as Eugene, Madison, Minneapolis-St. Paul,
Portland, Salt Lake City, San Diego and Vancouver (Kain and Liu 1995) (Liu 1993).
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Taylor and Fink (2003) defined that the factors that promote transit use can be grouped
into the second category of internal factors, the level of service factors, as number of
available transit service, service coverage area, service frequency. Meanwhile, other
factors that affect transit use can be grouped into the third category of internal factors,
the service quality factors. They are defined as safety, signage information, on-street

service, customer service, cleanliness, reliability and punctuality (Kain and Liu 1995).

Nonetheless, each factor or the combination of both internal and external factors, such
as fare, employment, average fare, revenue, vehicle, mile of service, fuel price and

auto ownership level, would affect ridership demand
2.1.2 Impacts of Land Use Characteristics on Transit Ridership

Focusing on the factors that affect transit ridership, the second category of external
factors, the spatial factors, with regard to land use and urban development, is
supposed to be the most sustainable solution for the balance of ridership. The impacts

of land use characteristics on transit will be reviewed further in detail.

The impacts of urban form on travel demand have been analyzed in many studies to
verify how they facilitate the design of urban development strategies in travel demand
management and determine how new urban planning paradigms affect the transit

efficiency.

The urban form factors related to the land use management can be indicated by main
characteristics. The most significant components of urban dynamics are land use,
transport network, movement, employment, workplace, population and housing
(Pushkarev and Zupan 1977). The urban form factors are summarized in the

following points:

(1) The density of urban form such, as residential density, building density,
employment density and increasing density of land use surrounding the transit

station will trigger trip generation rate and reduce private-mode choice.

(2) The diversity of urban form, such as mix type, housing-job, housing-retail and
retail-job is expressed by land use entropy index.
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(3) The design of urban form, such as level of automobile access, pedestrian network,
size of downtown, multi-family housing, and the distance from stations to
downtown areas. Community design is one of the factors that have influences on
travel patterns. It is assumed that the great integration between transit and land use

is the benefit of transportation that can widen a range of alternative modes of travel.

Mostly, these urban form characteristics are executed by the government’s land use
regulations in terms of limitations of land use density, specified principal activities of
a development and minimum lot size requirement. They all have impacts on transit
system demand both in positive and negative ways. Both land use and transportation
are part of a dynamic system as the retroactions, whereby one component changes its
influence on others. The changes will also influence the initial component later,

either positively or negatively.

The effects of land use configurations on transit system were analyzed in many studies.
The results might be different, depending on particular study areas or countries. The
issue, however, should be determined carefully and legitimately as land use
classifications are different due to the land use implementation plan of each country.

Hu, Legara et al. (2016) investigated the relationship between public transit ridership
and land use information. The amenities of a locality were used to add more
granularity to its land use features, retrieved from Open Street Map. The amenities
were grouped as follows - sustenance, education, transportation, healthcare,
entertainment, finance and commerce. The study supports the idea that strategizing
and planning land-use configurations, the amenity resource distribution in particular,
influences and shapes the demand for public transportation. The land use amenities
are indeed the influential feature variables on public transit ridership.

Bordoloi, Mote et al. (2013) categorized the land use characteristics, according to the
usability, into five categories, which are as follows: 1) Residence - dwelling, home,
condominium. 2) Commercial - retail shop, shopping complex, building with retail shop
and office. 3) Educational - school, college. 4) Service - building as an office only. 5)

Others - social welfare center, temple, recreation center, cinema hall and community hall.
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They verified how the changes in land use mix influence the travel patterns by the
elasticity analysis. The results showed that a slight change in the land use mix
significantly affects trip-related parameters. They also demonstrated that mixed land
use is one of the major factors that affect non-motorized and public transport trips

specifically for work purposes.

A study of the relationship between land use and transit ridership in Fukuoka, Japan
was conducted by Zhuang and Zhao (2014). They examined the effects of land and
building use on the population, land prices, and passengers in station areas, using
multiple regression algorithms, the target area scopes were classified into two groups
with different distances; a radius of 0 — 400 meter from railway stations as 1% area and
400 — 800 meters from subway stations as 2" area. There are 68 stations and 8 lines
in total. The land use categories and building usage factors are as follows:

e Land use: commerce, house, government, industry, transportation and warehouse,

park and green land, used space, unused space, agriculture, forest, water and road.

e Building usage: business and hotel, entertainment, detached house, condominium,

government, transportation and industry.

The explanatory variables of each station in every 5-year period; 1985, 1993, 1998,
2003, and 2008 are included to examine land use developing trends, with regard to the
multiple regression analyses in terms of the average size and area percentage of each
explanatory variable. In conclusion, the adjusted R? for 1% area tended to be higher
than 2" area. The 1% area is affected by transportation and warehouse, whereas the

2"d area is affected by commercial land.

Galelo, Ribeiro et al. (2014) evaluated TOD level of suburban train line stations
connecting Azambuja and Lisbon in Portugal. The service area was buffered within the
radius of 400 meters and 800 meters around the station by using GIS, covering a total of
14 stations along the TOD characterizations. The TOD level was analyzed in terms of
population, building, dwelling, and transportation availability. The data were collected
in 2001 and 2011 for considering the variation tendency. The correlation analysis was

applied to examine the association between train connection and each variable.
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The results show that more train connections tend to have bigger values of the

population, building density and employment.

Sung, Choi et al. (2014) investigated the impacts of land use, rail service coverage
and rail station accessibility on rail transit ridership in the city of Seoul and Seoul
Metropolitan Region (SMR). There are 304 and 473 stations, respectively. They
employed the regression analysis with buffered service coverage area within the
radius of 250 meters, 500 meters, 750 meters, 1 kilometers and 1.5 kilometers from
each rail station to analyze the impacts of land use on rail transit ridership, which can

be differentiated by service coverage area.

The daily ridership of each station is converted into the logarithm function to
approach a normal distribution. The first explanatory variable is density factors
concerning residential building, neighborhood living, commercial hub, public space
and office, measured by the total area of each type per coverage area. The second
explanatory variable is diversity factor between each land use type concerning mixed
index. The last explanatory variable is accessibility factor concerning number of
station entrances/exits, number of bus routes at the station, distance from the nearest

station, transfer station and railway type (intra/inter urban railway).

For the density variables, most are positively related to rail transit ridership within the
radius of 250 meters, 500 meters and 750 meters. Especially, the residential land use
is statistically significant regarding the positive relation to rail transit ridership within
the radius of 1 kilometers and 1.5 kilometers for the city of Seoul and SMR
respectively. According to the result, it can be concluded that the residential land use
density is a highly important factor for increasing ridership beyond the walking
distance of 500 meters.

For the diversity variables, only the diversity between residence and small-scale
neighborhood living use within 250 meters boundary is statistically significant for rail
transit ridership in positive ways. All other variables, however, have no significant
impacts in any coverage areas. It can be implied that the association between land use

mix and rail transit ridership is unclear.
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For the accessibility variables, the number of station entrances/exits and bus routes
tend to be statistically significant for rail transit ridership in positive ways. The result
suggests that improved bus-rail transfer systems can increase demand for railway
service, whereas the distance variables present their negative significance within the
radius of 750 meters, 1 kilometers, 1.5 kilometers for Seoul, and 750 meters, 1
kilometers for SMR. This means that the distance between rail stations is more
effective in attracting ridership if stations are located in walkable distances of each
other. In addition, transferring to other transportation modes has no impacts on

ridership for all coverage areas.

Deng and Xu (2015) collected the ridership data from IC card in every half an hour
and got the total 48 times per day regarding both boarding and alighting in morning
and evening peak hours. The data are categorized by a cluster analysis method.

Each category investigates surrounding land use, population and employment to
determine significant factors of the relationship between ridership characteristics and
surrounding land use. The time distribution analysis results show that the category I - II,
which has a greater amount of residential land uses, tends to generate more
commuters during morning peak hours, leading to larger boarding ridership. The
category IV - VI, which has more employment land use, tends to generate more
commuters during morning peak hours, leading to larger alighting ridership. The
category VII with more commercial lands attracts a large amount of non-regular
commuters during non-peak hours. The category VIII, which is located near the
urban external transportation hub, the scale of ridership depends on flows of
passengers in the traffic hub. Lastly, the category IX, which has many mixed land
uses, leads to unobvious peak time periods and larger ridership in non-peak time

periods, as shown in Figure 2-1.
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Figure 2-1 Time distribution curve analysis.

It can be assumed from the results of time distribution curve analysis that the

differences of land use around stations tend to make different patterns of boarding and

alighting distribution characteristics.
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2.2 TRANSIT ORIENTED DEVELOPMENT IN THE CONTEXT OF
DEVELOPING COUNTRY

TOD is a land-use and transport integrated urban planning strategy, which is widely
known for promoting sustainable city development. The TOD concept focuses on
station area development. It integrates transit with land use to enhance urban
communities and transit use along with sustainable transportation. TOD is typically
defined as a highly dense and mixed-use development around transit stations. The 3-D
principle, Density, Diversity and Design, is adopted to support transit use through the

regulations of land use development.

The fundamental objective of TOD is to reduce automobile dependency and promote
the use of mass transit and other sustainable modes. The benefits achieved through
the implementation of the successful TOD are all about reducing traffic congestion,
creating livable communities, achieving sustainable transport and increasing the use
of transit and non-motorized transport (NMT). TOD can make the greater connectivity
between each transit mode, together with the increasing urban living demand and
pedestrian safety. It is assumed that the proximity of densely-populated areas to rail
lines is instrumental in improving the qualities of urban life as public transport helps

reduce travel time.

There are several literatures that provide a number of definitions of TOD.
Nonetheless, they are all alike in sharing the same idea of the relationship and
connection between public transportation and urban land development around transit

stations, both of which are expected to be developed together.

Calthorpe (1993) defined TOD as a mixed-use community in a walkable environment, such
as residence, retail, office and open space. Such area is highly convenient for residents
who can travel by many different modes of transport, including public transit, bicycle,
walking and car. Recommendations for the land use proportion of urban and neighborhood
TOD sites are given in Table 2-2 In case TOD is applied on a regional scale, it can
provide a network of mix-use proximity that balances the inner-city development with

suburban development by creating nodal and compact growth around the transit system.
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Table 2-2 Recommendations for land use proportion of urban and neighborhood TOD.

Use Neighborhood TOD Urban TOD
Public 10% minimum 10% minimum
Core 10-15% 10-30%
Housing 40-80% 20-60%
Office 0-40% 20-60%

Cervero (2007) mentioned that TOD is a concentrated mix of moderately dense and
pedestrian-friendly development and transit stations as it promotes the use of public
transport, walking, cycling, as well as providing other alternatives to automobile

dependency.

TOD is also described as a specified geographical area development within a
specified radius from transit stations with the integration of a variety of types land
uses and the cooperation of a multiplicity of landowners. Still (2002) explained that
TOD is a mixed-use community that induces people to live near transit services and
discourages car use. It is essentially an approach that aims to encourage the mixed-
use and compact development, increase numbers of passengers using public transport
and create more livable communities (Arrington and Cervero 2008). TOD is also
regarded as a planning technique to reduce automobile dependency and a promotion

of the public transit within walking distance of residential areas (Sung and Oh 2011).

At present, TOD is getting attention from many countries and increasingly becoming
a crucial means to develop land use around transit stations. It supports the interface
between public transport and land use features around stations. Each country is likely
to partially adopt guidelines and standards for its planning schemes and
implementation. The basic elements to make practical use of TOD are reviewed

afterward.
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2.2.1 The Potential TOD Coverage Area

Generally, the TOD concept specifies strategies to promote sustainable transport
through the development of areas around mass transit stations. Such approach helps
to advance and improve mixed land use, which supports a vigorous community life.
The extents of these areas, which have the potential to be developed along the TOD
principle, should be determined by the types of mobility modes serving first or last-mile
connectivity and area characteristics. The potential area that influences the transit use
is often described as the use of access distance and/or access time to the transit system.

Calthorpe (1993) explained that the extent of TOD is an area within an average
walking distance, approximately 2,000 feet (600 meters) from a transit stop and core
commercial areas. Each development is a cluster of residence and public spaces
within a radius of 2,000 feet from the transit stop, which is expected to be densely
developed. Meanwhile, coastal and other environmentally sensitive areas are conserved
as secondary areas outside central urban hubs. They are considered to be low-density
areas specifically suitable for agriculture. The Calthorpe’s TOD illustration is shown in
Figure 2-2(a). Furthermore, the regional development that ties a central city to its
surrounding urban areas is developed. TODs are linked together and also connected with

urban centers by bus or rail transit, as shown in Figure 2-2(b).

Light Rail or § 1
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Metro Underground 30-40 km/h Feeder Bus X1

Freeway
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Park & Ride — NS Z
7 '.- P
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Travel Commercial
Other Uses
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Figure 2-2 Calthorpe’s TOD concept. Source: Peter Calthorpe, The Next Metropolis (1993)
(@) Mlustration of TOD based on Calthorpe. (b) Regional development.
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As to the TOD guideline, there is a broad range of walking-distance uses. Several
literatures define the boundary of TOD based on the walking distance within a half-
mile radius (800 meters) around each stop used by commuters to access transit
stations (Cervero 2007).

Cervero (2007) mentioned the extent of the TOD projects in California within the
radius of 400, 550 and 800 meters (1/4, 1/3, and 1/2 miles respectively). For the TOD
adoption, numerous cities have practically implemented TOD with different
boundaries. For example, Portland and San Diego have applied a 400-meter radius
(1/4-miles) and 600-meter radius (2000 feet) respectively, whereas Washington
County in Oregon has applied 800 meters (1/2 miles). The average distance applied
by the chosen cities in the study are approximately 550 meters. Some influence or
catchment areas of TOD are reported as a distance range. The radius of influence area
in the United States varies between 400 and 800 meters (1/4 - 1/2 miles).

Besides, the TOD coverage areas have also been expressed in terms of time,
suggesting the areas where people can access the transit stations within a specified
time. Calthorpe (1993) mentioned that the coverage area within a 10-minute walk is

equivalent to a 800-meter distance (1/2 miles).

Cervero (2007) defined the TOD coverage area as a ‘donut’, represented in Figure 2-3,
and determined the share of trips via transit in California among those residing in the
donut. The results showed that the number of rail passengers living within a radius
0.5 mile of a rail stop is around four times greater than the number of those living
within a distance between 0.5 and 3 miles from the station. The study also found that
52 percent of the travelers, who live far away from the transit, switch from driving to

the transit service upon the walking distance within 0.5 miles of a rail station.
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Figure 2-3 Cervero’s schematic of TOD residency and donut.

Source: Robert Cervero, Transit-oriented development’s ridership bonus: a product of self-selection

and public policies (2007).

Some studies verified the TOD coverage area by empirical analyses. The walking
time were used as a decay function with one-way analysis of variance to determine
the willingness of people to access the public transit by walking in Queensland,
Australia. They found that two major drops are 268 meters (4 minutes) and 670

meters (10 minutes).

Zhao, Chow et al. (2003) employed the regression analysis and the distance decay
method to determine the catchment areas in Florida, USA, by using GIS to calculate
the walking distances. They found that drops are noticed at 550 meters and 820
meters and no noticeable increase in accessibility is observed after 800 meters
approximately. They surveyed the catchment area, focusing on cycling to the transit
mode by means of questionnaires. The distance with the average of 4,500 meters (2.8

miles) are summarized for Philadelphia and 8,700 meters (4.5 miles) for San Francisco.

Chullabodhi and Chalermpong (2014) identified the walking distance by using the
rank at the 85th percentile of walking distance. The data are analyzed from the 6,668
commuters, with 21 stations of BTS and MRT stations in Thailand. It is found that
the rank of 85th percentile is the walking distance within an approximately 700-meter
radius from the station, affected by commuters as well as land use characteristics

around the station.
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2.2.2 The Transit Oriented Development in Other Countries

Various cities in the developed world have adopted their own standards for TOD
implementation (Ann, Yamamoto et al. 2019). The guidelines for development
should be carefully examined based on planned strategies. In this part, the model of

successful TOD in other countries are illustrated as follows:

Singapore — Singapore is listed as one of the representative sustainable transit
capitals. Nowadays, the compact and ecological urban environment of Singapore is
inseparable from its integrated land use and transport planning. The first TOD
concept plan was proposed in 1971 by Urban Redevelopment Authority (URA),
which is the foundation of entire spatial structure of the country today. It outlines a
pattern of connecting new towns with Mass Rapid Transit (MRT), a belt-shaped urban
form with the downtown and natural reserves at the center. Housing is located in new
towns, together with living service facilities, retails, education and parks, as shown in
Figure 2-4(a).

In 1983, the construction of MRT lines connecting the North-South and East-West
began. However, it was not until 1991 when the plan was revised and released. It
outlined the urban form of constellation shaping on the basis of the ring form and five
radial corridors. Commercial centers were distributed along the rail transit to achieve
a balance of occupation and residence. The objective was to reduce congestion in the
city center, as shown in Figure 2-4(b).

Currently, Singapore deliberately integrates the rail transit development into new
town planning and designs. The new towns are developed along the MRT corridor,
exhibiting the typical characteristics of TOD pattern. The compact residential areas
are located in new towns, connected by MRT. It is strikingly similar to the TOD

model proposed by Cervero.
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Germany — A new development was planned from the outset to create a sustainable
neighborhood in Vauban, Freiburg District. The development is a great example of

an ambitious TOD scheme as it was built on a brownfield site.

The area prioritizes walking and cycling with low-speed limits. Pedestrians are given
the first priority. The area is served by a tram. All households are within 400 meters
of a tram stop. There are many local facilities and housing, using a brownfield site
and delivering 2,000 houses and 600 jobs at completion in 2010. The development
plan can discourage car use as 40% of households do not own private cars. Likewise,
the plan can also encourage public transport use as 57% of residents of non-car owing

households leave the car when they move to Vauban.

As a result, car trips in Vauban only account for 16% of all. It is significantly lower
than Freiburg District, where car makes up a 30-percent mode share. This testify to the

fact that TOD can lead to more sustainable transport (Urban Transport Group, 2019).

