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ABSTRACT

The urban mass transportation problem (general problem)
is described. The problem analyzed in this study, the dynamic

trip assignment problem, 1is derived from the general problem.

A literature survey introduces mainly two types of
models for urban mass transportation problems: Optimization
models and Simulation models. Different approaches and model -

ling techniques used for both of them are discussed.

A discrete-time simulation model together with a digital
computer program is developed for our problem. The main objec-
tive of the model is to employ the existing resources in a
near optimum way. A better operating characteristics and ser-
vice level are, therefore, to be.obtained. Alternative urban .
mass transportation systems to the existing one are developed
by changing the characteristics of the system in terms of
changed route structures and number of vehicles on each route.

Simplifications and assumptions made throughout the model are

explained. A list of the computer program is included.

As an illustrative example, the model is applied to the
urban mass transportation system of the Anatolian Region of

Istanbul. The existing system and five generated scenarios are



simulated for 3-hours of real-time operations. Results are
summarized and it is shown that the model performs the way
we intend it to. The model is efficient with systems having

up to 60 nodes in their networks and 200 vehicles.

Conclusions and recommendations for future studies are

presented.
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Kitle tasimacilipl problemi genel olarak tap;m;agﬁ;gg'

R

bu calismada ele alinan problem, dinamik yolcu yﬂkleﬁégpﬂyi

genel problemden cikarilmistir.

Literatir arastirmasi kitle tasimaciligl problemi icin
ana olapak iki modeli tanitir: Eniyileme ve benzetim modelleri.
Her iki modelde kullanilan degisik yaklasimlar ve modelleme

teknikleri tartisilmistir.

Basamaksal bilgisayar programi ile beraber bir ayrik-
zaman benzetim modeli problemimiz icin gelistirilmistir. Mo-
delin ana amaci eldeki imkanlari daha iyi kullan-
mak, dolayisi ile daha iyi isletme jartlari ve hizmet seviyesi
elde etmektir. Mevcut kitle tasimacilik sistemine alternatif-
ler, sistemin hat yapisi ve hatlardaki arac sayisini degistire-
rek bulunmustur. Modelde ele alinan varsayimlar agiklanmigstir.

Bilgisayar programinin listesi verilmigtir.

Bir &rnek olarak model tstanbul'un Anadolu Yakasinin
kitle tasimacilik sistemine uygulanmiptir. Mevcut sistem ve
gelistir%len bes senaryo ilic-saatlik bir slire icin test edilmis-
tip. Sonuglar Ozetlenmis ve modelin amacina uygun calistigl

gbsterilmistir. Model, seriminde 60 diflme ve 200 araca sahip




sistemlerde verimli olarak calismaktadir.

Sonuclar ve daha sonraki calaigmalar icin tavsiyelere

yer verilmistir.
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CHAPTER 1

INTRODUCTION

1.1, INTRODUCTION

It is customary to base urban transport systems on the
concept of mqthematical models. The‘general philosophy of the
modelling process is that there is a regularity in the habits
of urban population which establishes certain patterns in the
movements of the people. These patterns are detected by the
systematic collection and inventory of transportation data, and
they are described by mathematical models involving various
constants and other parameters related to social and economic
characteristics of the population, and the location of various

activities throughout the study.

One of the widely used models for urban transportation
systems is the simulation models. A major portion of the simu-
lation models focus on the static aspects of urban.transporta-
tion systems. However, the static assumption that the external
inputs to the system do not vary with time may not be applicable

in some real life situations. The literature is sparse, there



are a few papers on dynamic aspects of urban transportation
systems. Some of them are based on the system dynamics approach,
i.e., simulation models which consider transportation in some
greater and spatial context, while others are devoted to the
optimi;ation problems of network flows, total cost of the net-

work, etc.

In this study, a dynamic model to evaluate the perfor-
mance of urban mass transportation systems is developed and a
simulation technique is introduced as a solution technique.
It is then applied to a large system, the Anatolian Region of
Istanbul urban mass transport system and it is tried to employ

the existing resources in a near optimum way.
1.2. OBJECTIVES AND SCOPE OF THE STUDY
The objectives of the study are:

1. To develop a mathematical model of urban mass trans-
port systems with dynamic inputs,

2. To simulate the above model,

3. To evaluate the performance of urban mass‘transport
systems and to employ the existing resources in a

near optimum way.

In this study, a discrete-time model for the dynamic



aspects of urban mass transport systems 1is formulated. The
methodology basically comprises of differential equations appro-
ximated by difference equations for the possibility of digital
computer simulation. The model is designed to be applied to
large metropolitan areas. The main inputs of the model are the
existing network, travel demand, travel time and distance be-
tween nodes and the vehicle capacities. Route structure and the
number of vehicles on cach route must also be supplied to the
model. The simulation is carried out to evaluate the performance
of the existing system according to various vriteria which will

be explained in Chapters 2 and 4. Then, the different scenarios
are generated by changing the characteristics of the system in
terms of changed routes. linally, the resules of these scenarios
are compared with each other and with the existing one. It is
aimed that these comparisons will lead us to the near optimum

way ol employing the cxisting resources.