California, United State of America (USA) — BAY AREA RAPID TRANSIT (BART)
has provided the rapid transit connections across the San Francisco Bay Area and is
involved in a number of TOD schemes. Since 2000, there has been ridership growth in
BART. The public transit has made up trips, walking and cycling has also increased
over this period of time. The Contra Costa Centre is developed on the BART network.
The TOD scheme is defined by a mixed-use, multi-phase program. There are a broad
range of offers available to residents of Contra Costa so as to motivate sustainable transport

options, including discounts on public transport tickets for cycling or walking to work.

BART investigated the value capture mechanism to finance transit improvements on the
successful TOD implementation and found that the properties within half a mile from
stations had approximately 15-18% value premium attributed to their proximity to the
station. At present, the BART TOD program discusses the lease revenue and benefit fees
from developments to capture value over time. This in turn helps to support the
maintenance and service improvements of BART. The evidence also reveals that BART
TOD schemes result in increased ridership as the completed and projects under construction

generated a million extra trips a year, supporting long-term sustainability of BART in 2017.
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Hong Kong — the Mass Transit Rail (MTR) Corporation was established in 1975 as a
government-owned enterprise to build, operate and maintain a mass transit railway
system for public transport. The MTR line construction in the 1970s and 1980s was
capital intensive and required substantial funding. The government attempted to
cover and cut the costs of the project without raising fares. The government land
subsidies were arranged for rail and property development by implementing the Rail +
Property (R+P) program. It is relevant to railway companies and cities in developing
lands around rail stations. The R+P program enabled MTR Corporation to capture
real estate income to finance parts of the capital and the running costs of new railway
lines, as well as enlarging the transit system by facilitating the high-quality creation,

and dense and walkable catchment areas around stations.

The R+P program is carefully determined on a line-by-line basis. The Transport and
Housing Bureau issues and updates a railway development strategy with the practical
advice of the MTR Corporation who grants development rights to partners as
developers. However, the MTR remains in full control of the land and sales/leases of
all completed units.

When the MTR proceeded the proposal of the preliminary planning and design, the
detailed scope of the transit line and the identification of sites are reserved for
development. The proposed program is agreed by all parties. MTR would select a
developer who is given some flexibility to recommend and negotiate site
modifications of the R+P proposals. The property development contributed
enormously to expansions of the rail lines. The R+P program is the supporting case
study relevant to railway companies and cities looking to generate cash flow by

developing lands around rail stations.

South Korea — South Korea initiated a new city to moderate the excessive
concentration of public and private facilities in the Seoul Metropolitan Area (SMA)
by the planned and balanced territorial development in Sejong City as the second
capital city of South Korea with decentralized urban structure characteristics.
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The master plan for Sejong City was formulated in 2005 through a project initiated by
the Korean government. A mass transit system is planned for the whole city in
accordance with the ring-shaped urban structure along the center of the urban area.
The transit stations are located along pedestrian pathways, cycling routes, community

retail facilities and public facilities.

Even the structure of decentralization could cause some practical urban problems as it
has increased the movement time and the uncertainty of urban strengthening.
Nonetheless, a mass transit system is planned through the central axis along the ring-
shaped development area. It may sufficiently address concerns over the decentralized
urban structure.  This decentralized urban structure characteristics and the
composition of urban space are clearly the development that corresponds to TOD
(Kwon 2015).

Tokyo, Japan — Tokyo has one of the highest rates of transit usage in the world, with
the railway station areas based on the TOD concept. Automobile dependence is
hardly essential in metropolitan areas, since all daily activities can be conducted by
public transit, which is of high quality and has a high level of frequency of service. In
the mid-1960s, Tokyo’s dense rail network and its station area communities were
already well established. The private railways innovated and diversified a wide

variety of related businesses, most notably real estates along the rail lines.

The Rail Integrated Community (RIC) has been adopted to describe the developments
around highly dense, mixed-use and pedestrian-friendly railway stations as
community junctions served by rail rapid transit. The community junctions can be
accessible primarily by foot, bicycle and public transit. A well-functioning RIC
requires not only attention to the station and surrounding neighborhoods form but also
the support of the transit service agencies to succeed over the long-term growth
through funding sources other than the farebox. The high-quality rail service,
together with mixed-use and pedestrian-friendly developments, has supported Tokyo
to achieve the enviable rates of public transit usage.
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The urban development surrounding the stations provides commuters with the transit
systems, which could be considered destinations themselves. These areas are always
mixed-use, complete with stores, education, government offices, housing and

restaurants within walking distance from the stations (Calimente 2012).
2.3  TRIP GENERATION AND TRIP ATTRACTION RATES

As stated earlier, when one component changes, it influences others. Each type of
land use affects transit demand with different levels and behaviors. At the same time,
some types of land use might generate a great deal of transit demands while attracting
only few transit demands, the behavior might be reversed in another time. Each type
would generate/attract with the unequal level, according to the activity operation. In
this part, effects of trip generation and attraction rate on transit demand are shown as

follows:

Rodrigue (2016) described that the communities would depend on their transportation
systems for sustaining the activities ranging from tourism, commuting, shipping, and
commercial activities. The land use pattern is influenced by the existing urban form
and spatial structure. The activities affected by the land use pattern are divided into

three major groups, which are as follows:

(1) Routine activities, which occur regularly and predictably, such as working (travel
from a residence to an industrial, commercial or government office) and shopping
(travel from a residence to a retail store), etc. Land use is a rather stable pattern,

whereas the activities were zonal and links between inter-areas.

(2) Institutional activities, which are linked to an urban environment. The links would

depend on lifestyles or special needs (students, sports, leisure, health, etc.).

(3) Production activities, whose land use pattern might be linked to an external region,

nation or the world.

Cervero (1998) described that the transportation characteristics were affected by a
variety of activities which was the important factors that led to land use patterns. The

three major classes of cities classified by their transit systems are shown in Figure 2-5.
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Adaptive cities Adaptive transit Hybrids

Figure 2-5 Transit and urban form.

(Source: Cervero, R. (1998) The Transit Metropolis.

(1) Adaptive cities, where urban land use developments are coordinated with transit
developments. The central areas are adequately served by a pedestrian-friendly
metro system, whereas the peripheral areas are oriented along the transit rail lines.

(2) Adaptive transit, where the automobile accounts for the greatest share of

transportation modes. The urban form is decentralized and low-density.

(3) Hybrids, which show the balance between transit development and automobile
dependency. The central areas have an adequate level of service, whereas

peripheral areas are automobile-oriented.

Trip Generation Handbook, which is a new guidance on proper techniques for
estimating person and vehicular trip generation rates, is provided by the Institute of
Transportation Engineers, a community of transportation professionals. It is the
guidance for the evaluation of mixed-use developments and the establishment of local

trip generation rates, which expand pass-by trip and truck trip generation data.

Each type of land use has different trip generation and attraction levels. The trip
generation and attraction rates are typically derived from the observed data through
the regression analysis. The trip generation rates for different types of land use are
estimated through collecting data on vehicle trip rates and focusing on single-use,
vehicle-oriented trip rates in suburban sites of the United States (PTOE 2017).
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The Trip Generation Manual published by ITE presents the time-of-day distribution
for a wide range of land uses. The vehicle trip rates entering and exiting for each time
period of each type of land use are collected. However, it could be a guideline for
transit trip rates tendency, according to the land usability.

Moreover, the report is updated periodically with the new land use descriptions, trip
generation rates, equations, and data plots. The number of trips generated
from/attracted to a particular site or area according to the inventory of land uses, is
estimated as trip generation and attraction rates. It can also be calculated as daily trips
or peak-hour trips for a particular site, depending on the type of land use, and
expressed as vehicle trips or person trips, such as the amount of trips per employee

and the amount of trips per unit land area (Wang and Hofe 2008).

Manual (2003) surveyed the information of vehicular traffic generated by different
land uses the data were collected as a trip generation manual. The trip generation
rates, including the percentage of AM and PM peak-hour trips and the proportion of
trips entering and exiting during the peak hours, were summarized as the trip
generation manual, which provided a cooperation from the City of San Diego, the San
Diego Association of Governments (SANDAG), and ITE.

The process of a trip generation study started with sites selection, which could be
categorized as the same land use. The data was then collected regarding various
characteristics, such as location, lot size, structure size and number of employees, etc.
The counters were placed at every entrance and exit point to count the number of
trips. The surveyed data were later compiled to determine daily and peak-hour trip
generation rates for the subject use. Additional data, including the proportion of trips
made in the morning and afternoon peak periods and the proportion of peak trips that

entered and exited, were collected at the sites.

The partial example of The City of San Diego trip manual is shown in Table 2-3. The
trip generation manual could be a confirmation that the ridership pattern would be
different in accordance with the activities from each type of land use.
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24  ORIGIN - DESTINATION (O-D) DEMAND ESTIMATION

The demand forecasting models are used to predict the travel patterns and the
utilization of transportation system. Travel demand modelling is a highly challenging
process. It is important for transportation planning and evaluation. The four-step
model is a sequence for determining transportation demand, which is comprised of the
following attributes: Trip Generation, Trip Distribution, Mode Split, and Trip
Assignment.  Trip distribution is the second component, which determines trip
interchanges between each zonal pair beyond estimates of the magnitude of activity in
each analysis zone. The model employs the effects of impedance or accessibility on

destination choice.

A distribution model estimates the number of trips in each of the matrix cells from the
available information. The various distribution models have thus been proposed
according to the different situations and conditions (de Dios Ortdzar and Willumsen
2011). Therefore, the general models for trip distribution estimation, including the

advantages and limitations of each model are reviewed as follows:
2.4.1 The Gravity Model

The Gravity Model has the assumption that all trips starting from a given zone are
attracted by various traffic generators in other zones. The Gravity Model has been
developed to forecast future trips when the important factors influenced by external
factors in the network have changed. Those factors include total trip ends and
distance travelled. The number of trip attractions is directly proportional to the size of
these generators and inversely proportional to the spatial separation between the
zones. The gravity model is also one of the methods used to distribute trips among
the destinations (Mathew and Rao 2006). In addition, it is further modified by
embracing the principle of a trip distribution model to ensure the conservation law of

trip production and trip attraction (Bressan and Nguyen 2015).
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The gravity model is practically extended in social sciences and economic
coefficients, such as gross salary and employment in a municipality (Drobne, Bogataj
et al. 2012). It can also be considered the estimation of the commuting flows. The
distance constitutes an impediment to commuting, whereas the developed economic

parameters pull in commuters (Stefanouli and Polyzos 2017).

The deterrence factor is the generalized function of travel costs with the parameters
for calibration, described as an impedance to the interaction among two points in
space and directly influences the trip distribution as it represents the disincentive to
travel. Finding a way to introduce the impact of deterrence factors into the gravity
model has been a common area of academic research in recent years. This factor is
known as the generalized cost in the literatures. It can also be regarded as distance,
time, travel cost or any combination of the aforementioned ones (Mathew and Rao
2006).

The deterrence function of the gravity model has been proposed in various functional
forms, such as exponential function, power function, gamma function and piecewise
function (de Dios Ortuzar and Willumsen 2011).

There are many researches that estimate trip distribution by employing the gravity
model with different functions of deterrence factors, each one of which takes
advantage of its function with the situation of model application. Samanta and
Mazumder (2006) employed the gravity model with the cost deterrence described by
the power function for estimating a trip distribution matrix. Moreover, the gravity
model with an exponential deterrence function proves that the deterrence function is
particularly useful for exhibiting the probabilistic trip behavior, it is also consistent
with the cost-efficiency principle. In some researches, however, the inverse power
function is more reliable than the negative exponential function when representing the
behavior of deterrence factors (Chen and Xu 2013). The negative exponential
function is also proposed to alleviate the limitation of the travel impedance or cost
measurement as the traditional gravity model formulation would approach infinity

when the distance between locations decrease sharply.
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2.4.2 The Growth Factor Method

The Growth Factor Method is a model used to re-examine the pattern of trip
distribution with the application of an existing O-D matrix, the data from previous
study or the estimated data from the survey. The expected growth rate in the future
years is used to estimate the number of trips originating and attracted between each

zone in the future.

The growth factor method is simple to employ. It can also make direct use of
observed trip matrices. Consequently, it can preserve the primary observation trip.
However, this advantage is also the limitation, since it is employed for long-term

planning horizons or when some characteristics have changed a great deal.

The fundamental of the growth factor method is Uniform Growth Factor, which uses
the general growth rate to apply to each cell in the matrix. The more advanced types
of Growth Factor Method are Singly Constrained Growth-Factor and Doubly
Constrained Growth Factors. The difference of each factor is the expected growth
data available at that time. The most efficient growth factor technique is the Fratar
Method introduced by Thomas J. Fratar in 1954. The future trip generation
proportions are estimated as a function of the current trips between zones based on the
basic premise of the Fratar procedure, assuming that the distribution of trips from one
zone is proportional to the present movements out of that zone modified by the
growth factor of another zone to which the trips are attracted However, the Fratar

procedure do not differentiate trips by purpose (Fratar 1954).
2.4.3 The Intervening Opportunities Model

The Intervening Opportunities Model has the basic hypothesis given by Stouffer
(1940)0. The concept is that the number of trips between zones is directly
proportional to the number of opportunities at the destination zone and inversely
proportional to the number of intervening opportunities. The trip making is not
explicitly related to distance but to the relative accessibility of opportunities for
satisfying the trip objective.
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The Intervening Opportunities Model utilizes a probability hypothesis and assumes
that a trip length should be as short as possible. A trip is lengthened only when it fails
to find an acceptable destination at a shorter distance. All trip opportunities are
treated as the function of a travel time. The spatial separation for the intervening
opportunities model is surveyed in terms of the number of intervening opportunities
determined by arranging all available destinations with the corresponding travel time

from the zone of origin.

In the application of the model, the first examined opportunity is the one closest to the
origin and has the stated area probability of acceptance. The next opportunity has the
same fundamental probability of acceptance. Nevertheless, the actual probability is
decreased by the fact that the distributed trip has an opportunity of already having
accepted the first opportunity. The method continues with each consecutive

opportunity having, in effect, a decreased probability of being accepted.

As the intervening opportunities model uses distance as an ordinal variable, it
obviously determines the opportunities to satisfy a trip purpose at increasing distance.
However, the idea of matrices with destinations ranked by distance from origin is
much difficult. The intervening opportunities model is thus not widely employed in

practice accordingly.

Gibson (1975) demonstrated that the original intervening opportunities model can
clearly predict the inverse relationship between total opportunities and total migration.
Nonetheless, for the contrary prediction, it is incredibility for the original intervening

opportunities hypothesis.
2.4.4 The Fluid Analogy Method

The Fluid Analogy Method (FAM) is a method for integrating a route — the level trip
distribution developed by Tsygalnitzky (1977) for the O-D estimation of transit
passengers along transit routes with the concept of fluid pipe flow. This method has
been used by London Transport. The model shows that this method fits well with the

data from Toulouse in France.
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According to the difficulty in the trip data survey, previous researches attempted to
estimate O-D flows with the incomplete of historical O-D matrices. The model is
formulated based on the concept of fluid pipe flow, with the main assumption that
every passenger has the equal probability to alight from the train at the specific stop if
the distance between origin and destination is a certain minimum distance. It is also
implied that the passengers are equally likely to alight from the vehicle after they have

traveled for at least a minimum distance.

The model is applied for estimating bus passenger O-D trips by Tsygalnitzky. The
bus is compared as a container travelling along a route. The passengers are
considered fluid added to the bus at each boarding station. The fluid is blended
between stations and then poured out of the container at each alighting station.
Nonetheless, the modification problems of the bus-passenger version as a static model

with space-dimension are only realized subsequently (Tsygalnitzky 1977).

The accuracy of this method was proven by Simon and Furth (1985) by applying the
FAM to estimate an O-D matrix of a bus line, using the data from the Southern
California Rapid Transit district (SCRTD). They summarized that the FAM is
statistically important for the linear transit routes and for linear routes containing
some branching. The performance is proved to function proficiently for simple transit
routes. The FAM verifies the precision on any situation by comparing with the
doubly constrained gravity model, using the ticket data from an intercity coach route
in Indonesia. The result shows that the trip distributions generated by FAM are more
accurate than the doubly constrained gravity model. However, FAM remains the
major limitation as it cannot be used to estimate the trip distribution of complex
networks or non — linear route (Herijanto and Thorpe 2005).

To overcome the limitation of FAM, however, Herijanto and Thorpe (2005) had
enhanced the accuracy of the FAM by incorporating it into the singly constrained
gravity model, which has a limitation in the quality and quantity of input data to
estimate trip distribution. The incorporated model can be applied to forecast the

ridership of bus system after a change in the efficiency of service characteristics.
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Liao and Lin (2012) revised the FAM with explicit time-dimension parameters, using
the structure of multi-layer matrices. The extended research verifies the model
performance by empirical data on freeway ramps using flow counts. The estimation
results show acceptable deviations and estimation efficiency.

245 The data-driven method

The data-driven method estimates trip distribution flow by the available data sources.
It is a bottom-up procedure as the innovation in transportation knowledge can be
divided into two primary approaches, which are technology-oriented and

methodology-oriented approaches.

The technology-oriented method is a developed technique for estimating the trip
distribution pattern using technology, such as the sensor, telecommunications,
detection, connected vehicles data, etc.

The methodology-oriented method is the method that emphasizes the reformed

analytics of the big data collected from the transportation system.