Computatinnul experience with the model is reported. The
model appears to be very promising, it can handle the
problems having up to 60 nodes in their networks and upto 200

vehicles.
1.3. ORGANIZATION OF PRESENTATION

The definition of urban mass transportation problem and

the problem analyzed in this study are presented in Chapter 2.

(SN



In order to place this study in the proper perspective, a Tre-
view of the most important models for urban mass transportation

»

systems is given in Chapter 3.

. Chapter 4 presents the decision criteria, the inputs,
the variables and the output of the model. This chapter also
deals with the evaluation of the performance of urban mass trans-
portation systems. The computational experience with the model
is reported in Chapter 5. An urban mass transportatidn system
of the Anatolian Region of Istanbul is selected for this purpose.
Chapter 6 summarizes the study and presents conclusions and re-
commendations. An Appendix explains the organization of the
computer program developed and lists the computer program and

the inputs of the system studied in Chapter 5.



CHAPTER 2

PEFINITION OF THE PROBLEM

2.1. THE URBAN MASS TRANSPORTATION PROBLEM (GENERAL PROBLEM)

Urban mass transport systems have recently gained wide
attention from people all over the world, specialist and laymen
alike. This is brought about with the advent of energy shor-
tages, concern for the environment, and economic considerations,
as well as concern for the so-called "transportation poor'. These
are people who have no access to usage ol private auto, either be-
cause they cannot affort to own a car.or because they cannot
drive one. These people, who constitute a far larger propor-
tion of the population than 1s generally realized, must rely

on urban mass transport systems for their transportation needs.

Urban arca is the basic component of urban mass trans-
port systems. Urban arcas consist of parcels of 1and occupied
by various types of physical facilities, or adapted spaces,
that house one or more types of human activities. These adapted
spaces are serviced by other types of physical facilities such
as transport, water supply, and sewage services. Inurban mass

5
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transportation systems, it is common to design a network repre-
senting the urban area under study. This network can be clas-
sified in different groups, each of them describes it in dif-
ferent details. These details depend on the purpose and volume
of the study. In order to describe the network, urban area 1is
firstlof all divided into a few sectors, then into smaller dis-
tricts and finally into zones. The zones are the basic sub-
areas used in studies and are chosen So that each has uniform
l1and characteristics. The division of the area into zones 1is

based on two considerations:

a. The size of the zones should not be so large
that each zone loses its identity and uniformity
of socioeconomic characteristics, and

b. The number of zones should not be so large
that the size of networks exceeds the capacity

of analytical tools.

In a éone system, all trips of a zone start or end at
a point-zone centroid. Zone centroids are only an approxima-
tion and it is important that they are reasonably representa-
tive of travel activities 1in their zones. Thus, zone centroids
which are also known as nodes, are the most immediate contact
individual traveller have with the system. The other component
of the network is link. It connects two nodes and it represent

the roads of urban areas along which vehicles travel.

8



Urban mass transport systems deal with the moVementeii
of persons in urban areas. In these systems there are t&é‘*jv
dlmen51ons of urban travel demand that are of interest and
these are: the spatial patterns of travel demandfthat ex1st~ 7
throughout an urban region, and the tlmes throughout the day

at which spatial patterns of travel demand occur.

The movements of persons are realized by means*of a

‘number of modes of travel The wmodes of - travel that are of in- -

terest in urban mass transport systems are usually buseS trolley-;g“'

buses, metro and waterways. However, there are some alterna

‘.tlve modes of~ travel ‘that must be considered in urban mass

transportatlon planning studres One alternative is walklng;

whlch 1s considered to be available to all travellers. TheAMV

7,other alternatlve is private vehicles and they are con51dered

~to" be" avallable only to trlpmakers whose households own a car

" There ‘may be other modes of travel depending on the area unde

~study.

: The preferences between these modes. of travell
?1y determlned depending on such factors as the time and cost
ftravel comfort, safety, etc. _So, travel time and dlstanch b
‘3tueenxnodes ‘and fares are 1mportant characterlstlcs of urban
W;mass transportatlon ‘problems. In order to describe the travelg

'act1V1t1es properly in urban areas, the route structure and the

;number of vehicles on each route should also be supplled to the

TSYstem..*”“’



Urban maés transportation systems are complicatedv,
systems. They have many features that make their modeilinggﬂ
more difficult than other transportation systems. These
difficulties reflect the fact that the urban mass ;ransportation
network.is!intrinsically complex than a highway nctwork.

This is because a network is not just the sct of roads along
which vehicles travél. Fares may have a complex structurc..
Finances are very dircctly affected by levels of patronagé.
There is not a simple relationship betwcen the leyel of |
service provided by a route and the number of traveller$ using 
iti Furthermore, urban mass transportation'systems do not |
offer & door-to-door service, thus major components of -
journey time are spended in access or to €gress from the

network. In general, one should go through the following

considerations in modelling an urban mass transportation system.