The data-driven approach refers to the algorithms, which are driven by data instead of
the model-driven method. It sorts out a solution in an algorithm driven by data,
whereas the primary methods depend on human experiences and historical data. On
the contrary, the traditional top-down methods, such as gravity model, destination
choice model, would be approached by the city socio-economic data and land use
characteristics. However, the data are not utilized to calibrate model parameters.
There is a limitation of traditional model when detailed data are absent and the fitness
of model to complicated reality is insufficient as the traditional models would be
employed based on the assumptions. As a result, the data-driven method has the
advantages on the reliable historical traffic data and multi-dimensional city statistical

data. The method can estimate trip distribution without behavior assumptions.
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With the increasing quantity and variety of data collected from Intelligent
Transportation Systems (ITS) and other technologies, many researches rely on a new
generation of tools to analyze the O-D pattern. Li, Wang et al. (2018) proposed the
data-driven method based on Poisson distribution theory to estimate intercity trip

distribution, using sensor data and various city features.
25 THE CITY COMPREHENSIVE GUIDELINE

Land use development must follow the guidelines, which enforce and regulate the
direction of development and the area that should be developed or reserved. The type
or activity of developed land use must conform to the regulated criteria. This part
reviews the land use development guidelines of Thailand and other countries, as well
as describing how land use regulations are integrated with the transportation network

planning.
2.5.1 The Bangkok Comprehensive Plan 2013

One of the regulations for land use development in Bangkok is the Bangkok
Comprehensive Plan provided by The Department of City Planning and Urban
Development, which is an authority under the Bangkok Metropolitan Administration
(BMA). It is a guideline for area development, proper land use activities specification

in urban and rural areas of Bangkok Metropolitan Region (BMR).

The Bangkok Comprehensive Plan is enforced for the new developments. It divides
the BMR areas into color zones, both of which have their own development standards.
The regulations are concerned with the density. Open spaces are regulated for
controlling the height of building structures and making an equilibrium between the
buildings and land use activities. The regulations on the height of buildings are
controlled by Floor Area Ratio (FAR), which is the ratio of the total built space on its
land area, as shown in Equation (2-1), and Open Space Ratio (OSR), as shown in
Equation(2-2). For developers and landowners who conduct public beneficent
projects, they would obtain special privileges in the development. This plan would
motivate the developers and the landowners to achieve the plan objectives.
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FAR — total floor area of the buildings (2-1)
land area
OSR(%) = total open space without any coverage <100 (2-2)

total floor area of the buildings

The latest Bangkok Comprehensive Plan was issued in 2013, as shown in Figure 2-6.
The plan covers a total area of 1,568.73 square kilometers. One of the plan visions is
that Bangkok would be a metropolis of convenience with comprehensive
transportation networks. The plan objectives concerning the land use development
and the mass transit system are as follows:

(1) To promote BMR as a business, commercial and service center of the country by

providing appropriate facilities that support the growth development.

(2) To promote a comfortable, convenient, rapid and secure modes of travel by
developing an integrated mass transit system and comprehensive transportation

networks efficiently.

The land use control specified in the Bangkok Comprehensive Plan 2013 is divided

into 3 categories as follows:

(1) Permitted Uses: a list of the land use allowance within a zoning district for both

principle uses and additional uses.
(2) Prohibited Uses: a list of prohibited activities within a particular area.

(3) Conditional Uses: it defines permitted or prohibited uses and the conditions for the

proper site.
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Figure 2-6 The Bangkok Comprehensive Plan B.E. 2556.

Source: www.cpdbangkok.go.th.

Even though the Bangkok Comprehensive Plan has defined the guideline for land
development, the land use regulations and the transit system planning are developed
individually.  The Ministry of Transport (MOT) has the authority to control
transportation agencies, while the BMA has the authority of urban planning in BMR.
Both government agencies have no control over each other, however. This lack of
integration would result in the unproductive urban development and transportation
planning conformance. The integrated transportation and land use planning will thus
be quite difficult (Chalermpong 2019).
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2.5.2 City Planning Guideline in Other Country

The Metropolitan Atlanta Rapid Transit Authority (MARTA) issued the guideline for
land use development from the basic principles of TOD with the strategic goals in
order to generate greater transit ridership and promote the sustainable and affordable
system of the Atlanta metro, including a return on transit investment by enhanced fare

revenues.
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Figure 2-7 Stations map with the station typology (Source: MARTA TOD guidelines)
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Focusing on the objective to generate the transit ridership, the clustering mixed-use
development around stations and along corridors is indeed the solution. The MARTA
has classified a station typology into seven categories. The typology indicates not
only location, land use and density around that type but also the transit system
operations. The MARTA’s existing rail station map with the station typology is
shown in Figure 2-7, the station typology is shown in Table 2-4. The MARTA
guideline describes the characteristics of each MARTA station and other transit
systems in metropolises of the United States. The typology is forward-looking to the

rail extension in the future with taking TOD principle as a foundation.

According to the guideline, it defines the land use development with dissimilar
characteristics: density, transit availability and location according to the classified
categories of transit stations. The guideline also provides the specific standards of
density and use for development in terms of FAR, number of floors, and residential

units per acre for the development.

This chapter covers an overview of the transportation demand management, TOD
concept and application, trip generation and trip attraction rate, the O-D demand
estimation and the city comprehensive guideline. The literature reviews from this
chapter are the initial information and assumption for further unitization and analyses

in this research.

In conclusion, TOD strategies can encourage more efficient travel patterns, such as
mode shift and O-D shift, including the shift from peak to off-peak periods. The
reciprocal relationship between land use and transportation made TDM affects land
use patterns, whereas land use can in turn affect transportation activities. As a result,

transportation decisions have influences on land use development patterns.

In addition, comparing the city planning guidelines of Thailand and Atlanta, the
explicit difference is that the MARTA’s guideline examines land use development
and transportation planning simultaneously, whereas the Bangkok comprehensive

guideline examines them separately.
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Following the mentioned reasons, the transit system implementation and the urban
planning in Thailand should be worked on simultaneously. This might present a

problem of imbalanced ridership in Thailand as it lacks integrated planning.

In this Chapter, the literatures have clearly revealed that land use development is a
significant factor that affects transportation demand. This inspires the idea of
balancing the mass transit ridership thorough land use development by employing the
precise trip distribution model for mass transit system. It is highly regarded as a great

solution for the sustainable transportation development.



Chapter 3
METHODOLOGY

This chapter provides the methods for balancing ridership. The trip distribution
models are formulated and compared to determine which one is a more appropriate
model for reflecting mass transit ridership characteristics. The organization of this
chapter begins with the assumption of ridership balancing in this study and the
explanation of trip distribution models’ structure. The models are later formulated to
deal with the balance of ridership. The comparisons of the model performances are
also made afterward to figure out which one gets along well with mass transit
attributes.

Factor
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Figure 3-1 Balancing mass transit ridership through land use development.
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According to the information and knowledge from previous studies in a particular
subject of transit ridership, the diagram can be concluded in Figure 3-1. Considering
the factors that affect transit demand, it can be observed that spatial factors are among
the factors that affect transit ridership. They can generate, attract and shape ridership
patterns based on activity creation. Moreover, spatial factors regarding land use and
urban development would be the most sustainable solution to the balance of ridership

with the application of the TOD principle.

Before focusing on balancing ridership through land use development, the appropriate
trip distribution model, which can give a precise estimation of the mass transit
ridership, must be investigated properly. It can convey the mass transit ridership
behavior through the estimation. First of all, the assumption of model formulation
would be made prior to the model formulation.

3.1 THE ASSUMPTION OF MASS TRANSIT RIDERSHIP BALANCING

The balance of ridership can be measured in many ways. The meaning of the balance
of ridership must be specified in order to give a general understanding. The
assumptions of the balance of ridership and the structure of railway alignment must be

described to specify the scope of the study. They are as follows:

(1) The structure of railway is a single, stand-alone transit line. This means that there

are no connections with any other lines.

(2) The alignment of railway is a linear train route along the urban areas. The balance

of ridership is examined in terms of the railway alignment corridor.

(3) The spatial interaction with land use along the rail line has the same characteristic.

The extraordinary attractiveness of CBD, for example, will not be taken into account.

(4) The model formulation in this study is for employing morning peak hours when
most passengers are traveling into the central business district (CBD) for work and

study.

(5) The number of passengers boarding the train at a mass transit station is the only

endogenous variable, which is the decision variable for this optimization problem.
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(6) The demand in case of special events and the transferred ridership, which makes

other incentive factors other than distance, will not be considered.

(7) The balance of ridership is assumed to be indicated by the variations of onboard
passengers between any adjoining mass transit stations. The more balance of

ridership, the fewer variations of onboard passengers.
3.2 THE TRIP DISTRIBUTION MODEL FOR BALANCING RIDERSHIP

From the trip distribution models as reviewed in the previous chapter, it can be
observed that the models can be classified into two categories, according to the

characteristics of input data — the theoretical model and the empirical model.

In this part, this study prefers ‘the Gravity Model’ and ‘the FAM’ as the basis for the
further formulation of ridership balancing scheme. The supporting reasons for the

model selection are explained as follows:

(1) Both the Gravity Model and the FAM are the theoretical models, which can be
employed in the mathematic problem setting. Both models require no primary O-
D data of existing ridership. Only the numbers of boarding/alighting passengers
are used for the model application. Moreover, the numbers of boarding and

alighting passengers are related at each station.

In addition, when both models are further modified to incorporate the land use, they

can diminish the deviation from the recorded trip generation and trip attraction data.

(2) The gravity model is the most fundamental model for trip distribution estimation.
It is the extensively used functional form for any modes of travel to predict the O-

D passengers.

(3) The FAM is another appropriate model as it is originated for integrating a route —
level trip distribution. The accuracy of the model approach has been proven
statistically for the linear routes. The model performance is able to function
proficiently for the simple transit routes. This attribute is compatible with the

railway structure characteristic in this study.
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The structures of chosen models; the Gravity Model, the FAM, are described in detail

as follows:
3.2.1 The Gravity Model Structure

The original transportation gravity model is consequently developed from the gravity
model generated, according to the Newton’s gravitational law. The structure of the
transportation gravity model is proposed to estimate the traffic or passenger
distributes between zonal pairs as a simple function of population and deterrence
factors. The general structure of the model is shown in Equation (3-1).

$.G.A (3-1)

it
T. =——
] A

%)

where,

i isanorigin of the trip.

] is adestination of the trip.

7;  isthe number of trips generated at the origin i and attracted to the destination j .
G, s the total number of trips generated at the origin i .

A, s the total number of trips attracted to the destination j .

¢ is the adjustment factor taking into account the effect on travel patterns of

defined socio-economic linkages for specific zone-to-zone.
In the absence of special information, this optional adjustment factor is
recommended to be 1 (Navick and Furth 1994).

o. is the deterrence factor representing the disincentive in trip demand between

zones i and j, for example, distance, travel time or travel cost.

The deterrence factor must be positive number.

A is the degree of deterrence, the value is specified as 2, according to the
Newton’s gravitational law. However, it can be specified as arbitrary value for
applying in more universal purposes. The higher degree of deterrence signifies
the case that any passengers have a lower probability to travel a long-distance
trip than a short-distance one.
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The deterrence factor is defined as ‘the power/exponential function’, expressing
distance-deterrence factors for accurately setting up a transport model and
incorporating the impacts of factors on human travel behavior. The
power/exponential function is the most straightforward form extensively used in the

trip distribution model without a calibration process.

Despite the diversity of deterrence factors, the main deterrence of a travel demand in
this study focuses principally on ‘distance’. The main reason is the theoretical nature
of problem settings in this study. It is quite difficult to quantify the impact of other

factors in terms of travel time and travel cost.

As a matter of fact, distance is the main component directly influencing the trip
distribution for a mass transit trip as the fare rate structure of a mass transit system is set
from standardization in which the fare rate varies depending on distance. In addition,
it can also interpret the ‘distance’ in a broad sense as ‘the degree of deterrence’ that

increases by distance, time, travel cost, and so on.
3.2.2 The Fluid Analogy Method Structure

The structure of FAM was proposed with the concept of fluid pipe flow by
Tsygalnitzky to estimate the trip distribution matrices along public transport routes,

using boarding and alighting passenger data.

The transit system is compared as a pipe laid along an alignment. The passengers are
considered as fluid filled in the transit system at each boarding stop. The fluid is
blended between stations and then poured out of a pipe at each alighting station. The

formulation of the original FAM is described as follows:
i is the boarding transit stop and j is the alighting transit stop, where j>i.
Vij  is the number of passengers traveling from the stop i to the stop j .

€ isthe number of passengers boarding at the stop i and qualified to alight at the stop j .

Assume that v;; =g; =0 for j=i, and v; =¢; for j—-i=1.
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Bus Stop 1 Bus Stop j Bus Stop N

i

vij = (v]/e]) X el-j

€ij+1 = €ij — Vuj

Figure 3-2 Trip distribution along the bus route.

The calculation is then proceeded from the alighting stop j=i+1to j=n.
The diagram of FAM along the bus route is shown in Figure 3-2.

At the alighting stop j, the passengers qualified to alight are e;, and the actual

alighting passengers are v;. Therefore, the terms of fraction; f; =v;/e;, explain the

ratio of actually alighting passengers to the passengers qualified to alight at stop j.

This fraction is applied to each boarding stop i with the qualified passengers to alight.

The number of passengers traveling from the stop i to the stop j is shown in

Equation (3-2).

v, = fg,Vi<j (3-2)

ij?
Therefore, the number of passengers traveling and eligible to alight at the next
alighting stop j = j+1 would remain, as shown in Equation (3-3).

e —V. (3-3)

ei,j+l = ij ij
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3.3 THE TRIP DISTRIBUTION MODEL FORMULATION

This part provides the model formulation, which is in accordance with ridership
balancing problems. The transit trip distribution models are specifically formulated for
a mass transit system to achieve the objective of the research. To simplify the model,
the structure of railway alignment is assumed to be the linear system, which is a single
and stand-alone train line. This means that the railway has no connections with any

other lines along the route. The structure of railway alignment is shown in Figure 3-3.

As mentioned above, the imbalanced ridership problem is reflected through mass
transit ridership characteristics. The problem is that the line is only overcrowded in
one direction, whereas it is largely unoccupied in the opposite direction. The crowds
of passengers can only be seen in some particular sections of the route. The objective
of balancing mass transit ridership in this study is therefore to distribute passengers
from the origin to the destination with the minimum variation of onboard passengers

along the whole route.

In other words, it can be implied that overcrowded passengers will not be seen in only
some particular sections of the route but the number of passengers will disperse evenly

throughout the whole route when the objective of ridership balancing is achieved.

The objective function is formulated so as to minimize the variations of onboard

passengers between any adjoining stations i and j, where j=i+1 for an outbound
direction and j=i-1 for an inbound direction, along a single rail line during the

morning peak hours when most passengers travel to the Central Business District

(CBD) for work and study. The objective function is shown in Equation (3-4).

Station
No.

Figure 3-3 Structure of railway alignment.
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min Var (R,,...R i1, Ry_on: Ry Rij-r Rop)

or (3-4)
min Var (R;), V]i—j|=% i, je{12,..,N}
where,

R. is the number of onboard passengers between the stations i and j,

1

representing the ridership between each pair of stations (unit: person).

N is the total number of stations within the whole transit route (unit: station).

The other variables used in the model are defined as follows.

P is the number of passengers boarding at the station i (unit: person).
Q, is the number of passengers alighting at the station j (unit: person).

T is the number of passengers boarding at the station i and alighting at the station |
(unit: person).

D, is the distance between the stations i and j (unit: kilometer).

T is the total number of passengers within the transit system (unit: person),

C is the maximum capacity of the train (unit: person).

Given the explanation of the variables and the objective function as stated above, the
next step is to formulate the boarding and alighting behavior of passengers for the

mass transit system.

Firstly, the gravity model is revised to explain the O-D distribution of the overall
population, using the transit route in consideration. The proposed mass transit trip
distribution model based on a fluid-flow analogy method is subsequently formulated.

The assumptions and constraints of each model will be identified afterward.
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3.3.1 The Gravity Model Formulation for Balancing Ridership

Being employed for the traffic flow estimation, the gravity model assumes that the
number of trips produced at an origin and attracted by a destination is directly
proportional to the distance between this pair of origin and destination.

To explain the deterrence variables,

D is the distances between any adjoining stations.

D . isthe maximum distance that any passengers could plausibly travel from

max,i

the station i within the individual transit line.

Consequently, the possibility that any passengers who board the train at the station i

will alight from the train at the station j is proportionally decreasing by the distance

between the stations i and j. It can be further explained in Equations (3-5) and (3-6).

A 2 (3-5)
5s)
Dy =Max {N —i,i—1}x D (3-6)

max, i

i-j[D

The term is the reciprocal of the relative distance between the stations i and |

to the maximum distance from the station i. This number will be smaller as the

destination station j is getting farther from the origin station i and will be equal to 1

for the remotest station.

The degree of deterrence, A, is applied in a behavioral function. It expresses the
acceleration of the decrease in the possibility of traveling a farther distance. In other
words, the possibility of going a farther distance is then smoothly decreasing as

passengers move away from the origin.
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Finally, the number of passengers boarding between the stations i and j, the so-

called ‘ridership’, can be determined by Equations (3-7) and (3-8) for the outbound
direction and the inbound direction respectively.

R z i T, Vie o N-1 S
k=1 j=i+1
N il 3-8
Ris=2. 2. T, Vie{2,. . ,N} (3-8)
k=i j=1

Two more necessary constraints are given below.

The passenger flow conservation constraint; the fundamental of balancing ridership
for a trip distribution is the equivalence of the number of trips originating from all
origin zones, the number of trips attracted by all destination zones and the total
population within the mass transit route. The passenger flow conservation constraint

describing the equivalence is shown in Equation (3-9).

The total population for a given route is assumed to be fixed under the short-run
nature of the optimization problem. However, the allocation of boarding passengers

among all train stations, or P, ,can be flexibly adjusted.

The capacity of the train constraint; the ridership between any adjoining stations i and |

must not exceed the capacity of the train, as shown in Equation (3-10).

ZiZjTij :Zi R :Zij =100 (3-9)
R;<C (3-10)
Considering the objective function in Equation (3-4) and all the Constraints (3-5) —

(3-10), it can be readily verified that the only endogenous variable for this

optimization problem is the number of passengers boarding at station i, P..

Given the pre-specified value of exogenous variables, the optimal solution can be

found by solving this system of non-linear equation, the results will be discussed later.
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3.3.2 The Modified FAM Formulation for Balancing Ridership

In this part, the modified FAM is proposed by assuming that the O-D distribution
pattern is described by the behavior of a fluid flowing through a cone-shaped pipeline,

whose diameter varies by distance.

The variation of diameter is introduced to represent the decrease in the possibility of
going a farther distance from the origin and to deal with the limitation of the original
FAM, which can be applied only for the case that a bidirectional O-D data is
available. This means that the input data must be the directional boarding/alighting
counts (Kikuchi and Perincherry 1992).

The movement of passengers through a mass transit system is analogous to the fluid
flowing in a pipeline. Each station is comparable to a hole through which the fluid
can drain away. Figure 3-5 shows the concept of applying the modified FAM to a
mass transit trip distribution. When considering any station i, the diameter of the
pipeline is set equal to 1 at the farthest station. The diameter is then increasing
relative to the distance from the farthest station when approaching the particular
station i in consideration. If the specific station i is the in-between station, the

diameter of the pipeline will be decreasing again when passing through the station i .

¢ =(D,y —Dy; +1)*
Diameter $ I¢2 = (D, - D, +1)? I ¢, = (D, +1)* !

Station
No.

Figure 3-4 Cone-shaped pipeline with the modified FAM.
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For any passengers boarding at the station i, the possibility that the passengers will

alight from the train at the station j is proportionally increasing by the size of the

diameter of the pipeline as explained earlier. It is similar to the ‘volume flow rate’ of

fluid flowing through the pipeline.

Therefore, the proportion of passengers who board the train at the station i and alight

from the train at the station j can be determined, as shown in Equation (3-11).

(Dmaxi _|I - J|+1)A (3_11)
Tij = : . - 5 XPi
S O -+

Again, the distances between all stations are set equal to D. The degree of
deterrence, A, explains the acceleration rate, by which the size of the diameter

increases relative to a distance from the most remote station.

The term D, —|i— j|+1 defines the size of the diameter at the station j when

considering the passengers boarding the train at the station i .

The maximum distance, D that any passengers can plausibly travel from the station i

within the same transit route is calculated by Equation (3-6). Other constraints are all
the same with those explained in the gravity model, as shown in Equations (3-7) —
(3-10).

Therefore, the system of non-linear equations for the modified FAM is defined by the
objective Equation (3-4) and the Constraints (3-6) - (3-11) is used to solve the optimal

number of passengers boarding the train at the station i, P,, under a given set of

exogenous variables.
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3.4 RIDERSHIP BALANCING SCHEME FROM TWO BEHAVIORAL
MODELS

To illustrate the results from two systems of non-linear equations; the gravity model
and the modified FAM, the value of exogenous variables is specified as follows:

Firstly, the total number of stations in the whole transit route, N, is classified into 5
cases — 6, 9, 12, 15, 18 stations — ranging from a relatively short to a practically

long transit line with both odd and even station numbers.

The total number of stations is set the maximum at 18 stations for supporting further
application with the MRT Blue Line, which has 18 stations. Meanwhile, other cases

are formulated in descending order by each 3 stations.

Secondly, the total number of passengers within the transit system, T, is set to be 100

passengers. This setting is convenient for the interpretation of the results as the whole
number of passengers will be automatically translated into the ‘percentage’ of the

whole population.

Lastly, the distance between the adjoining stations, D, is assumed to distribute evenly
at one kilometer for the simplicity of calculation, even though it can have any values
and does not have any effects on the results. This ‘one-kilometer’ also reflects the
coverage area, the walkable distance, and the average distance between adjoining

stations of a mass transit system as mentioned in the previous chapter.

The attribute of two behavioral models in terms of relative distance between each pair
of origin and destination are shown in Table 3-1(a) and Table 3-1(b) respectively.
The probability of alighting from the train, which can explain the attribute of the
gravity model and the modified FAM, are shown in T(a) and T(b) respectively.



58

68¢ ¢l 43 8T 1) 8 9 S 14 € 14 14 14 T T T T 8T1S
94¢ 94¢ ¥9 8¢ 97 0] L S 1% € € 14 14 14 T T T LT1S
99 144 144 99 14 V1 6 9 S 1% € 14 14 14 T T T 9T1S
(44 6v 961 961 6y 44 4" 8 S 1% € 14 14 14 T T T ST1S
17 6T 44 691 691 4% 6T 17 L S € € 14 14 T T T vT1S
9 6 97 9€ 144" 124" 9¢€ 97 6 9 1% € 14 14 T T T E€T1S
€ q 8 €T 0€ T¢T Tet 0€ €T 8 S € 14 14 T T T ¢T1S
14 € 1% 9 17 14 00T 00T 514 17 9 1% € 14 14 T T TT1S
T 14 [4 € q 6 0¢ 18 18 0¢ 6 S € 14 14 T T 0TLS
T T [4 [4 € q 6 0¢ 18 18 0¢ 6 g € 14 14 T 60.1S
T T [4 [4 € 1% 9 17 514 00T 00T 514 17 9 1% € 14 801S
T T T [4 [4 € S 8 €T 0€ Tet Tet 0€ €T 8 g € L01S
T T T [4 [4 € 1% 9 6 97 9€ 124" 144" 9€ 97 6 9 901S
T T T 4 4 € € S L 17 6T [47 697 697 [4% 67 17 S01S
T T T [4 [4 [4 € 14 S 8 4! 44 517 967 967 5174 44 v01S
T T T [4 [4 [4 € 14 S 9 6 V1 514 99 5144 5144 99 €01S
T T T [4 [4 [4 € € 14 S L 0] a7 8¢ 79 94¢ 94¢ ¢01S
T T T T [4 [4 14 € 14 S 9 8 4! 8T [43 ¢l 68¢ TOLS
8T1lS [T1S 9I1S STIS ¢TIlS €T1S ¢TL1S TTLS OT1lS 601S 80LlS /L0LS 901S S01S ¥0lS €0LS <¢O0LS T0lS | d/O

all -1
r'xeut

a

‘]opow A1Inelb ay) 1o ()

*1 UOIEIS WOJJ 8oURISIP Bulj|aARs) WnwWiIXew ay) 0} / pue 7 SUOITLIS ay) UssMIaq souRISIp aANR[a) 8yl T-E a|qel



59

68¢  949¢ G¢¢ 961 697 144" Tct 00T 18 ¥9 5174 9¢ G¢ 91 6 14 T 8T1S
94¢ 94¢ G¢¢ 961 697 144" Tcl 00T 18 ¥9 174 9¢ 514 91 6 14 T LT1S
96T 144 G¢¢ 961 697 144" Tcl 00T 18 ¥9 174 9¢ G¢ 91 6 14 T 9T1S
124" 697 96T 967 697 144" TcT 00T 18 ¥9 174 9¢ G¢ 91 6 14 T ST1S
00T T¢T vl 691 691 124" Tet 00T 18 ¥9 6y 9¢€ G¢ 91 6 1% T vT1S
¥9 18 00T T¢T 144" 124" Tet 00T 18 ¥9 6y 9¢€ G¢ 91 6 1% T E€T1S
9¢ 6y ¥9 18 00T Tct Tet 00T 18 ¥9 6y 9¢€ G¢ 91 6 1% T ¢T1S
91 14 9¢€ 6y ¥9 18 00T 00T 18 ¥9 6y 9¢€ G¢ 91 6 1% T TT1S
1% 6 97 14 9€ 6y ¥9 18 18 ¥9 6y 9€ 514 91 6 1% T 0TLS
T 1% 6 97 14 9€ 6y ¥9 18 18 ¥9 6v 9¢ G¢ 97 6 1% 601S
T 1% 6 97 14 9€ 6y ¥9 18 00T 00T 18 ¥9 6y 9€ G¢ 97 801S
T 1% 6 97 14 9€ 6y ¥9 18 00T Tet T¢T 00T 18 9 6y 9¢ L01S
T 1% 6 97 14 9€ 6y ¥9 18 00T Tet 124" 124" TZT 00T 18 ¥9 901S
T 1% 6 97 14 9€ 6y ¥9 18 00T Tet 124" 691 691 144" TZT 00T S01S
T 1% 6 97 14 9€ 6y ¥9 18 00T Tet 124" 691 961 961 691 124" v0L1S
T 1% 6 97 14 9€ 6y ¥9 18 00T Tet 124" 691 961 Gee Gee 96T €01S
T 14 6 97 514 9¢ 5174 79 18 00T Tct 144" 697 967 G¢¢  99¢ 99¢ ¢01S
T 14 6 97 514 9¢ 5174 79 18 00T Tct 144" 697 967 G¢¢  99¢ 68¢ TOLS
8T1S /JT1S 9T1S ST1S ¥IlS €TLS ¢T1S TIlS OTLS 601S 80LS [01S 901S GS01S P¥OLS €01S ¢0LS TOLS d/o

1'xewt

T+|—1|- " ‘Wv4 payipow 8y} Jo4 ()

"7 UOIE]S WOJJ 8oURISIP BUljjaAes) WwNwWIXew ayl 01 / pue 7 SuoIjels 8yl UsaMlaq aourlIsSIp ARl 8yl T-€ ajgell



60

090 LSTO0 0,00 6€00 G200 /LT00 €T00 OTO0 8000 9000 S000 #000 +000 €000 €000 ¢000 <000 [8TLS
180 /860 1600 €¥00 %200 GT00 TIOO 8000 9000 S000 000 €000 €000 2000 ¢000 <000 2000 |LTLS
8800 €GE0 €660 8800 6€00 2200 v¥IO0 0T00 Z000 9000 ¥000 ¥000 €000 ¢000 <000 2000 €000 [9TLS
8600 G800 O¥E0 Ov€0 G800 8€00 T200 ¥I00 6000 L000 G000 Y000 €000 €000 <000 2000 €000 [STLS
T200 LS00 €800 VEE0 vEE0 €800 €00 TC00 €TO0 6000 Z000 SOO0 +000 €000 €000 ¢000 <000 [PTLS
€100 T200 L€00 €800 OLEO 0S€0 €800 LE00 T200 €T00 6000 00O SOO0 ¥000 €000 €000 ¢000 [ETLS
6000 €T00 0200 9500 ¢800 8ZE0 82€0 ¢800 9€00 0200 €T00 6000 Z000 SO00 %000 €000 €000 [¢TLS
L0000 6000 €T00 0200 9€00 2800 /LZEO [2€0 2800 9500 0200 €T00 6000 L000 GOOO %000 €000 [TTLS
G000 000 6000 €T00 0200 9€00 2800 9ZEO 92€'0 2800 9500 0200 €T00 6000 00O GOOO 000 [OTLS
¥000 G000 L000 6000 €T00 0200 9500 2800 9ZEO 92€'0 ¢80'0 9600 0200 €I00 6000 L00O GOO'O [60LS
€000 ¥000 G000 Z000 6000 €I00 0200 9€00 2800 LZEO [2€0 2800 9€00 0200 €I00 6000 LOOO [80LS
€000 €000 Y000 SO00 L1000 6000 €T00 0200 9500 ¢800 8ZE0 82€0 2800 9€00 0200 €T00 6000 [L0LS
2000 €000 €000 %000 G000 L0OO 6000 €I00 T200 LEO0 €800 OEE0 0S€0 €800 /€00 TZO0 €T00 [90LS
2000 2000 €000 €000 %000 G000 L000 6000 €T00 T200 LEOO €800 ¥EEO ¥€E0 €800 €00 T200 |SOLS
2000 2000 2000 €000 €000 #000 G000 L0OO 6000 +¥I00 T200 8E€00 S800 OVED Or€0 G800 8€00 [¥0LS
2000 2000 2000 2000 €000 ¥000 %000 9000 Z000 OTO0 +I00 2200 6E00 8800 €SE0 €660 8800 [€0LS
2000 2000 2000 2000 €000 €000 ¥00'0 G000 9000 8000 TIOO GSTOO #2000 €EV00 600 L8EO /8€0 [20LS
2000 2000 €000 €000 %000 ¥000 G000 9000 8000 OT00 €I00 /ZTO0 G200 6€00 000 ZSTO O0€90 T01S
8T1S /TIS 9TIS GTIS VILS €TLS ¢TLS TILS OTLS 60LS 801S /Z0LS 901S GOLS ¥0LS €01S <¢0LS TOLS |@/O

alr - W

) a )
4 T ‘1apow AlIAeIB 8y Jo4 () :Z JO 90UB.1IB)BP JO daibap Yum urel) syl wody bunybife Jo Aujigeqold syl z-€ ajqel

1'xew

a



61

¢9T0 €v1T°'0 9¢T0 OTT0 9600 T80'0 8900 9500 SPO'0 9€00 Lc00 0200 ¥I00 6000 SO00 <000 TOOO 8TLS

ovT0 9vT'0 8¢1°0 ¢ZIT0 9600 ¢800 6900 /LS00 9¥0°0 LEO'O 8200 TcO'0 ¥T0'0 6000 S00'0 <000 TOOO | LTLS
8TT0 SET0 GET'0 8TT'0 <¢OT0 /800 €00 0900 6¥00 6E00 0E0'0 <¢cO'0 STO'0 OTO0 SO000 ¢000 TOOO | 9TLS
¥600 TIT0 6¢T°0 6¢T1'0 TTT0 +600 6/00 9900 €500 ¢v0O'0 ¢€0'0 ¥¢0'0 9700 OTO'0O 9000 €000 TOOO | STLS
¥.000 6800 90T'0 SCT°0 G¢T'0 9070 6800 ¥.00 0900 L¥0O'0 9€0°0 LcO'0O 8TO'0 <CT00 L1000 €000 TOOO | ¥VILS
G50'0 0/0°0 9800 ¥OT'0 ¥CT0 ¥¢1'0 ¥0T°0 9800 0.00 SS00 ¢¥0'0 TEO'0 <¢c0'0 ¥IO0 8000 €000 TOOO | €TLS
8€0°'0 TSO0 [90°0 G800 ¥OT'0O 9¢TO 9¢T0 ¥0T'0 G800 /900 TSO'0 8E0'0 9¢0°0 LTOO 6000 %000 TOOO | CTLS
T¢0'0 €€00 8¥0'0 G900 G800 LOTO <¢ETO ¢ET'0 LOT'0O G800 G900 8¥Y0'0 €E0'0 TCO0 ¢CI00 S000 TOOO | TTLS
L00°'0 9700 8¢00 P¥O'0 €900 9800 <CITO <PTO ¢vT'0 ¢IT'0 9800 €900 ¥¥0'0O 8200 9T00 LO0OO0 ¢000 | OTLS
¢00'0 2000 9700 8200 ¥v0'0 €900 9800 <CITO ¢¥T0 ¢yT'0 CIT0 9800 €900 vv¥0'0 8200 9T00 L0000 | 60LS
T0O0O'0 G000 <100 T¢Oo0O €E00 8O0 G900 G800 LOT'O CETO ¢ET'0 LOT'0 G980°0 G900 8¥0'0 €E00 TcO0 | 80LS
T00'0 Y000 6000 /LTOO 9200 8EO0'0D TSOO /900 G800 ¥OT'O 9CTO 9¢T0 vOT'0 G800 /900 TS00 8EOO | LOLS
T00'0 €000 8000 ¥TO0 ¢C00 TEOO ¢¥00 SS00 0L00 9800 ¥OTO ¥CTO ¥¢1'0 v0T'0 9800 0L00 GS0°0 | 90LS
T00'0 €000 L000 <¢TO0 8I00 LcO'O 9€00 Lv0OO0O 0900 ¥.00 6800 90T0 GCTO G¢T'0 90T0 6800 ¥.0°0| SOLS
TO0O'0 €000 9000 0TO0O 9100 t¢0'0 ¢€00 ¢v0'0 €S00 9900 6100 ¥600 TITO 62T0 6¢10 TTT0 v600 | POLS
T00'0 ¢000 G000 0OTO0O STO0 <¢¢0'0 0E00 6E00 6¥00 0900 €L00 /2800 ¢OTO 8TITO GETO GET'0 8IT0 | €0LS
T00'0 ¢000 G000 6000 ¥IO0 T¢0O'0 8200 LEOO 9¥0'0 LS00 6900 <¢80°0 9600 <CTTO 8TO0 9¥TO 9yT'0 | <¢0LS
T00'0 ¢000 G000 6000 ¥IO0 0CO0 Z¢00 9€E0'0 S¥YO'O 9S00 8900 T80'0 G600 OTTO 9¢T0 €EPTO <9T0 TOLS
8TLS /LI1S 9TLS SI1S ¢T1S €I1S <¢T1S TTILS O0TlS 60LS 80l1S /0lS 90l1S S0lS ¥0lS €01S <¢0lS TOoLS | d/O

A+ == K
L+ =1 =)

‘NV4 palipow ayl 104 () ‘g Jo 8duaielep Jo 9albap yum uten ayl woly Bunybie jo Aujigegosd syl z-§ 9|gel



62

Hereafter, the values of all variables are specified completely. The next sequence is
the comparison of two trip distribution models, which is intended to investigate the

model competence in the reflection of mass transit ridership characteristics.
Comparison of the Degree of Deterrence

The performances of two behavioral models are compared by varying values of a
degree of deterrence, A, representing the acceleration rate of the decrease in the
possibility of going a farther distance with the varying numbers of stations of 6, 9, 12,
15 and 18.

Considering more details of the influences of exogenous parameters, the degree of
deterrence; A, the variance of passengers boarding the train at each station with
various degrees of deterrence is shown in Table 3-3 Initially, the higher the degree of
deterrence, the lower the variance of boarding passengers at each station. Moreover,
the sensitivity of the degree of deterrence for the modified FAM is less variant than

the gravity model.

The results of ridership balancing in terms of the number of passengers boarding at
each station for each degree of deterrence are shown in Figure 3-5 to Figure 3-9,

expressing the fluctuation of charts.

Table 3-3 The variance of boarding passengers at each station with various degrees of

deterrence, A, for 5 cases of the number of stations (Unit: percentage)

The number of Gravity Model Modified FAM

stations A=1 A=15 A=2 A=1 A=15 A=2
6 stations 0.13 2.64 6.72 3.76 3.23 4.73
9 stations 0.51 0.40 1.66 8.81 5.37 3.82
12 stations 0.93 0.25 0.69 9.72 6.01 3.99
15 stations 1.06 0.26 0.40 9.76 6.23 4.18

18 stations 1.06 0.28 0.28 9.06 5.92 4.05
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(b) The modified FAM.

Figure 3-5 The comparison of boarding passengers for 6 stations with various

degrees of deterrence (Unit: percentage).
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(b) The modified FAM.