The first thing to do is to define the objective
function. The objectives 1in an-urban mass transportation
problem usually inrclude one or more of the following
‘considerations:

- Increase the level of service:

The level of service 1is a measufe of the- service
offered to the customers by the operations of the urban mass
transportation systems. It depends on factors such as
safety, comfort and travel time of paésengers, reliability,
speed, frequency and punctuality of vehicles, etc. Some

of these factors can easily be quantitatively;measured or
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estimated. For example, the speed of vehicles, frequency Qf
yehicles, travel time of passengers, punctuality of vehicles
can easily be estimated in units of time. Whereas it is
difficult to define units of measurement for factors like
safety and comfort of passengers, reliability of vehicles,
etc. Furthermore, it is also quite a difficult job to
combine all these factors into a single quantity measure

t1evel of service'.

- Decrease operating costs and increase Trevenues:
Operating costs and revenues are measures of the

benefit to be obtained from the operation of the urban mass
transportation system. They are considered from the viewpoint
of ‘system operating ‘staflls. Revenues dre directly affected
by levels of patronage. The number of tickets sold 15
therefore the major determinant ol revenucs Opcerating costs
depend on the monthly expenditures. Thus, 't 18" possible to

estimate these factors 1n monctary U

- Increase the flexibility of operations

The (lexibility of operations allows to adopt the
urban mass transportation systems to future changes ‘in
travel demand, road network. transportation technology.
It is difficult to define a unit of measurement for this

consideration.

_ Increase the operational efficiency
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The operational efficiency depends on‘suChyfaétofS ff
as utilization of vehicles, number of customers served, number
of miles travelled, etc. These factors can be casily quantitatively}

measured.

Above soﬁe of the most important considerations
that should be included'in the objectives of én urban
mass transportation system are stated. However, it should
be empha51zed that it 1s very dlfilcult to combine all
these considerations into a real valued objective function.
. The main reason for this is that it is impossible to
evaluaﬁe all relevaﬁt factors in the same units and usually
there will not be a full agreement about.the relative

preferences of those factors among the decision makers.

Some constraints on the urban mass transportation
problems will always be present. They usually arise from
the structure of the system. Below some of the most common

of these will be stated.

- Number and type of vehlcles may be fixed
- Total monetary investments may not be allowed to.exceed
a certain level
- Monthly (or weekly) operational expenditure may be limited
- The physical road system (network configuration) may be

fixed
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_ The route structurc may he [ixed
- There may be upper and lower bounds en flows on some roads
- There may be lower bounds on the number and (requency

of vehicles to certain areas.

Also some of the factors explained in analyzing
objeétiveS»may be appearing as constraints. For example,
frequency of vehicles, safety level df passengers, utilization
of vehicles may become constraints. in an urban.-mass transporta-
tion problem.

The modelling of urban mass'transportation’systems
also require some critical simplifying assumptions and
observations about the operation of the system. Suc. of these are:
- in reality‘the travel demand changes
Continuously with time. However, in most models it 1is
assumed to be constant over certain periods of time.

- In reality the travel demand depends on (increases with)

thellevel of service. Again, in most models it 1s assuméd to .

independent of the level of service.

- Iﬁrmost models, path choices of travellers is drastically
gimplified.

- Factors like walking timé, transfer time are quite important

in the réal systems.However, in most models they are very

lightly treated.

- In reality the travel demand depends on (decreases~with)

the cost of travel. Whercas in most models this relationship

is ignored.
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_The classification of the variables and parameters of the
rurban mass transportation problem is also important. The
“distinction between the variables and parameters largely depend .
v’on the objectives of the problem. Some of the possibilities -'?b
 fafe: | |

- travel demand

- travel time and distance

- number of vehicles. of the routes

- capacities of the vehicles.

- roﬁte structure

- walking time

- cost of travel

- number and location of stops

3.2 PROBLEM ANALYZED IN THLS STUDY

Qur problem provides in sight into the operation of
the urban mass transportation system at two levels:User-benefit .

and_operational.

.At a user-benefit.level,.the objective is to increase
Q-thellevel ofvservice. This objective consisté of thé féllowing
: elements:;

| - Number of wéiting passengers

- Total travelled time

- Capacities offered on links
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At an opera£ional Level, the toilowing elements areV 
considered: R
- Utilization of vehicles
- Number of transported people
- Number of tickets sold
" - Ppassenger - Km

- Total travelled distance

The constraints on our problem:

- the number of vehicles are fixed

_ the location and number of stops are fixed
- the capacities of vehicles are fixed.

- the physicalyroad system 1S fixed.

The following constraints are not considered

in our problem.