Figure 3-6 The comparison of boarding passengers for 9 stations with various
degrees of deterrence (Unit: percentage).
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Figure 3-7 The comparison of boarding passengers for 12 stations with various

degrees of deterrence (Unit: percentage).
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Figure 3-8 The comparison of boarding passengers for 15 stations with various
degrees of deterrence (Unit: percentage).
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(b) The modified FAM.

Figure 3-9 The comparison of boarding passengers for 18 stations with various
degrees of deterrence (Unit: percentage).
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It can be implied that the results achieved by the modified FAM prove more robust
and will be more reliable when put into practice with the supporting reasons, which

are as follows:

(1) The overall patterns of boarding passenger distribution at each station for the
modified FAM are not much altered by the variation in the value of degree of
deterrence, compared with the gravity, where the value of degree of deterrence
has a serious impact on the pattern of boarding passenger distribution. It can be
seen in Figure 3-5 to Figure 3-9 for all the cases of numbers of stations.

(2) The variance of the number of boarding passengers at each station and the
corresponding ridership for the whole transit route in the gravity model, as shown
in Table 3-3, is much lower than the modified FAM. It seems unfeasible to put
that pattern of O-D distribution into practice. The solution from the gravity

model can also ascertain the difficulty of implementation.
The Boarding and Alighting Passengers

The degree of deterrence will cautiously be chosen herein for more comparisons in
which behavioral models can reflect the characteristics or purposes of the transit

route/trip.

As explained in the model formulation, the higher degree of deterrence signifies the
case that any passengers have a lower tendency to travel a long-distance trip than a
short-distance one.

In other words, the higher degree of deterrence is more appropriate for the inner-city
rail line as passengers tend to have a short trip for shopping or commercial purposes.
At the same time, the lower degree of deterrence is used in a long-journey commuter
train as passengers in suburban areas take a long trip to work or study in the CBD.
The inner-city rail line is thus regarded as one of the characteristics of mass transit
system in this study’s objective. Furthermore, the results of degree of deterrence
comparison have also summarized that the modified FAM has more robustness and

will be more reliable when put into practice.
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Consequently, the degree of deterrence, A, of 2 is further analyzed for comparison
between the gravity model and the modified FAM performance in the mass transit
ridership estimation. The number of stations varies in the same way as for the five
cases of 6, 9, 12, 15 and 18 stations. The results of balancing ridership and the
numbers of passengers boarding charts are shown in Figure 3-10(a) for the gravity
model and Figure 3-10 (b) for the modified FAM.
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(a) The gravity model.
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(b) The modified FAM.

Figure 3-10 The number of passengers boarding at each station for varying

station numbers with 4 =2 (Unit: percentage).
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The numbers of boarding and alighting passengers, including the differences, are
shown in Table 3-4(a) and Table 3-4(b) for the gravity model and the modified FAM
respectively. The objective values and the variance of onboard passengers for each

case are also determined for comparison.

The results of balancing ridership can be interpreted in the performance comparison

between two behavior models in the following aspects:

(1) ‘The distribution of boarding passengers’ at each station for all cases in Figure
3-10, the results show that the modified FAM can describe the nature of
‘catchment area’ around both terminal stations, where the number of passengers
is generally higher than the number of passengers boarding at the in-between

stations.

In addition, it can be observed that the minimum value of boarding passengers
appears at the second point and the last but one point. The last point at both ends
would collect a huge number of passengers, according to the larger cover service
area, the influence of park-and-ride facilities or the intersection of other major
feeder lines.

The nature of a land use development in urban planning where the business and
commercial areas are concentrated within the CBD and the residential areas are
expanding in the suburban parts of a city. The results can ascertain the difficulty
of implementing the solution from the gravity model.

However, the modified FAM can illustrate the mixed-use development along the
mass transit concept by the results of ridership balancing, as shown in Figure
3-10(b). When the rail line gets longer, it can roughly be divided into three

sections, which are as follows:

a) The outer bound at both ends with high boarding demand from the residential

area.

b) The central part of the line locating in the CBD to generate high alighting
demand for work/study purposes.
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c) The in-between parts where both boarding and alighting demands are lower
than the other parts due to the mixed-use development that may result in the
reduction of mass transit trip generation and indirectly increases private mode
split.

(2) ‘The average differences between the number of boarding and alighting
passengers’ as indicated in Table 3-4(a) and Table 3-4(b), the modified FAM has
the higher average differences than the gravity model in all cases, with respect to

the number of stations.

The difference between the numbers of boarding and alighting passengers at each
station can also be a crucial factor as it exposes the fact that the number of
passengers in a mass transit system during peak hours is always high only in one

direction, whereas in the other direction the number is low.

(3) “The difference of the functional form between the gravity model and the modified
FAM’ The gravity model in Equation (3-5) has a reciprocal functional form,
whereas the one based on the modified FAM, as shown in Equation (3-11), has the

additive form of fixed and linearly variable terms.

In the context of mass transit, any passengers boarding the train at any stations are
abiding by some fixed costs, such as time loss due to the ticket purchasing process
and the waiting time. On the other hand, when deciding whether to leave the train
or remain boarding until the next station, a passenger usually faces the additional
cost in terms of time loss (value of time) linearly proportional to the distance. The
combination of these two costs is suggested by the functional form of the
modified FAM.

(4) ‘The probability of alighting from the train’: Figure 3-11 is created to illustrate the
relationship between the probability of alighting from the train and the distance

from a boarding station based on two behavioral models in case of six stations.
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As noted earlier about the difference between the two behavioral functional forms, the
gravity model has a reciprocal functional form, whereas the modified FAM has the
additive functional form of fixed and variable terms. Therefore, the possibility of
traveling a further distance based on the gravity model is rapidly decreasing with the
negative exponential distribution. One more unrealistic behavior of the gravity model

can be depicted, as shown in Figure 3-11(a).

On the other hand, the modified FAM suggests a gentler rate of reduction in the
possibility of going an additional distance. Figure 3-11(b) expresses the example with
the cases of six stations when a passenger boarded a train from the starting station.
With the modified FAM, the probability of alighting from the train is decreasing
almost linearly with distance, whereas it is sharply reduced with the gravity model.

A mass transit system is actually not the immediate mode of transportation between
origin and destination. Passengers have to spend some time and costs for access and
egress in the transit system. The travel time, which is one of the disincentive factors
of the gravity model, can be split into two intervals, which are the access/egress time

and the onboard time.

Generally, for the urban short-to-medium-length trips, the access/egress time has a
greater impact on the travel time than the onboard time. Accessing a mass transit
station mostly takes much longer than any other public transit system owing to
differences in their coverage (Goel and Tiwari 2016). An increase in access and
egress (time and/or distance) is associated with a decrease in the usage of a transit
system. Therefore, prolonging a trip for one further station does not significantly lead

to much longer travel time.

This behavior contradicts with the deterrence function of the gravity model, assuming

that the number of trips is rapidly decreasing with the longer distance.

Accordingly, the proposed modified FAM tends to reflect the travel behavior of a

mass transit trip distribution more realistically than the conventional gravity model.
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Figure 3-11 Relationship between probability of alighting from the train and
distance from the boarding station based on two behavioral

models.
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In addition, considering the effects of the number of stations within the transit route, a
larger number of stations means a longer transit line. However, it is more interesting
to look at the impacts on the variance of ridership along the whole route. The results
show that the longer rail line tends to be easier to balance its ridership than the shorter
one. The variance of onboard ridership is shown in the second to last row of Table
3-4(a) and Table 3-4(b).

In conclusion, the comparison of two behavior models shows that the modified FAM
expresses more realistic characteristics of ridership distribution. For the gravity model,
these kinds of trend are not so distinct. The invariance of the number of boarding
passengers at each station along the whole transit line may reflect the requirement for

a uniform city with the well-balanced and mixed-use practices of land development.

3.5 PROPOSED TRIP DISTRIBUTION MODEL FOR MASS TRANSIT
RIDERSHIP ANALYSIS

Comparing the results of ridership balancing by employing the gravity model and the
modified FAM, it can be concluded that the solution to the system of non-linear
equations based on the modified FAM bears a stronger resemblance to the one achieved

based on the gravity model. The supporting reasons are briefly described as follows:

(1) The sensitivity of degree of deterrence, A, for the modified FAM is less variant than
the gravity. The boarding passenger distribution is not much altered by the variation

in the value of A, making the approach more reliable when put into practice.

(2) The modified FAM can describe the nature of ‘catchment area’ around both
terminal stations where the numbers of passengers are generally higher than the

numbers of passengers boarding at the in-between stations.

(3) The modified FAM has the higher average differences between the number of
boarding and alighting passengers than the gravity model in all cases with respect
to the numbers of stations. It can expose the mass transit passengers’ behavior
during peak hours when the rail line is almost always crowded only in one

direction and largely unoccupied in the other.
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(4) The functional form of the modified FAM is the additive form of fixed and
linearly variable terms. It can explain the mass transit passenger behavior and the
fact that the passengers boarding the train at any stations abide by some fixed
costs and additional costs.

(5) The modified FAM can illustrate the mixed-use development along the mass
transit concept: the high boarding demand of outer bound at both ends from the
residential areas, the central part of the line locating in the CBD to generate high
alighting demand for work and study purposes and the lower boarding and

alighting demands in the in-between parts due to the mixed-use development.

(6) The probability of alighting from the train based on the modified FAM and the
additive functional form of fixed and variable terms, is more gently decreased. It
can reflect the realistic behavior of trip distribution.

Theoretically, one of the optimal solutions to the balance of transit ridership can be

depicted in Figure 3-12.

No.of boarding e érilrl;c;]irgc:]
Passengers
B Outbound
direction
25

»  Station No.

Figure 3-12 The optimal solution of balancing transit ridership along a single
stand-alone transit line (Unit: percentage).
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The total number of passengers within the catchment area of the mass train line is
assumed to be 100. Figure 3-12 illustrates the symmetric pattern in which 25% of the
passengers are boarding at each terminal station. If the train capacity can manually be
adjusted, it can be set to match these 25% of passengers to minimize the unoccupied

capacity of the train.

Then, to keep the maximum utilization of the train capacity, the number of passengers

leaving the train at any stations must match the number of passengers boarding it.

Assuming that the possibility of alighting from the train is equally dispersed among
all in-between stations, the number of boarding passengers at each in-between station

is 25/(N—-2). The train will be fully packed with passengers until the last stop,

where all passengers are alighting. The same pattern is applied to the opposite

direction.

However, it is extremely challenging or even infeasible to achieve this pattern of O-D
distribution in actual circumstances. To shape the number of rail passengers, the
concept of TOD can be implemented. The adjustment of trip generation and trip
attraction rates through different types of land use is also another effective measure as
several agencies have developed trip generation manuals for estimating the numbers
of trips generated by specific types of land use (Manual, 2003; PTOE, 2017). There
is, nevertheless, no PANACEA — a hypothetical remedy for all difficulties, given

that there are far too numerous factors that influence transit demand.

The acknowledgement from the ideal case is the shape or pattern of distribution of
boarding passengers along the transit line. The modified FAM is also proposed in the
practical application to balance a mass transit ridership through land use development

in the next chapter.



Chapter 4
BALANCING MASS TRANSIT RIDERSHIP THROUGH
LAND USE DEVELOPMENT

As stated earlier in the previous chapter, the spatial factors are among the factors that
affect transit ridership. They can generate, attract and shape ridership patterns based
on related activities. Moreover, spatial factors regarding land use and urban
development would be the most sustainable solution to the balance of ridership with

the application of the TOD principle.

The modified FAM will be utilized for a land use allocation problem to determine
which proportion of each type of land use should be allocated around mass transit
stations along the route. The application of this model and its achievements are
intended as a guideline for the sustainable development of land use and mass transit

development.

In this chapter, the modified FAM, which has already been proven that the model’s
functional form can estimate the mass transit ridership precisely, will be adapted to
deal with land use consideration. The land use characteristics will be incorporated
into the modified FAM. The ridership balancing scheme through land use
development will also be conducted. Subsequently, the sensitivity analysis of the
generated and attracted trip rates of each type of land use is analyzed to demonstrate

the robustness of simulation results.

41 ASSUMPTION OF THE MODIFIED FAM WITH LAND USE
CONSIDERATION.

To reflect the characteristics of spatial factors, the modified FAM must be developed
to cope with a land use allocation problem in order to determine which proportion of
each type of land use should be allocated around mass transit stations along the route.
It can thus prompt the least variance in the number of onboard passengers to enhance
the efficiency of the overall system through the more balanced ridership.
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The main assumptions of ridership balancing are still assumed to be the same.
However, the supplementary assumptions of balancing ridership through land use
development by employing the modified FAM will be described for more completion.
They are as follows:

(1) The objective of the modified FAM with land use development is to determine the
pattern of land use allocation that leads to the balance of mass transit ridership

along the whole route for both inbound and outbound trips.

(2) The area of each type of land use surrounding each station is the only endogenous
variable, which is the decision variable for this optimization problem. The
optimization problem is considered the land use allocation in aspects of both

transit corridor level and transit station level.

(3) Types of land use in the studied area are divided into 3 types: business, retail, and
residence. However, the public areas (street, railway) and abandoned areas are
excluded in this study as they play no part in determining the accurate total

coverage area that can generate and attract travel demand.

(4) Each type of land use generates and attracts constant trips during a specific period
of time. Therefore, the generation and attraction rates vary depending upon the

area of each type available in the system.

4.2 FORMULATATION OF THE MODIFIED FAM TO DEAL WITH
LAND USE CONSIDERATION

The objective function and equations related to the original modified FAM are also

the same as formulated earlier.

The next sequence is to apply the modified FAM in order to deal with land use
consideration, the additional variables regarding types of land use and their properties

are described as follows:
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K is the number of types of land use within the studied area (unit: type).
R is the total area of land use type k, k=1,2,...,K (unit: square meter).
A is the total coverage area of the whole transit route (unit: square meter).

a is the rate of trip generation for the type of land use (unit: percentage of total

passengers/square meter).

S is the rate of trip attraction for the type of land use (unit: percentage of total

passengers/square meter).

Each type of land use has different properties regarding the trip generation rate and
trip attraction rate. To simplify the interpretation of the results, the rates of trip
generation and trip attraction for each type of land use are defined as the ‘percentage’
of the total numbers of passengers currently using this transit system generated and

attracted by a unit area of each type of land use.
The additional constraints are also formulated as follows:

The underlying mechanism is that the number of trips generated and attracted by all
types of land use around a particular station can be expressed as a function of A,, as
shown in Equations (4-1) and (4-2) respectively.

P :ZkakAk (4-1)
Q= Zk BiAx (4-2)

For a specific period of time, such as during the morning or evening peak hours, the
conservation rule of the total number (100 percent) of passengers within the whole

coverage area of the transit route is shown in Equations (4-3).

> oA =, BA =100 (4-3)
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Another constraint described by Equation (4-4) specifies that the allocation of a
specific type of land use over all stations must be limited to the target of the total area
of that type. This constraint is prevailing in the real practice of land use development,
since developers should have the aimed target of the total area in their strategic plan
corresponding to the activity types and purposes of the development of land within

their jurisdictions.

SA=A (@)

The total coverage area constraint is shown in Equation (4-5). By adding up the area
of every type of land use together, the result must equal to the total coverage area of

the whole transit route.
> A=A (4-5)

For a single linear transit line, the total coverage area can approximately be

determined by multiplying the number of stations, N, with the square of the walkable
distance to the station, r, or N .. However, this research may need to exclude the

public areas (street, railway) and abandoned areas as they play no part in determining
the accurate total coverage area that can generate and attract travel demand as referred

in the assumption. Those areas will thus be excluded from N ,.

Therefore, the only endogenous variable in the model is defined as the area of land

use type k within the catchment area surrounding the station i, A,, (unit: square meter).

The system of non-linear equations defined by the objective Equation (3-4) and all
constraints in Equations (3-6) to (3-11) from the previous chapter, together with
constraints in Equations (4-1) to (4-5), completes the mathematic optimization

problem to solve the optimal area of each type of land use surrounding the station i,
A,, under a given set of exogenous variables. The balancing scheme through land

use development will be exhibited afterward.
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43 RIDERSHIP BALANCING SCHEME THROUGH LAND USE
DEVELOPMENT

The model formulation shows that the only endogenous variable for the optimization
problem through land use development is the area of each type of land use
surrounding the station i. Consequently, the values of exogenous variables in the

model are specified as follows.

Firstly, the total numbers of stations in the whole transit route, N, is classified into

five cases — 6, 9, 12, 15 and 18 stations.

Then, the distance between adjoining stations that are assumed to be distributed

evenly, D, is set to be 1 kilometer and the degree of exponent, A, is set to be 2, as

the same reasons described in ridership balancing scheme for two behavioral models.

The types of land use in the studied area, K, are divided into 3 types — k=1 for

business type, k=2 for retail use, and k =3 for residential purposes. Here, the total
area is set to be 100 percent and equally apportioned among three types of land use.

This setting is convenient when the results are converted into practical use.

Most trips in the morning hours are attracted to the business area due to working
purposes, whereas other trips are generated from the residential areas. The trips
generated from and attracted to retail activities are assumed to be at an equal rate.
Even though this apportionment refers to the trip rates for the morning hours, these
trip rates can also be applied to the evening peak hours by reversing the numbers of

boarding and alighting passengers.

It can then calculate the rate of trip generation and the rate of trip attraction from the
percentage of generated and attracted trips, as shown in Table 4-1, under the
assumption that each type of land use generates and attracts constant trips during a

specific period of time. Therefore, the values of «, and g, vary depending upon the

area of each type of land use available in the system.



84

Table 4-1 The number of generated and attracted trips of each type of land use in
the morning peak hours. (Unit: percentage of the total number of

passengers/square meter).

Business Retail Residence
The number of generated trips (¢, ) 5 15 80
The number of attracted trips (3, ) 80 15 5

As the total coverage area is a constant in this model, the results of the optimization
problem can be shown as the percentage of the total coverage area for the simplicity

of interpreting them.

The results of an optimal land use allocation for the balanced ridership with the
modified FAM model are shown in Figure 4-1 (a)-(e) and Figure 4-2, expressing the
land use allocation tendency. Table 4-2 shows the proportion of each type of land use

around each transit station.