_ A tinancial constrainl ob operating expenditure
- Upper bounds on link flows

The Criticai simplifying assumptions and observationé in bur_

problem are as follows:

- There 1s no relationship between the level of service provided
by the urban mass-transportation system énd the number of
trayellers using it.

_ Walking and private-car are not qonsidered aszﬂiermnjvenwdescfﬂtr

- The travel demand is assumed to be constant for certain
periods of time.

- Travel time, waiting time and walking time does not affect.

“the path choice.
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- Congestion is not treated .
- All transportation activities occur at nodes.
- Fares and other factors such as comfort, safety of passengers,r*”

reliebility of vehicles do mnot affect the travel demand.

The other simplifying assumptions made in the
~ path choice of passengers, loadine and discharge processes

will be explained in detail in Chapter 4.

The problem presented above is, in generél, known
as a dynamic trlp assignment problem. In order to state .
our problem accurately more information about the

dynamic trip assignment problem will be given.

- In the dynamic trip assignment, we are given a
i:transportatlon network and a set of ordered pairs of points
. on the network that are called origin- destination (0/D)
k»pair For each (0/D) pair, there are given GEN. (t) and
Vlj(t)«’ 0-<t < T where GEN (t) is the rate Wthh
denotes the number of passengers generated at i to go

to j for tlme period t, and where V (t) is the rate at
~which vehicles 1eave i at t1me t to go to j and T is the
planning horlzon The a551gnment problem 1is to determine
the passepger and vehicle flows on the links of the network

satisfying specified conditions.
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When the inputs,‘GEN..(t) and V,.(t) Vary with
time t (as 1s redlly the case in most real life 51tuat10ns)

“the problem considered is a dynamic one. However, the surveys
that must be undertaken to develop the dynamic inputs require
long time, and, in addition, validating and précessing
them takes a considerable amount of effort. Time and moﬁey ;"
are limited for‘every study. So, some static inputs may be.‘t?g -

approximated as dynamic, particularly for large study areas l ;5'V ‘

and long planning horizons.

In our problem, the planning horizon T is divided
into equal time intervals of suitably small length and the
individual periods are denoted by {t|t= 1,2,...,Th 1t is
assumed that each link has a constant BOARDij(t) denoting
the number of boarding passengers at node i to go to j
during period t and CHANGE..(t) denoting the number of
alighting passengers at node i to go to node j during
period t. Furthermore, it is assumed that the number of boarding
;i; allghtlng, transferring and waiting passengers at node i
:;{at time t are determlnlstlc and derived directly from

the vehicle frequenc1es, capacities and travel demand

v}betyeen nodes. Let the state variable describing the

- number of waiting passengers at nodcel. to go to J for
time period t be WAITPij(t) > 0. The undamental state equations
of the problem are:
I's - f‘).. - + '\4 L.
WAIFPij(t+ At) WAILIlj(t) At (bENlj(t)

+ CHANGE (t) + BOARD (t))
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The initial conditieons for the equations should
be given.

In our problem, the objectives can not be measured

in monetary units, and so the question of employing the exis-

ting resources in near optimum way must find expression through

a value judgement. The individual measures of value associated

cwith the system outputs is not given in our problem,

In this chapter, we‘have defined the urban mass o
transportation problem and the problem analyzed in this
study. The types of approaches used in urban mass trans-
portation planning studies and the modelling techniqueé

will be discussed in the next chapter.



CHAPTER 3

URBAM MASS TRANSPORTATION MODELS |
—— A SURVEY --.

Urban mass transportation models are usually divided into
two main groups; simulation models and optimizafion models.
Different modelling and solution techniques can be applied'to
each of them. In this chapter, we will discuss, firstly, the
type of approaches available for urban mass transportation plan-
ning process. Then, simulatibn models and optimization models
will be compared according to the areas in which they are used.
However, it-is not the purpose of this chapter to give an ex-
haustive representation of all approééhes, but only the most

outstanding ones from the literature will be discussed.
3.1. SEQUENTIAL VERSUS AGGREGATE APPROACHES

These approaches require the study area to be divided

into zones, furthermore, the network must be described as a set '

of nodes with interconnectihg links.

17
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I. Sequentlal Approach

The sequential approach is a common. framework of .a
:lAlgrge'variety of models. It does not describe 1nd1v1dua1 travel
L'y ﬁfaveller but traffic flow and does not réflect the way tra-
yelier making decisions ébout the travei. For exampie, travel
demand éeneration doeé not depend on the quality of transporta-

tion network |22,32]

The four successive steps are involved 1in this approach

for transportation planning study:

1. Trip Generation
2. Trip Distribution
3. Modal Split

4. Route Assignment

These steps are generally applied in the indicated
order, but some changes in this order may occur, e.g.,.the steps

1, 2 and 4 may be applied for each mode.

1. Irlp_ﬁgngrgtiog
The purpose of this step is to calculate the number
of trips originating and destinating in each zone,in other words,

the number of trips produced and attracted by each zone 15,22].