When the number of stations is still low in the case of 6 stations, land uses around the
terminal station are sparse and almost equally divided between residential and retail
purposes. At the same time, the area around the central stations is densely packed
with not only the business land but also the residential and retail land, as shown in
Figure 4-1(a) and Figure 4-2. The underlying reason is the shape of boarding

passenger distribution, which is a concave curve only in the case of 6 stations.

Therefore, high trip generation rates are required in the middle of the transit line and a

large portion of residential and retail areas are accumulated there.
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Figure 4-1 Allocation of each type of land use to balance O-D ridership with the
modified FAM: (a) 6 stations, (b) 9 stations, (c) 12 stations, (d) 15

stations and (e) 18 stations (Unit: percentage of total coverage area).
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Figure 4-2 The optimal land use allocation for the balanced ridership with a

modified FAM model (Unit: percentage of total coverage area).
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The optimal land use allocation for the balanced ridership with a modified FAM

model will thus be described in each aspect step by step.

The allocation of each type of land use along the transit corridor for the numbers of
stations of 5 cases, as shown in Figure 4-1(a)—(e) and Figure 4-2, reveals that when
the number of stations is growing, the patterns of land use distribution have a tendency

to look similar.

The residential areas are accumulated at both ends and the center of the transit line.
The retail area is consistently spreading along the whole line, whereas business area is
intensely concentrated in the CBD of the city. All of these three are shown in Figure
4-1(b)-(e).

These patterns represent the concept of the newly developed ‘compact city with a
single CBD’, where the residential areas are located on the outskirts of the city,
whereas a number of business enterprises, head offices and educational institutes are

within the central area.

Finally, when the number of stations is large enough as it represents a big city, the
city will contain two layers of residential zone. The outer residential zone is located
at both ends of the transit line, whereas the inner zone is located closer to the CBD
than the terminal stations, as indicated in Figure 4-1(e) by the stations No. 6-8 and No.
11-13. This inner residential zone is functioning like a satellite city where not only
residential buildings but also large-scaled shopping centers, educational institutes and

industrial parks are also located here as part of a mixed-use urban development.

The numbers of passengers boarding the train at the stations generated from each type
of land use are shown in Table 4-3. The optimization problem with land use
consideration gives exactly the same result of the numbers of boarding passengers at

the stations from the original modified FAM, as shown in Table 3-4(b).

Furthermore, the optimal numbers of boarding passengers in the original modified
FAM and those derived from the modified FAM with the land use allocation problem
are compared for the case of 6, 9, 12, 15 and 18 stations, as shown in Table 4-4.



Table 4-4 Comparison of ridership balancing results (Unit: percentage).
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The percentage of boarding passengers

Station 6 stations 9 stations 12 stations 15 stations 18 stations
No. A* B** A* B** A* B** A* B** A* B**
1 14.01 1401 11.09 11.09 10.09 10.09 957 957 9.31 9.31
2 16.64 16.64 7.78 778 4.33 4.34 268  2.68 1.82 1.82
3 19.35 1935 1213 1213 7.40 7.39 480 4.80 3.30 3.30
4 19.34 1934 1335 1335 9.34 9.34 6.53  6.53 4.71 4.71
5 16.63 16.63 11.29 1129 9.96 9.94 757 157 5.71 5.71
6 1403 14.03 1335 1335 8.88 8.90 797  7.97 6.35 6.35
7 12.13 1213 8.89 8.90 767  7.67 6.63 6.63
8 7.78 7.78 9.95 9.94 6.37 6.37 6.48 6.48
9 11.10 11.10 9.35 9.35 769  7.69 5.68 5.68
10 7.40 7.39 7.98 7.98 571 571
11 4.33 4.33 755 755 6.51 6.51
12 10.09 1009 6.53 6.53 6.64 6.64
13 480 4.80 6.32 6.32
14 269  2.69 5.69 5.69
15 9.60 9.60 472 4,72
16 3.27 3.27
17 1.85 1.85
18 9.30 9.30

Variance 10.36 10.36 11.01 11.01 1055 1055 10.29 10.29 10.03 10.03

Note: A* - The original modified FAM,

B** - The modified FAM with land use consideration.

44  THE SENSITIVITY ANALYSIS OF GENERATED/ATTRACTED
TRIPS OF EACH TYPE OF LAND USE TYPE

For optimization problem in ridership balancing with land use consideration, the

exogenous variables play a crucial role here. Especially, the total area of each type of

land use represents the upper bound of the endogenous variable — the allocated area of

each type of land use around each station.
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Table 4-5 The sensitivity cases under alternative assumptions of the trip generation

and attraction (Unit: percentage of total passenger/square meter).

Case Business Retail Residence

base case The number of generated trips (¢, ) 5 15 80

The number of attracted trips ( 5,) 80 15 5
sensitivity analysis e numper of generated trips (@, ) 5 25 70
case A

The number of attracted trips ( S, ) 70 25 5
sensitivity analysis e numper of generated trips (&, ) 15 15 70
case B

The number of attracted trips ( S, ) 70 15 15
sensitivity analysis e number of generated trips (&, ) 15 5 80
case C

The number of attracted trips ( 5, ) 80 5 15

Therefore, the sensitivity analysis of the generated and attracted trip rates, ¢, and S,

of each type of land use are necessary to test the robustness of simulation results.

The sensitivity cases under the alternative assumptions of the trip generation and trip
attraction are specified in Table 4-5. The base case is the former assumption, which
has already been applied to the optimization problem and 3 more sensitivity cases are
set up under the assumption of the morning-hour trips. However, changing the trip
rate of one variable will affect another variable, according to the conservation rule of
the total numbers of passengers.

For the sensitivity analysis case A, the business area has more attracted trips and the
same generation rate. The residential area has fewer generated trips and the same
attraction rate, whereas the retail area has generated and attracted more trips,
compared to the base case.

For the sensitivity analysis case B, the business area has more generated trips and
fewer attracted trips. The residential area has more attracted trips and fewer generated
trips, whereas the retail area has the same generation and attraction rates, compared to

the base case.



93

For the sensitivity analysis case C, the business area has more generated trips and the
same attraction rate. The residential area has more attracted trips and the same
generation rate, whereas the retail area has fewer generation and attraction rates,
compared to the base case.

Percentage of total coverage area

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

—e— Business = e =Retail = o= Residential

(@)

Percentage of total coverage area

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

—e— Business =« -Retail - e- Residential
(b)
Figure 4-3 Allocation of each type of land use to balance O-D ridership for the

sensitivity analysis: (a) base case, (b) case A, (c) case B, (d) case C

(Unit: percentage of total coverage area).
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Percentage of total coverage area

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

—e— Business = e =Retail — e— Residential

(©)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

Percentage of total coverage area

—e— Business = e -Retail - e— Residential

(d)

Figure 4-3(continued) Allocation of each type of land use to balance O-D
ridership for the sensitivity analysis: (a) base case, (b) case A,
(c) case B, (d) case C (Unit: percentage of total coverage
area).
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The total number of stations applied in the sensitivity analysis is 18 stations with the
same assumption that the distance between adjoining stations is distributed evenly at 1

kilometer. The degree of exponent, A, is set to be 2.

The total types of land use in the studied area are divided into types; — k=1 for
business type, k=2 for retail type and k =3 for residential type. Again, the total

area is set to be 100 percent and equally apportioned among three types of land use.

The results of land use allocation for the sensitivity analysis are shown in Figure
4-3(a) — (d). It can be observed that the overall land use allocation of residential and
business areas are similar to the former patterns of the base case in which the
residential areas at both ends and the center of the transit line as sub-residential areas

are concentrated.

However, the retail type is much altered by the variation in the values of trip
generation and trip distribution rates. For the sensitivity analysis case A, more trips
are generated and attracted by the retail type when compared to the base case. Figure
4-3(b) shows the allocation of retail type along the transit corridor, which is more
concentrated at both ends, together with the sub-retail areas at stations 5-7 and 11-13

with the almost equal proportion at both ends.

For the sensitivity analysis case B, more trips are attracted by the retail type, whereas
the attraction rate remains the same when compared to the base case. Figure 4-3(c)
shows that the retail area is dispersedly allocated all along the transit route except

both ends where the proportion has dropped.

For the sensitivity analysis case C, however, fewer trips are generated and attracted by
the retail type when compared to the base case. Figure 4-3(d) shows that the retail
area is smoothly and dispersedly allocated all along the transit corridor, including at

both ends of the transit corridor.
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The sensitivity analysis results reveal that the retail type has the characteristics of trip
generation and attraction with an equal rate being a great determinant on the balance
of ridership. Furthermore, the retail type also generates and attracts trips throughout
the day. It is thus the perfect property of land use to balance transit ridership.

However, as the retail type is much altered by the variation of trip generation and trip

attraction rate, it would be carefully planned for the land use development.

In conclusion, the results from the optimization of balancing mass transit ridership
through land use development can testify to the fact that a well-planned management
of land use is key to successfully balancing mass transit ridership along the transit
line. The modified FAM with land use consideration proposed in this chapter can be
put into practice with the case study in Thailand, which is presented in the next
chapter.



Chapter 5
THE CASE STUDY IN THAILAND

One of the objectives of this dissertation is to verify the model by actual land use and
mass transit ridership data. After the trip distribution models for balancing mass
transit system ridership are developed and the modified FAM is theorized in the
previous chapters, in this chapter the optimization problem will be utilized in practical

use with the application of the case study in Thailand.

The MRT Blue Line, a mass transit system in Bangkok, has been facing the problem
of the imbalance of ridership both in inbound and outbound directions. The ridership
can reach the maximum capacity just only in some sections of the rail line. At
present, there are several planned and developed mixed-use projects aimed to tackle
this issue.  This chapter will demonstrate recommended guidelines for the
improvement of the MRT Blue Line so as to maximize its efficiency in balancing
ridership, which can be achieved by optimizing the land use allocation of the ongoing

project located in the catchment area from the MRT stations.
5.1 THE GENERAL INFORMATION OF THE MRT BLUE LINE
5.1.1 Alignment of the MRT Blue Line

The Office of Transport and Traffic Policy and Planning (OTP), which is under the
Ministry of Transport of Thailand, has developed the Mass Rapid Transit Master Plan
for Bangkok Metropolitan (M-Map) to implement a mass rapid transit planned from
2010 to 2029.

The MRT Blue Line is one of 10 mass transit routes in the Bangkok Metropolitan
Area railway master plan. The MRT Blue Line has been operated since July in 2004.
Its extension for the second phase has been completed in 2020 under the Mass Rapid
Transit Authority of Thailand (MRTA) regulations. The Bangkok Expressway and
Metro Public Company Limited (BEM) is the concessionaires who provide service

operations and maintenances.
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However, this research only focuses on the first phase of the MRT Blue Line, which
will be applied for the optimization solution. The MRT Blue Line initially consists of
18 subway stations. The network length is 20 kilometers long, as shown in Figure 5-1.

The station names and their abbreviations are also shown in Figure 5-1.

The alignment of the MRT Blue Line passing through the urban core area of Bangkok
starts at Hua Lamphong and runs along the Rama IV, Ratchadaphisek, Rama IX and
Lat Phrao zones. The other end of the route is connected to the Bang Sue Railway
Station, which is Bangkok’s new principal rail hub of railway lines, including city
lines and inter-city lines. There are 3 stations - Chatuchak Park Station, Sukhumvit
Station, and Si Lom Station - that are rail interchanges connected to the BTS Green

Line.

Phahon Yothin

) =D

Lat Phra
Chatuchak Park Ratchadaphisck

Sutthisan

BIElY TTuai Khwang

Rang Sue (5T mm— )

Kamphaeng Phet

Thailand Cultural Centre (IR

a8y Phra Ram 9

—8——8"

Bl Pe(chaburi

o

5

= |
.|

BREy Sukhumvit

E_

j Queen Sirikit National
[st1s Tl sT-17 Pt sT-16 Dol 715 Bl ST 14 Convention Centre

Hua Lamphong Sam Yan Si Lom Lumphini: Khlong Toci

Figure 5-1 The MRT Blue Line Alignment (Source: modified from bemplc website).


https://metro.bemplc.co.th/
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Table 5-1 The MRT Blue Line station and abbreviation.

Station No. Station Name Abbreviation
1 Bang Sue BAN
2 Kamphaeng Phet KAM
3 Chatuchak Park CHA
4 Phahon Yothin PHA
5 Lat Phrao LAT
6 Ratchadaphisek RAT
7 Sutthisan SUT
8 Huai Khwang HUI
9 Thailand Cultural Centre CUL
10 Phra Ram 9 RAM
11 Phetchaburi PET
12 Sukhumvit SUK
13 Queen Sirikit National Convention Centre SIR
14 Khlong Toei KHO
15 Lumphini LUM
16 Si Lom SIL
17 Sam Yan SAM
18 Hua Lamphong HUA

5.1.2 Ridership Characteristics of MRT Blue Line

The MRT Blue Line annual report 2015 provides the details of the number of onboard
passengers for each quarter, together with the system capacity, according to the
operation plan. The average number of passengers per hour loading in the train for
weekdays, Saturdays, and Sundays and public holidays are shown in Figure 5-2(a),
(b) and (c) respectively. The distribution of the average number of passengers per day

between each pair of origin and destination for weekdays is also shown in Table 5-2.

The train headway is the interval of time between two consecutive trains in the same
direction on the same operating route, whereas the passenger load performs the
density of passengers per train space available. The capability of passenger load
fluctuates upon the train headway, which is adjusted along the operating time. The
lower headway means the more frequency of the train arrivals. As a result, the system

can provide more volumes of passenger load during that hour.

According to the MRT Blue Line’s concession agreement, the train operation requirement
specifies that the system proficiency must be able to support the maximum passenger load
at W4, meaning that the average number of onboard passengers (seating and standee) per

space available is 8 passengers per square meter (W4 = 8 passengers/square meter).
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For the weekday’s operation, the system utilizes the actual passenger load at W3
(seating and standee = 6 passengers/square meter) for only 1 hour in a day (8 AM - 9
AM), whereas the utilization of other operating hours cannot be up to W2 (seating and
standee = 4 passengers/square meter).

For the weekend and holiday’s operation, as shown in Figure 5-2(b) and Figure
5-2(c), the train headway is adjusted to be consistent with the travel demand. However,

the actual utilization of operating hours is hardly up to W2.

It can be observed that the number of onboard passengers is beyond the capacity of
the system. The passengers of MRT Blue Line’s characteristics regarding imbalanced

ridership can be described as follows:

(1) The number of passengers is under the capacity of the system as the passenger
load could be up to W4. In reality, the actual number of passengers can utilize
only W2 or W3. It can be implied that vacant seats remain available on the train.
In this aspect, adjusting the train headway will not be considered a solution, since

it causes the loss of waiting time for passengers.

(2) The crowds of passengers occur only during morning peak and even peak hours.
Even the passenger characteristics in peak-hour periods would be the general
attributes of transportation demand. Yet, it can be shaped to be more balanced by
the land use development. The off-peak periods can generate and attract more
passengers, according to the mixed-use activities.

(3) From the observation, the rail line is overcrowded only in the inbound direction,
whereas it is the opposite in the outbound direction during morning hours. The

characteristics become reversed in the evening.

In conclusion, the ridership data can imply that the operating headway still has many
unoccupied seats and standee spaces. Moreover, the number of onboard passengers
does not reach the maximum passenger load specification. This shows the unutilized

capability of the system, which is indicated as the imbalanced ridership in this study.
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Figure 5-2 The average hourly passenger loading in the train in Year 2015.
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5.1.3 Land Use Surrounding the MRT Blue Line Corridor

Regarding the land use characteristics, this research obtains the land use data around
the MRT Blue Line in 2015 collected by the Department of City Planning and Urban
Development, the state agency under BMA regulations. The correctness of land use

data is randomly checked by surveys and Google Street View.

The data sorted out the land use data within the 550-meter radius of the areas
surrounding the MRT Blue Line stations as it represents the average walkable distance
to access the nearest station. Also, it is the potential catchment area of the transit
system. Nonetheless, only particular types of area that affect the trip generation and trip
attraction of mass transit are examined. Therefore, the areas of roads, rivers, expressways

and vacant spaces are not included in the calculation, as shown in Figure 5-3.

The verified land use data are then classified according to 3 patterns of trip generation
and trip attraction as previously described. They also include the potential of creating
actual activities of each building during each period of the day in terms of the Gross
Floor Area (GFA), which can reflect the usability of the buildings. For instance, the
ground floor of shop-houses is allocated for retail use, whereas the upper floors are

for the residential use.

Khlong Toei

Figure 5-3 The categorization of land use surrounding MRT Blue Line.
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The distribution of each type of land use around all stations of the MRT Blue Line is
shown in Table 5-3. The abbreviations from ST-01 to ST-18 are used to denote the
station names along the inbound direction from Bang Sue Station to Hua Lamphong
Station correspondingly. Overall, 14.98% of the total catchment area is used for
business purposes, 47.92% for retail areas, where people can both live and work there

and 37.10% for residential purposes.

In conclusion, the total GFA within the catchment areas surrounding the 18 stations of
the MRT Blue Line is approximately 5,000,000 square meters. The average daily
ridership of the MRT Blue Line is approximately 290,000 passengers.

Table 5-3 The existing GFA around the MRT Blue Line (Unit: 1,000 square meter).

Station Station Name Business  Retail Residence  Total
ST-01 Bang Sue 21.55 89.87 54.19 165.60
ST-02  Kamphaeng Phet 45.71 136.81 95.06 277.57
ST-03  Chatuchak Park 24.01 147.71 45.62 217.34
ST-04  Phahon Yothin 47.69 127.88 77.96 253.53
ST-05 Lat Phrao 22.73 97.21 153.41 273.34
ST-06 Ratchadaphisek 11.92 85.30 157.42 254.64
ST-07  Sutthisan 7.75 108.05 175.86 291.66
ST-08 Huai Khwang 10.92 151.12 194.19 356.23
ST-09 Thailand Cultural Center 10.87 181.92 73.52 266.32
ST-10 PhraRam 9 2.79 182.85 145.14 330.79
ST-11  Phetchaburi 93.93 123.23 39.09 256.25
ST-12  Sukhumvit 12.29 265.63 108.72 386.63
ST-13  Queen Sirikit National Convention Center 45.53 135.38 97.81 278.72
ST-14  Khlong Toei 29.16 87.94 83.07 200.17
ST-15  Lumphini 39.76 93.39 63.01 196.17
ST-16  SiLom 112.18 130.36 65.22 307.76
ST-17 Sam Yan 141.66 119.06 70.44 331.17
ST-18 Hua Lamphong 75.09 153.73 171.57 400.38

Total 755.52  2,417.44 1,871.28 5,044.25

Percentage 14.98 47.92 37.10 100.00
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5.2 SUBJECTIVE CONCERNS ON THE IMBALANCE RIDERSHIP
CHARACTERISTICS OF MRT BLUE LINE

One of the striking characteristics of the MRT Blue Line ridership is that a great
number of passengers always crowd into only one direction whereas the other is less
so. Passengers always face long queues in only one direction of the route before they
board the train. Sometimes, densely packed crowds of passengers can only be seen in
some particular sections of the route. The onboard ridership has reached the
maximum capacity of the train only in some sections as previously described in the

passenger data.

The imbalanced ridership problems are affected by many factors. However, the
arrangement of land use, which is concerned with different activities caused by each
type of land use, will be one of the possible solutions. The land use along the MRT
Blue Line has been developed continuously in order that such management can help
attract more passengers to use the system. However, the lack of planning in land use

development is an important factor of the imbalance of ridership.

This section will investigate the characteristics of imbalanced ridership of the MRT

Blue Line with the optimization problem by the modified FAM.

Firstly, the imbalance of ridership in the MRT Blue Line is empirically shown in
Figure 5-4 by comparing it to the optimal solution derived from the modified FAM for
18 stations. The Mean Absolute Percentage Error (MAPE) indicating the percentage
deviation of the number of boarding passengers at each station from the existing
situation is used as the gauge of amendment. Figure 5-4 shows that MAPE of the
optimal solution is 97.90%. It suggests that the whole population along the MRT
Blue Line need to be reallocated in order to move toward the optimal balance of

ridership.
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Percentage of Passengers
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Station Number

—e— EXisting = e =Optimum —s- - 20% cap

Figure 5-4 Distributions of the number of passengers boarding the train at each

station for a case study of the MRT Blue Line (Unit: percentage).

However, if the limit on MAPE accounts for 20%, the results in Figure 5-4 will show
that only few hot-spot stations (ST10 — ST13) require the immediate action plan.
Table 5-4 also indicates that the case with 20-percent cap on MAPE can reduce the
variation of onboard passengers between any adjoining stations for both the outbound
and the inbound directions along the MRT Blue Line by as much as 43.6% of the

optimal solution.

At this first step, the person in charge might need to apply the concept of TOD to
shape the number of rail passengers. These results show how the modified FAM can
improve the balance of ridership of the MRT system in the context of this primary

experiment.

Table 5-4 Comparison of MAPE and variance of ridership for a case study of the
MRT Blue Line in Thailand.

Existing state Optimal solution  20% cap on MAPE
MAPE - 97.90 19.58
Var. of onboard passengers 17.39 10.03 14.18
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5.3  THE LAND USE ALLOCATION OF HYPOTHETICAL SCENARIOS

To verify the applicability of the proposed model, the modified FAM is verified by
the experiment on the MRT Blue Line as a case study of the MRT project in Thailand,
according to the problem of imbalanced ridership. Therefore, this application will
lead to a recommended gquideline for the project development (real estate

development, land sub-division and land consolidation) along the MRT route.

The total GFA along the MRT Blue Line corridor will be optimized for the proper
allocation of each type of land use surrounding the stations along the corridor in order
to make the ridership more balanced. In addition, the scenarios of mixed-use
development are also defined to investigate the balance of ridership, according to the

concentrated development of each type.

The scenarios are initiated by hypothetically categorizing the land use into three types,
which are Business Oriented Development, Retail Oriented Development and Residence

Oriented Development in accordance with the land use development tendency.

The land use proportion for each scenario are shown in Table 5-5. Each scenario is
supposed to figure out the guideline for the development of some specific types of land use.

In this particular case study, the values of exogenous variables should be specified in
accord with the characteristics of the MRT Blue Line to make them more practical.
However, some of them are set to be the same, as shown previously. The details are

summarized as follows.

Table 5-5 The defined oriented land use scheme (Unit: percentage).

The percentage of each land use type

Scenario
Business Retail Residence Total
Base Case (existing of MRT Blue Line) 14.98 47.92 37.10 100
Business Oriented Development 25 40 35 100
Retail Oriented Development 10 55 35 100

Residence Oriented Development 10 40 50 100
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The distance between the adjoining stations, D; is assumed to be distributed evenly at

one kilometer. The degree of exponent, A is assumed to be 2. The total types of land

use in the studied area, K, are divided into 3 types, They are categorized into 3

different usability types; k =1 for business purposes, k =2 for retail type, and k=3
for residential use. Finally, the total number of stations in the whole transit route is set

to be 18 stations, which reflect the current total number of the MRT Blue Line stations.

The results of the optimal land use allocation for the balanced ridership with the
modified FAM from the base-case scenario is shown in Figure 5-5. The land use
allocation here shows the same pattern as the results derived from the land use

allocation problem in the previous section.

The residential area is settled into 2 layers, where the outer residential zones are
located at both ends of the line and the inner zone is located closer to the CBD. The
retail areas are consistently spreading in the central part, whereas the business areas

are intensely concentrated in the CBD of the city.
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Figure 5-5 The land use allocation result of base case (Unit: percentage).
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Figure 5-6 The land use allocation results of 3 scenarios (Unit: percentage).
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The results of the land use allocation in other hypothetical scenarios are shown in Figure
5-6 (a)-(c) and Table 5-6. The objective values of all cases are equal while the assigned
gross floor area has changed. It can also be observed that for the business oriented
development scenario and the retail oriented development scenario where the proportion of
total gross floor for residential uses is equally fixed at 35 units, the results of the distributed

proportion of the residential area among the 18 stations are equal station by station.

Meanwhile, the distribution patterns of other types are also similar as previously
shown. It can thus be concluded that the land use distribution remains the same
pattern even if the proportion has changed. Interestingly, all allocation patterns have
the same level of variance, which is the optimal degree of balanced ridership. The
land use along the MRT transit route can therefore possibly be allocated to achieve
the maximum efficiency of the balance of ridership in spite of the land use control

regulations imposed by the government to limit the development planning.

Table 5-6 Land use allocation to balance ridership for each scenario (Unit: percentage).

Business (BUS.) Retail (RET.) Residence (RES.)

Oriented Development Oriented Development Oriented Development

BUS. RET. RES. BUS. RET. RES. BUS. RET. RES.
ST-01 0.27 2.56 3.63 0.11 3.40 3.64 0.20 0.55 5.62
ST-02 1.09 1.91 0.39 0.44 2.62 0.39 0.44 1.90 0.56
ST-03 1.18 2.03 1.01 0.47 2.78 1.01 0.47 2.08 1.44
ST-04 1.31 2.15 1.58 0.52 2.92 1.59 0.52 2.22 2.24
ST-05 1.45 2.25 2.00 0.58 3.09 2.00 0.58 2.35 2.84
ST-06 1.60 2.34 2.26 0.64 3.20 2.25 0.64 2.43 3.20
ST-07 1.75 2.36 2.36 0.70 3.25 2.36 0.69 2.51 3.34
ST-08 1.86 2.35 2.30 0.75 3.22 2.29 0.74 2.47 3.26
ST-09 1.97 2.28 1.94 0.79 3.12 1.94 0.78 2.38 2.75
ST-10 1.97 2.28 1.94 0.79 3.13 1.95 0.78 2.38 2.75
ST-11 1.86 2.35 2.30 0.74 3.25 2.30 0.74 2.46 3.26
ST-12 1.75 2.36 2.36 0.70 331 2.36 0.69 2.48 3.34
ST-13 1.60 2.34 2.26 0.64 3.22 2.24 0.64 2.44 3.20
ST-14 1.45 2.25 2.00 0.58 3.09 2.00 0.58 2.35 2.84
ST-15 1.31 2.12 1.58 0.52 2.93 1.60 0.52 2.23 2.24
ST-16 1.19 1.96 1.02 0.48 2.73 1.00 0.47 2.12 1.43
ST-17 1.10 1.80 0.41 0.44 2.44 0.42 0.43 2.00 0.54
ST-18 0.30 2.30 3.67 0.12 3.30 3.65 0.10 2.66 5.16

Total 25.00 40.00 35.00 10.00 55.00 35.00 10.00 40.00 50.00
Variance 10.026 10.026 10.026

Station
No.
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5.4 ON-FIELD EXPERIMENT WITH THE MRT BLUE LINE

Assuming that the location of the newly developed mixed-use projects along MRT
transit route has considerable impacts on the balance of its ridership, this section tries
to suggest the immediate action plan by identifying the hot spots that require urgent
land use development plans. As suggested, the achievement of adjusting the number
of boarding passengers at each station to the optimal stage requires the thorough
alternation of land use schemes along the whole transit route. It is a highly
challenging goal that requires strong collaboration among several stakeholders. If the
severe pain points of the existing stage can be determined, however, it is possible to
take some immediate actions to alleviate the highly imbalanced distribution of

onboard ridership in both directions along the MRT Blue Line.
5.4.1 The Mixed-Use Development Project

Nowadays, there are many mixed-use projects initiated adjacent to a mass transit line
of Bangkok. This part will briefly present the oncoming mixed-use projects along the
MRT Blue Line. They consist of the Sam Yan Mitrtown project, the One Bangkok
project, the Dusit Thani - CPN project and the PARQ project. These projects are
located off Rama IV Road and destined to be Bangkok’s next business hubs, as

shown in Figure 5-7. The brief information of each project is concluded in Table 5-7.

The land use along the MRT Blue Line corridor has the potential in the development
as there are many proposed projects waiting to be developed in the near future.
However, each type of land use has different effects on ridership patterns and must be
allocated with the suitable proportions at the appropriate locations in order to balance
the ridership. Here, the mixed-use developments along the MRT Blue Line will be
taken into account to work out how they affect the characteristics of the existing
ridership.
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Table 5-7 The oncoming mixed-use projects along the MRT Blue Line.

(Source: https://www.bangkokpost.com.)

Sam Yan Mitrtown

Developer Golden Land Property Development
Expected 2019
Completion Year
Area (Rai) 13
Value 85
(Billion Baht)
Component Residence/Office/Retail
Dusit Central Park
Developer Dusit Thani & Central Pattana
Expected 2024
=  Completion Year
¢ Area (Rai) 23
Value 36.7
(Billion Baht)
Component Hotel/Retail/Office/Residence
One Bangkok
Developer TCC Group

Expected 2025
Completion Year

Area (Rai) 104

= Value 120

(Billion Baht)

Component Residence/Hotel/Office/Retail

Convention Hall

The PARQ
Developer TCC Group
Expected 2020
Completion Year

. Area (Rai) 24
B Value 20
(Billion Baht)

Component Office/Retail
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Figure 5-7 The mixed-use projects along the MRT Blue Line of the Rama IV Road.

5.4.2 The Effects of Mixed-Use Project Development on the Ridership Balance

The idea is that the mixed-use projects — the project A and project B can be developed
alongside a mass transit project as they have the potential to support each other.
However, some factors of the mixed-use projects may have negative effects on the
balance of ridership depending on the location of the project and the area of each type
of land use. This research investigates the effects of the mixed-use project
development on the balance of ridership by the case study of the subway system in
Bangkok. The assumption of the newly developed mixed-use projects location will

analyze the impacts on the balance of ridership.
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For the specific case study, the mixed-use projects are proposed to verify its effects on
the balance of ridership of the MRT Blue Line through the modified FAM model with

the trip generation and trip attraction rate, previously shown as the base case in the

previous chapter.

Project A: The project is located at the corner of Rama IV Road and Phayathai Road

Project B:

intersection, connected to the Sam Yan Station of the MRT Blue Line. Its
rental space is approximately 105,000 square meters, covering 3 zones,

which are as follows:

(1) Office Tower with the 31-storey office building, the total office
space from the 7" floor to the 31% floor and the exhibition hall from
the 5™ floor to the 6th floor.

(2) Residence Tower with the 33-floor residential zone, consisting of a
hotel and a condominium from the 7" floor to the 33" floor.

(3) Retail Zone with the 6-floor retail zone, complete with a co-learning

space, a supermarket, restaurants, cafes, and a cinema.

The project is located at the corner of Rama | Road and Ratchadapisek
Road intersection, adjacent to the Queen Sirikit National Conventional
Center Station of the MRT Blue Line. It has the total lettable area of
approximately 82,000 square meters, covering 2 zones, which are as

follows:

(1) Office Tower with the 8-storey office building, the total lettable
space from the 4" floor to the 11% floor; the low zone level 4 to 10
and the high zone level 11 to 16, covering approximately 60,000
square meters.

(2) Retail Zone with 16 stores and 2 basements, complete with the daily
essentials including supermarkets, dining, banking services and
event areas.

There is no residential area in the project B.

The summarized gross floor area of these two proposed projects are shown in Table 5-8.
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Table 5-8 The Gross Floor Area of Developing Project (Unit: square meter).

The GFA of each land use type

Project
Business Retail Residence Total
Project A 48,000 36,000 21,000 105,000
Project B 60,000 12,000 - 82,000

Here, the effects of the proposed projects on the balance of ridership are examined by
assuming that these projects can be located at any stations of the MRT Blue Line.
The land use proportion for the targeted station is then updated accordingly. In the

meantime, the GFA for other stations remains the same.

The GFA of the project A and the project B are added to the MRT Blue Line station
by station, according to the types of land use. The objective value expressed by the
variance of onboard ridership can then be investigated on a case-by-case basis. The

trip attraction and trip distribution rate are the same, as shown in Table 4-1.

135

13.0

12.5

Variance of Onbord Passengers

12.0
BANKAMCHA PHA LAT RAT SUT HUI CULRAM PET SUK SIR KHOLUM SIL SAMHUA

Station
------ Existing GFA  —@=— Project A —=& =ProjectB
Figure 5-8 The variance of onboard ridership comparison between no

development and the project implementation (Unit: square of

percentage of total passengers).
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Table 5-9 The variance of onboard ridership in case of the proposed project
implementation (Unit: square of percentage of total passengers).

Station Project A Project B
Bang Sue 12.062 12.521
Kamphaeng Phet 12.526 12.677
Chatuchak Park 12.661 12.725
Phahon Yothin 12.797 12.771
Lat Phrao 12.946 12.820
Ratchadaphisek 13.018 12.844
Sutthisan 13.054 12.856
Huai Khwang 13.021 12.845
Thailand Cultural Centre 12.846 12.790
Phra Ram 9 12.758 12.762
Phetchaburi 12.581 12.705
Sukhumvit 12.582 12.705
Queen Sirikit National Convention Centre 12.583 12.705
Khlong Toei 12.628 12.718
Lumphini 12.744 12.753
Si Lom 12.940 12.812
Sam Yan 13.112 12.861
Hua Lamphong 13.114 12.853

Variance from the existing land use (without project development) = 12.768

The effects of the project A and the project B development on the balance of ridership
are shown in Figure 5-8 and Table 5-9. The variance of onboard passengers in case

each project development has changed in terms of its location.

The results show that the location of these projects have huge effects on the balance
of ridership throughout the whole transit system. Both projects give the results on the
balance of ridership in the same tendency. When GFAs of both projects are applied to
either station 1, 2, 3, 10, 11, 12 ,13, 14 or 15, it reflects the lower variance of onboard
ridership compared to the present situation. If no projects are developed, the variance
of ridership from existing land use around the MRT Blue Line is 12.768.
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Even if the two proposed projects have different types and proportions of land use, the
results of the effects on the balance of ridership are in the same direction. It can be
implied that the mixed-use development of either station 1, 2, 3, 10, 11, 12 ,13, 14 or
15; Bang Sue, Kamphaeng Phet, Chatuchak Park, Phra Ram 9, Phetchaburi,
Sukhumvit, Queen Sirikit National Convention Centre, Khlong Toei, or Lumphini,

would be immensely instrumental in improving the balance of ridership.

It can be implied from these results that the location of the projects is a crucial factor
that influences the balance of ridership. If the developed projects are located around
well-chosen stations, they would substantially enhance the balance of ridership. On
the other hand, the outcome could be reversed if the location of the projects is not

favourable to the improvement of balanced ridership.

As a result, the mixed-use project development plan should take into account the
overall perspectives, not least the impacts on the mass transit system. Moreover, the
investigation of the observed data of trip generation and trip attraction rate is also
essential when putting the proposed model in real practice. Nevertheless, the results
presented here could be used as the guideline on the land use development plan to

efficiently support the mass transit system.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

One of transit agencies’ major problems is the non-optimality of O-D distribution,
which leads to the inefficient usability of the transit system. The balance of ridership
distribution along the transit route is one of the significant characteristics that support
the utmost utility of the transit system. For example, both directions of the MRT
system should be evenly crowded in all sections of the route. These advantages are
practical ways of gaining more operation profits from transit agencies as they improve
the efficiency of the transit system as a whole by approaching the maximum

capability and reducing losses from an unoccupied capacity of the transit system.

In this research, balancing mass transit ridership through the land use development is
meticulously researched. The trip distribution models — the gravity model and the
modified FAM — are employed to determine which one is the more appropriate model
for reflecting mass transit ridership characteristics. The modified FAM, which can
better describe mass transit trip distribution characteristics, is further modified with
land use consideration and employed with a case study — the MRT Blue Line. The
balance of ridership from the existing land use development around the stations of the
MRT Blue Line is also investigated. During the process, the effects of the mixed-use
projects’ location are also analyzed to verify the appropriate methods of development
along the whole transit route. The problems of imbalanced ridership and the
summarized details of balancing mass transit ridership through the land use

development are thus concluded in this chapter.