'The initial task of this step is to identify the trip
types important to a particular planning study. The first level

of trip classification used normally. is a broad grouping into
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home-based ‘and non-home-based trips. Home-based have one end

of a trip atla household. Typical home-based tripskare jour?

neYs to work, shopping and school. Examples of non—ﬁome—based

trips are'trips between work and shop and business- trips between

two emp}eyment places. | o
- A number of studies have shown that a large percent of

tfips are produced by residential areas and attracted by employ-

~ment centers, retail services, recreational areas and schools.

So, the trips are produced by households whether-they be

origins or destinations. Households may be characterized in

many ways but a large number of studies have shown that the

following variables are the most important characteristics with

respect to the major trip types such as work and shopping trips

(1) the number of workers in a household, and (2) the household

income, or some proxy’ef income, such as the number of cars per

household.

Many of the trip attraction equations were deyeloped
in terms of floor areas such as retail floor area, service and -
office floor area. There have been difficulties in using floor
area as the independent variable since the floor area consumed
‘per employee varies between_establishments and time- 'Other
factors influencing trip attraction such as social and recrea-

tional tfips, are not as well understood.
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The trip-generation analysis method used commonly to
date is regression analysis. Travel and land-use data may be
analyzed using stepwise computér—based regression analysis pro-

grams.

| A second method of trip-generation analysis 1s cate-
gory analysis. Category analysis is simply a technique for‘
estimating the trip-production rates for households which have
been sorted into a number of separate categories according to

a set of properties that characterize the households.

2. Trip Distribution

The purpose of this step'is to obtain an 0/D

(Origin-Destination) matrix with entry (i,j) indicating the num--

ber of trips from zone i to zone j.

Any trip-distribution matrix which 1is synthesiz¢d>
during this stepjmust.satisfy the production and attraction trip
end constraint equations. At the produttion end, the sum of
‘the trip interchanges to all attraction zones must be equal to
the trip—préduction magnitude estimated during this sfep.' At
,theuattraction end, the sum of the trip interchanges from all
ﬁ,pfoduction zones must be equal to the trip-attraction magnitude

estimated during the previous phases for all zones |4,25,26].

In many of the earlier studies, growth-factor techniques

were used. The Fratar growth-factor method is the most common

t
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one. This method estimates a horizon-year'origin—destination
matrix by]éssuming that this trip matrix is proportional to the
base year_matrix modified by the trip-end growth‘patterns of the
zones under consideration. The basic deficiency of the techni -

" que is that the trip matrices estimated by the technique are

not sensitive to changes in the properties of transport networks.

Three trip-distribution models are also available as
the gravity model, the intervening opportunities model, and the
competing opportunities model, which may be classified as sto—b
chastic trip distribution models. These models estimate trip
distribution patterns by synthesizing a matrix containing the
probabilities that a_trip:produced in a given zone will find an
attraction opportunity in a specific .destination zone. These
probabilities are derived from the knowledge of the distribution
of attraction opportunities in an urban area and travel time .
pfoperties of the'a}ea. Each of the - three stochastic type trip
distribution models calculaﬁes these probabilities in a diffe-

rent way.

Another method for trip distribution is the entropy
" method. It uses the gravity model in conjunction with trip

ends which have been disaggregated into an individual traveller.

The transportation problem formulation of linear pro-

gramming has also been used for trip distribution analysis. The

¢,
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objective function is to minimize the total amount of travel
time in moving between origin and destination zones for trip
makers. The distribution of trips is subject to the two trip-

end constraint equations referred to earlier in this section.

‘3. Modal Split
The purpose of this step 1s to develop a procedure
that simulates the manner in which tripmakers travelling between

an orlgln and destlnatlon pairs will choose between the dlffe-

rent modes of transportation |5,22,27].

The earller modal split models consider all travellers

but it is now common to partition the travellers into two groups:

captive tripmakers and choice tripmakers. Captive trlpmakers are

defined as those persons without access to a car for a partlcu—
lar trip, while choice tripmakers are those persons with access‘

to a car.

The early hodal split models were of two types: ‘trip—
end and trip-interchange modals. Trip—end models are'used be—
tWeen the trlp generation and trip-distribution steps and tend
_ to emphasize captive riders, while the trip- 1nterchange models
are used between the trip—dietributien and route-assignment

steps and focus principally on choice riders.

A number of observefs have pointed to the lack of

t
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sensitivity.of_the earlier modal split models as well as to the
absence of any sdund BehaViorai Basis to the models. An im-
proved basis for modal split estimation is provided by thé con-
cept of thé generalized cost of travel in combination with a

binary choice stochastic modal split model.