There are several factors that affect the transit ridership, including spatial effects.
Some types of land use, such as residences and business areas, generate trips mainly
during peak hours, making the trains often crowded. At the same time, other types of
land use, such as entertainment complexes, retail shops and restaurants, generate trips

during off-peak hours. They thus encourage the efficiency of the rail services.
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Besides, TOD is highly acclaimed for promoting the sustainable city development. It
focuses on the development of areas around stations that are connected to the transit
corridor. It is a mixed-use community within a walking distance of a transit stop.
TOD typically has a diverse range of land uses and requires a good transit service
during both peak and off-peak hours to support both work and non-work trips.
Consequently, the land use development with the application of the TOD concept that
influences the O-D distribution is utilized to improve the current pattern of O-D
distribution and reduce the imbalance of transit ridership accordingly. The land use

development is therefore the most sustainable solution to balancing ridership.

Major critical obstacles to improving the balance of ridership must be eliminated in
favor of an integration between the trip distribution and the land use development
with the TOD principle. The problems can be concluded as follows:

(1) The lack of appropriate trip distribution models for a mass transit system. At

least one model should be formulated.

(2) The trip distribution model with land use consideration that integrates O-D

distribution with land use variables together does not exist.

This research focuses on the mass transit ridership of a single and stand-alone transit
line structure with no connections with any other lines. The balance of ridership is
indicated by the minimum variations of onboard passengers between any adjoining
stations. The summary of the primary research findings and a recommended
guideline on the balance of mass transit ridership through the land use development

are also concluded.

The Trip Distribution Model Performance

This research opts for ‘the Gravity Model” and ‘the FAM’ as the basis for the further
formulation of ridership balancing scheme as both models require no primary O-D
data of the existing ridership. The performances of two behavioral models are
compared by the varying values of a degree of deterrence, A, for the various numbers

of stations.
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The results of the model comparison show that the modified FAM proves more

reliable than the Gravity Model when put into practice. The reasons are as follows:

(1) The overall patterns of boarding passenger distribution are not much altered by the
variation in the values of degree of deterrence.

(2) The variance of the numbers of boarding passengers at the stations is not much

lower. It seems more feasible when put into practice.

(3) The model can describe the nature of the catchment areas around both terminal
stations.

(4) The model conforms to the attributes of a mass transit system during peak hours

when the passengers always crowd into the train only in one direction.

Actually, boarding the train is subject to a fixed opportunity cost of time, ranging
from the time loss due to the ticket purchasing process to the time loss due to the train
waiting time. Therefore, getting on the train for a single stop usually causes the most
expensive average cost per travel distance. The behavior demonstrated by the
modified FAM complies with this observation by the additive functional form of the
model, which results in the gentle rate of reduction in the possibility of going an

additional distance.
The Land Use Allocation for Balancing Ridership

The modified FAM is applied to cope with a land use consideration on the basis of the
morning-hour period. Most trips are attracted to the business areas for working
purposes, whereas others are generated from the residential areas. The results of land
use allocation suggest the distribution of each type along the mass transit corridor to
support the balance of ridership. The characteristics of the distribution can be

summarized as follows:

(1) The residential areas should be densely located at the terminal stations. In case of
the long mass transit route, the sub-residential areas should also be located in the

interval in order to shorten the distance of trips.
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(2) The business areas should be densely located in the middle of the mass transit route.
(3) The retail areas should be dispersedly located all along the route.
The modified FAM application with case study in Thailand

The modified FAM model is further applied to evaluate the effects of land use
allocation on the ridership of the MRT Blue Line, which has been fraught with
problems of imbalanced ridership. The imbalance of the MRT Blue Line’s ridership
is measured by the MAPE. The analysis of MAPE limitation can determine the hot-
spot stations that require the immediate action plan for land use adjustment. The
onboard passenger variation can then be reduced. It suggests that the whole
population along the route need to be reallocated in order to achieve the optimal

balance.

The actual total areas of each land use within walkable areas of the MRT Blue Line
stations are put into the modified FAM, together with the defined oriented scheme.
The results of the land use allocation in hypothetical scenarios show that the optimal
land use allocation from all scenarios presents the same pattern. It can be concluded
that the balanced level can be reached by the distribution pattern along the transit

corridor.
The Effects of Land Use Development on Ridership Balance

The research has proven the effects of the projects’ location on the balance of
ridership by proposing two mixed-use projects and assuming that they can be located
at any stations of the MRT Blue Line. The analysis results found that the location of
the mixed-use projects has the substantial effects on the balance of ridership
throughout the whole transit system. It is a great factor that influences the balance of
ridership. If the developed projects are located around well-chosen stations, they
would substantially enhance the balance of ridership. On the other hand, the outcome
could be reversed if the location of the projects is not favourable to the improvement

of balanced ridership.
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Model Validation of Switching Between the Morning Peak Hours and Evening

Peak Hours

The methodology presented in this research is applied to optimize the ridership of a
single train line during morning peak hours. Also, it can be readily applied to evening
peak hours by reversing the number of boarding and alighting passengers and
adjusting some assumptions regarding the modeling behavior. The model validation of

switching between morning peak hours and evening peak hours is demonstrated afterward.

The key point is the motivation that underlies a trip generation and a trip attraction.
During morning peak hours, most of the trips are caused by travel demand for work
and study, usually starting from individuals’ residences. Therefore, the pattern
represents the travel behavior of passengers dominated by the trip generation and the
endogenous variables of the system of non-linear equations defined by the number of

passengers boarding the train at each station P..

On the other hand, most of the passengers make trips back home during evening peak
hours. The trip attraction, therefore, manipulates the travel behavior of passengers.
By defining the number of passengers alighting at each station, Q;, as the endogenous

variable and reversing the behaviors of the model, the above-mentioned results can

also be applied to evening peak hours.

The possibility that any passengers who want to alight from the train (and go back

home) at the station i has boarded the train at the station j is proportionally
decreasing by the distance between the stations i and j, as shown in Equation (6-1)

for the gravity model and Equation (6-2) for the modified FAM.

[ Dmax,i JZ (6-1)
i-iD
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The objective value is also the same for both morning and alighting optimizations.
The results of balancing ridership show that the solution of the model is achieved by

reversing the numbers of boarding and alighting passengers.

To optimize the method with the land use consideration, reversing the numbers of
boarding and alighting passengers can switch the optimization to evening peak hours
under a ceteris paribus assumption. The model verification of switching between the
morning peak hours and evening peak hours will be the guideline for employing the

model with other time periods.
6.2 RECOMMENDATIONS

This section provides a focused set of recommendations on how the transportation and
land use sectors can advance sustainable development and the useful guideline for
This section provides a focused set of recommendations on how the transportation and
land use sectors can advance the sustainable development and the useful guideline on
the balance of mass transit ridership by reforming the land usability. The use of the
research methodology is particularly relevant as it relates to the problems of real
issues. The research findings would be further addressed as to how land use planning
can be used to assist transit agencies in allocating their resources and influencing the

public sectors’ managements.

Before discussing how the achieved results from this research would enhance the
mass transit service competence, the issue of imbalanced mass transit system and land

usability in Thailand will be explained.

Situation of the Imbalanced Ridership in Thailand

Considering the situation of imbalanced ridership of the MRT Blue Line, the mass
transit passengers always encounter the problem of the train’s crowdedness during
peak hours. In the morning, the rail line in the inbound direction is densely-packed

with passengers as a huge number of passengers travel into the inner city.
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Meanwhile, the rail line in the outbound direction is barely congested. For example,
traveling from Chatuchak Park Station to Khlong Toei Station during morning peak
hours, the train is overcrowded with numerous passengers along the route until the
train passes through Sukhumvit Station, where most of passengers egress the transit
system. The remaining number of onboard passengers is then small until the train
arrives at the end of the route. The passengers boarding the train at Sutthisan Station
or Huai Khwang Station, for example, would have to wait for the third or fourth
arriving train before boarding the train. On the contrary, the train is not congested
when traveling from Khlong Toei Station to Chatuchak Park Station, especially when

passing through Sukhumvit Station.

For the land usability along the MRT Blue Line, most of the business areas are
densely located in the middle parts of the MRT, such as areas around Phra Ram 9
Station, Phetchaburi Station and Sukhumvit Station. Meanwhile, residential areas
regarding townhouses and tenement houses are inclined to be located in the direction

toward Hua Lamphong Station. Commercial or retail areas are likely to be located in

the direction toward Bang Sue Station, as shown in Figure 6-1.

am9
purt

Queen Sirikit Natigpal
CEED) m— Convention Centre

Lumphin{ Khiong Toci

Figure 6-1 The land usability along the MRT Blue Line (Source: Google Map).
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Problem of Non-Integration Between Transportation and Land Use Sectors

The roles of state agencies, who are responsible for transportations and urban
planning in Bangkok will be elucidated in terms of their authorities. Actually, the
urban mass transit planning and land use development cannot be separated. The
reasons of those imbalanced ridership problems are evident from the real
circumstances of the mass transit network and urban development in Bangkok. The
mass transit system has induced the urban form as it makes a rapid urban sprawl along
the mass transit corridor. However, these two evolutions have no integrated planning

schemes on each other.

BMA is the local government organization under the Ministry of the Interior
Regulations. It is responsible for the city planning, building control, supervision of

the city’s development and outlining the city’s development standards.

The Office of Transport and Traffic Policy and Planning under the Ministry of
Transport is responsible for creating transportation policies, providing transportation
system development plans and driving the plans into practice. They include the
master plan for the mass rapid transit.

The situation of land development along the transit route in early years is that the land
development is growing in parallel with the mass transit system development, not
least around the mass transit stations. Each project is designed individually by its
developers after the mass transit system network has already been planned. The
developers do take into account only that the projects must be located as close as
possible to the transit stations to facilitate people flows. The TOD guidelines are

barely considered for the project development, however.

Meanwhile, the mass transit projects are developed in accordance with the current
mass rapid transit master plan, which has been established since 2010 for the
implementation within 20 years. The extension of the network for the 2" phase is
underway. Even the future urbanization is considered one of the factors for the plan
of the extended mass transit network. One of the crucial factors is the integration with

its own existing mass transit and public transport network. This includes the
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connection with other mass transit lines, the fulfillment of missing links, the

comprehension of the network throughout Bangkok and surrounding areas.

Before the implementation, most of mass transit projects are revised to adjust some
details so as to make the plans more compatible with the current conditions. They
include re-alignment to avoid land acquisition in community areas, where many
affected people are opposed to the projects. The actual implementation of the mass

transit’s projects therefore always has different details from the planned network.

The independent managements of these two sectors are the main obstacle to
integrating the mass transit system and urban development. The challenge of the
reformation along the research findings is how to correlate these two sectors for more
integration in terms of their roles and responsibilities. Each development roadmap
must be coordinated for the effective conformity.

The transportation system development is one of the essential fundamentals to
achieve the Sustainable Development Goals (SDGs) along the 2030 Agenda. The
goal on sustainable cities and communities are included to provide transport systems
for all. However, the sustainable transport development has not been given sufficient
precedence. It is necessary for all sectors to push forward the transportation system,

particularly in urban areas, in order to achieve the SDGs.

Recommendations Toward the Successful Integration

The main research findings conclude that the urban mass transit system and the
urbanization have effects on each other. The land use allocation along the mass
transit corridor has shaped the ridership pattern, according to the different activity
creation of each type of land use, leading to the different patterns of ridership. The
balance of ridership in any periods or entire of operating hours can be adjusted by
each usability attributions. This research also identifies that the balance of mass
transit ridership can be achieved by the integration of mass transit and land use,

leading to the sustainable transportation system.



127

The mass transit and land use integration in Bangkok is relatively rare in practice.
Here, the comprehension is extracted from the study to provide the specific policy
recommendations and implementations as key recommendations at different levels of
strategic planning and implementations. The state agencies in charge of the
urbanization, mass transit system and land use development are multisectoral. Their
roles can be divided into 2 sectors, which are planning and implementation. The
major challenge for the transportation sectors and urban planning regulators is how to

integrate their operating duties together for the united strategic plan development.

Planning level

The mass transit and land use integration are determined to induce approaches for
sustainable urbanization. Both of them need to be guided by the master plan. The
policy makers must have a collaborative process for the long-term planning of

desirable urban forms and settlement patterns of land use.

Legislative processes would be a method that encourages planning agencies to create
and enforce the master plan, as well as enabling the plan for specific sectoral actions.
It is also great to make the implementation of a master plan as a lawful requirement

for the land use development.

The details of the urbanization master plan for mass transit and land use development
should specify the regulations of both developments in accordance with the TOD
practice. Based on this perspective, the primary essential issues for the planning level

are examined as follows:

e Cross sector coordination: Theoretically, the mixed-use projects tend to generate
the mass transit ridership when the overall integration is entirely planned, making
them mutually dependent on each other. However, it is hardly possible to
organize the collaboration to integrate mass transit and land use as no institution
and government sector responsible directly for such project has been established

in the first place.
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The process of cross sector coordination, which identifies the related problem and
empowers some sectors, would be a helpful channel for more coordination. The
technical capacity of transport planners and implementers should be built to
ensure the effective collaboration. At the initial stages, the coordination between
land planners and transit planners should work together to formulate a long-term
plan that needs to be endorsed by both sectors. The short-term development

would then be investigated to follow this plan at the implementation level.

Developing strategic plan of mass transit and land use integration: The great
compatible integration should be initiated by developing a strategic plan, which is
the most essential composition of the successful integration between the mass
transit network and urban development. The plan should emphasize that the
transit system and the urban form must be dependent on each other in order to
shape the community and connect people with the communities through the
sustainable transport development. The undesirable or negative effects on mass

transit system should also be investigated for the improvement.

Promoting TOD: The diversity of TOD handbooks needs to be developed for the
community’s conditions. The prototypes of TOD projects should be introduced in
terms of regulations and the combination of high density. Diverse land uses
include pedestrian-friendly environments, which should be promoted as well. 1t is

an effective way to induce sustainable urbanization.

Specifying the TOD typology for mass transit station: A typology of TOD should
be specified for each station to achieve the balance of ridership when considering
the mass transit network for the large-scale TOD. The location of mass transit
stations must be examined for a typology specification as the results that different
types of usability are proper to be located at different sites.

Encouraging the mixed-use project development that supports the balance of
ridership: The mixed-use projects should be examined and encouraged to improve
along the CBD concept, which supports the balance of ridership as recommended

in the research.
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The ideal distribution should be that the residential areas are located in the outer
zones at both ends, a number of head offices and educational institutes are densely
situated at the central area, whereas the retail areas should be consistently
spreading along the whole line.

Implementation level

Each local sector might develop a different form of TOD, according to the area’s

conditions and characteristics. The main strategies and regulations of the master plan

must be held strictly. The participants on this level are local authorities, mass transit

agencies and land developers, all of whom should be responsible for the roles and

responsibilities, which are as follows:

Implementing and creating TOD: The development of mixed-use projects must
conform to the strategic plan and the specified typology of TOD for each
developed location along the mass transit route. The typology specification
should be focused from the very beginning as the changes in the development
cannot be a convenient reconsideration. Each class of the TOD typology should

therefore be implemented as a prototype for the future development as well.

Adapting the core usability of mixed-use projects: Each type of land use has a
different induction of transit demand. It is appropriate for each mixed-use project
to be located at some specific locations so as to support the balance of ridership.
Therefore, the mixed-use projects must be considered when it comes the precise
location, together with the existing proportion of each type of area along the transit
corridor. The developers should adapt the core usability of the projects, according to
the proper characteristics of available land for promoting the balance of ridership.

Land use and mixed-use project development control: The local authorities, such as
BMA for Bangkok Metropolitan Region, should exercise their administrative
powers to regulate and supervise the project development in order to implement the
strategic plans and the well-integrated mass transit network. In addition, the local
authorities should have the right to regularly investigate or assess the conformity of
buildings or mixed-use projects proposed by developers in terms of their usability.
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e Land consolidation and readjustment: The existing land usability in Bangkok is at
odds with the research findings in terms of functions and locations. The
consolidation and readjustment of the land would thus be a well-planned method,
which comes together with the new development control. However, the
consolidation and readjustment cannot be a convenient management. The local
authorities and property owners must therefore work cooperatively with each for
better circumstances of land usability, with the minimum effect on the primary

owners.

e Developing the connection to the mass transit system: The feeder systems, first
mile and last mile, are a challenge for the transportation network to achieve
sustainable transport. However, the major problem is the lack of convenient
feeders. The transit operators should thus collaborate with each other for the
fulfillment of linkage, which can completely feed or hand on to the passengers of

the mass transit system.
Future Work

There are some excluded studies in this research which should be further studied to
figure out the impacts on the balance of mass transit ridership. The further studies to
extend the science and knowledge on trip distribution and land use development for
balancing mass transit ridership can be concluded as follows:

Apart from the land use development, there are other factors that affect mass transit
demand in terms of the policies, such as pricing policy on the mass transit fare
structure, an off-peak fare discount policy, etc. They should be investigated for an

additional guideline on balancing mass transit ridership.

The proposed modified FAM is well applicable to a distance-based fare structure as
the deterrence functions are assumed to be linearly varied by distance-related factors,
such as travel time, travel cost, and travel utility. The future research should therefore

be conducted to find other functions beyond the distance-based fare structure.
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As the trip generation and trip attraction data of mass transit trips in Bangkok are not
available, the number of those trips should be meticulously surveyed for a more

accurate set of database.

The modified FAM functions well when being employed with the simple transit route
and linear route, both of which are the basis of this this research. However, it is
interesting to also study how to develop and improve other different patterns and
more complex mass transit networks, such as intersection or circular lines. They
could possibly cause ridership induction at the connecting transit stations and the
demand incentive affected by factors other than distance between adjoining transit
stations. Therefore, the other railway structures should also be investigated in order
to support the railway networks, which are to be completed in the near future to
achieve the balance of ridership through the land use development.

The drivers of changes for the transportation system planning and land use
development regulations would gain the preliminary method to promote the balance
of ridership through the land use development with the challenge of the successful
key that an effective cooperation between two major authorities for the sustainable
urbanization would be achieved. The dissertation has raised several contributions to
the mass transit system and land use planning. The findings in this research could be
used as the recommended guideline, which can bring a better understanding of the
land use development and the transit ridership modeling.
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