The transﬁortation modes are described by the concept
of generalized cost Which includes time speﬂt'in the vehicles,
waiting time, the number of interchanges, the fare paid and
other factors such as convenience, regularity, safety, etc.
Generalized cost is developed from some weighted.linear combina-
tion of the above factors. Thus, when considering‘optional
modes for a certain tripvthe generalized costs associated with
each of the modes are calculated. The simplest decision cri-
teria is to assume that all trips will be made by the cheapest.
mode. An alternative to this deterministic approach is to as-
sume that the trips distribute themselves on the alternative
modes depending on the ratio of generalized costs of each mode.
However, the ‘general form of the interdependence betwéen genera-
1ized cost and modal split has ﬁot been developed yet. This 1is
presumably due to the fact that our knowledge about what 1is con-
ditioning travellers' choice of mode is very limited, é.g.,

trip purpose, trip length, traveller characteristics affect the

choice of the optinal mode.

4. Route Assighment
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tribute the trips made by each mode between each origin and
destination pair over the links of their respective networks

|5,7,15,22] .

. The route assignment step is in eVerywweyiequivalent
to the modal split step, a certain trip is to be undertaken
and a choice is made among alternative routes from the origin
to the destination of the trip. Thus, the route assignment
models are also based on the concept of generalized costs. One
of the principal def1c1enc1es of the sequentlal models 1is thet
the modal split calculation presupposes that the costs of each
mode for a certain trip is known. However, the costs depend
on which.route is applied and the route is not found until the

last step in the sequential models, the route assignment step.

Many route assignment models aseign all trips between
en oriéin.and destination to a single shortest time path (or
ether measures - of disutility). These "all-or-nothing" aSsign—
ment models are cemputationally verf efficient, but do not re-
flect traveller behavior. Also, the resulting assignment can
be very sen51t1ve to small changes in 11nk travel times. To

overcome these shortcomings, many multlpath 3551gnment models

have been developed. These models allocate trips between a par-

ticular origin and destination to several good paths and can

be divided into twe approaches: capacity restraint models which

consider congestlon effects on travel time and models which do

not. Many of the models which consider congestlon effects

t/
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iterate with an all-or-nothing modc! to obtaitn multipath

assignment. Those modcls which do not consider congestion
effects use many methods to obtain multiple paths:ranking
paths, random sclection methods, ctc. Many ol thesce model s

require cnumeration ol paths.

Sometimes, it is necessary to consider 4 capacitated

network in which link flows must obey the enequalities:

The quantities Uij are link capacities and, with
little loss in generality, can he assumed to be positive
integers. The above inequalities are generally applied
to the optimization models as an additional constraint in.the

route assignment.

In studying realistic assignment problems, Tt is
imperative to take into account the effects of traffic
congestion by allowing travel costs to increase with traffic
flow. The relation between the traffice flow and the travel
costs has been discussed, and various algorithms have been
proposed. One of them is developed by Smock 123], ~dnd 1%
is an iterative procedure containing two main steps. In the
first step, the costs arc assumed to be [ixed and the load

of every link in terms ol routes s calculutod. The second



step recalculates the costs of ecvery link according to;
the load just found. The algorithm terminates whcn'there
is mno difference in route assignments between the two
iteration. Let kbe the iteration numbers and let i i

be any link in the network. Then,

Fk(i,j)=g((i,j),ck(i,j)) = the flow inedink (d 50 SEEEh

the cost Ck(i,j)

gX=(i;5) = —%— rl(i,3) + ...F5(i,3)) = the load in 1ink (i,))

cKEgappnein O (X210 (155

The letters g and h are generally analytical forms___,ﬁ

which should be defined hefore any practical application}

There is a general ittitude among transport planners
that the all-or-nothing assignment technique provides adequate
information for transport planning that is undertaken for
conditions expected some 20 years ahead. The more—sophisticated
assignment techniques can probably be justified for shorterrun

traffic enginecring problems.
I1. Aggregate Approach

The aggregate approach 1s just an aggregation of

the four steps of the sequential approach into one step.
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| The theoretical foundation of the aggfegate abstract
mode models is the theory of equilibriuﬁ which is taken from
economics, between the supply and the demand. The main idea is
for a certain transportation the service 1eve1vwill decrease for
~ an increase in travel demand and the travel demand will increase
for incieasing service level, and an équilibrium results from

the interaction between these two effects.

The models based oﬁ this approabh find the number of
trips between each zone by each mode of the tréﬁsportation Sys-
tem as a function of several variables such as the mean‘ihcome
of origin zone, the number of inhabitants in origin zbne, the
frequency of each mode, the travél time.between zones byAeach

mode etc. at a single step |5,11,21,22].

One of the earliest models to be introduced was that

developed by Quandt and Baumol |s|. It has the following form:
m _ b C e £ my m ' '
tij = ap; pj a3 Qj _f(dij ) f(zij) (3-_1)
where n ’ ) ]
tij - the number of trips between zones 1 and j by
' mode m.
P,q - characteristics of zones i and j such as popu-

lation and employment which are determinants of

travel demand.

dijm - the travel time by mode m between zones i and j
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zijm - the generalized cost of‘travellby modée m be-

tween zones i and j.

Equation (3.1) is linear in’ the logarithms of the
variables and the parameters a,b,c,e and f may be estimated from

empirical data by multiple regression analysis.

If we compare aggregate models and sequential models
empirically, this doeé not show any difference between these two
model types in their ability to reproduce an eiisting-travel
pattern, e.g., an O0/D matrix. However, the principal advantages
~of the aggregéte ones are the introduction of a new mode of
travel easily in the model context and forecasting travel demand

and modal choice magnitudes jointly and not independently.

The level of trip-making is assumed to be too sensitive
to the quality level of the transportation system in fhevaggre-
gate models. This would result in oVerestiméting thé effects
of changes in the system in the future. Although, the vélidity
of the aggregate model -can be questibned, this model is able to

reveal the structure of the travel demand as a whole.
3.2. NON-BEHAVIORAL VERSUS BEHAVIORAL APPROACHES

‘The behavioral-type approach is based on the behavior

of the individual choice. The basic assumption of this approach
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is that the individual traveller will minimize the generalized
cost or disutility function subject to some constraints such

as time, money, etc; depending on his travel purpose |5,22,30].

Two types of assumption can be applied for behaViofal
approach. The first one is the deterministic assumption which
claims that the individual traveller will select the feasible
combination of goods that minimize his disutility and assumes
that all individuals will act in the same way against a certain

stimulus.

The second one is the stochastic assumption which
assumes that different individuals with identical travel demand

will respond differently to the same supply of transportation.

One of the attractive qualities of the behavioral
approach over the non-behavioral one is that, 1t includes the -
beha?ior of thé individual travellers as the factog'controlling
the trip, the modal split, etc. into the modelsl This type of e
model is also independeﬁt of the zoning system, especially in
the calibration stage and use a relatively limited amouﬁt of

survey data.

The focus of behavioral type—models is on individual
behavior rather than zonally aggregated behavior, but the need
for an explicit aggregation arises in order to expand the deci-

sions to the level of the desired macro (zonal) level applica-
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tions.  Several of such aggregation procedures exist |s].

3.3. STATIC VERSUS

‘All approa

DYNAMIC APPROACHES

ches reviewed so far in this chapter are

static, so the models will also be static (stationary) models.

They try to reach an equilibrium, €.g. between the travel

demand and the supply of transportatlon but if the delays are

considered, the state of equilibrium may never be reached. The

kdynamic approach considers the existence of delays. Although

the dynamic approach is rarely seen in transportation planning

area, some models I

ave been set out using system dynamicCs

simulation methodology 116,17,18,31].

The system dynamics models take the transportation

system as only a smaller part of the greater geographic and

economic system |18
on real life situat

to the estimation o

|. Application of the system dynamics models
ions are still 1ack1ng This is partly due

f feedback 1loops which are the fundamental

elements in system dynahics. Qur knowledge about the‘feedback

loops is still not sufficient.

Dynamic approach is also used in the transport network

optimization problems. Many transpgrt: networks have to be made

for many sltuatlons

situations have str

at different times and these networks and

ong relatlonshlps with each other. One

¢
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example of this type of prdbiem was stated as foilows: |25]

max  Ce .
c(t) J S, (X(t), c(t)ydt : o (3.2)

(0]

subject to:

AX(t) = 0, X(t) >0
Gt(X(t), c(t)) =0 for to <t <t

H(X(t), C(t)) >, = ,<0

in_which
C(t) - (vector of fﬁnctions of the) dimensions of
the links
X(t) - (vector of functions of) traffic flowsl
.St - social surplus function for period t
Gt - set of functions describing the behavior of the

travellers in period t

H - set of remaining constraints
t, - starting point of time
ty - ending point of time.

3.4. SIMULATION MODELS VERSUS OPTIMI ZATION MODELS

We have discussed a number of approaches used in trans-

portation planning study in the earlier sections. It should be
noted that they are the complements of each other in designing

urban transportatlon models. A complete transportation study

.
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demands a combination of one of the two approaches discussed
in Sections 3.1. 3.2 and 3.3. e.g.. in the modal split step of
the models which are based on the sequential approach;behavioral

or non-behavioral approaches and dynamic or static approaches

should be applicd.

Simulation models are applied extensively in every
type of urban mass transportation problems.:Optimization
techniques, however, are generaily used for the cdntrol and
' guidance of transportation systems. There is a considerable
agréément that insofar as optimization methods are relevant
to:transpbrtation plan development, their role should be res-
tricted to that of.generating broad alternative network confi-
gufations and constraints should be used to determine some first
appfoximations to transportation network plans. On the whole

however, therc appears to be an agreement that mathematical

programming and perhaps even optimal contfol methods could

be ﬁseful in the design phase, keeping in mind that subsequ-
enf analysis, evaluation and adjustments to the inital design
: woﬁld be developing urban transportation studies concerned
with»investment or improvement problems largely usipg the
optimization technique.

Optimization techniques are used generally in the

following areas::



3.4.1. The Design of Transportation Networks

This problem can be formulated in many different ways
con51der1ng different initial conditions, system behav1or
'prlmary objectlves, and constraints. The different algorlthms

are also avallable for solving the model set up |5 22,25 26|

It must be pointed out that the feedback between traf-
fic aséignment and trip distribution is eséentially impbrfant
in the evaluatlon of new networks. Most tfip distributioh
models use as parameters the interzonal travel times or costs
but in general these depend '‘on the network and the trafflc
assigned to it. Thus, the output of -the traffic assignment
program is required as an input to the trip distribution program.
On the other hand, the output of trip distribution program,
giving the interzonal trips, forms an essential input to the

traffic assignment program.

s The objective of the quels can be to find.fhe optimal
geomefry of the new network, thé optimal expansion of the net--
work or the optimal improvement of the network and the‘cbnsfraints
are usually to minimize travel cost, building cost, road inﬁest-
ment and maintanence costs. . An example of this type of study

was given in Section 3 of Chapter 3.
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3.4:2. Optimal Scheduling

Scheduling methodology applied to virtually all modes
~of transportation, especially buses. This methodology defines
the routing network of the urban transportation and finds the

frequency by which each route is served |S,25,26,27|.

For the problems of public passenger transportation in
“urban areas, the mecdels set out will be more complicated. The
desire of applying optimization techniques to real size pro-

blems results in some heuristic optimization algorithms.



CHAPTER 4

A SIMULATION MODEL

» Based on the assumptions and structure defined in
Chapter 2, a discrete-time simulation model for dynamic trip
assignment problem is developed. In this section, .this model

will be presented.

4.1, INPUTS OF THE MODEL

" 4.1.1. Network Description

In the model, each node is denoted by lower case 1éttefs
i,jy.... = 1,2,...,NSTOP, where NSTOP is the total number of"
nodes. Nodes ate the reference points by which the system is

organized. A link joining node i to node j is denoted by (i,j).

4.1.2. Travel Demand

The travel demandis represented by an NSTOP, x NSTOP
matrix which is called GEN in the model. The entry (i,j) of
this matrix gives the number of trips made between node i and

node j per minute.

34
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4.1.3, Travel Time and Distance

| ) The}travel time 2nd gravel distance are defingd,withﬂ
the’matfices ITTML and IDIST which both are NSTOP x NSTOP ma-
trices. The (i,j)th entry of ITIME gives the travel time*in_
minutes between node i and node j, and the~(i;j)th entfy}bfﬁﬁ‘ '
IDIST giVes the travel distance by vehicles in kilometeré Bé-‘
tween node i and node j. However, if there is no direct_con-47fﬁ
_nection‘between these nodes, the value assigned to theicorré{ f

sponding entry will be zero for both matrices.

4.1.4. -Definition of the Routes and Vehicles

In.the model, paths represent the routes. All patﬁg; ;;}h

are directed paths The direction of the route should be;~  .”
>giveh, i.e., the starting and ending terminal stops may not‘béatf:S
‘1;ﬁﬁel5ame' Thus, the same geographical route will always take

f',,two.different path numbers depending on the direction.

The routes are defined with the route-stop matrix

NPASS. Let NTR be the total number of routes and MAXD be the

. maximum number of stops that onc vehicle can pass on its route.

l  The route-stop matrix is an NTR x MAXD matrix. The routes are

-‘;denoted by lower case letter ir = 1,2,...,NTR. In-the array of
-.each route in the route- stop matrix, all stop number are tabulated

v~start1nglfrom the terminal stop. If the number of stops of one
. route is less than MAXD, zeros are assigned in the array in

order to increase the number to MAXD.

-
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Each Vehlcle 'is represented by a 1ower case 1etter
g = 1,2,...,NBUS, where NBUS is the total number of vehlcles
In the model, it is assumed that the vehicles follow the same
routes during the planning horizon. The route numbers of the
vehicles are l1oaded to a matrix IROFB and this matrix is an
NBUSX2 matrix. The capacity of the vehicles\are stored in an-

array CAP.

4.1.5. Time-Table

The time-table is an NBUSXNSTOP matrix thah'showé which
vehicle will be at which stop at which time. The time of ini-
tial departure of each vehicle froh the starting termina1=st0p
should be supplied to the model initially. This ie realized1by
using the time-table matrix. For each vehicle &, the initial '
departure time from stop i is assigned fo the entry (&,i). Zero

will be‘loaded to the other entries.

As explained in the previous section, the vehicles
follow two different routes during the planning horizon. When
the vehicle arrives at the 'ending terminel stop of its route,

_ the route number of this vehicle is changed. 1In real. 1life
51tuat10ns, the vehlcle spends some time in order to change the

route. In the model, these values are assumed to be known 1n1—

tially and are loaded to a NSTOP. array - TIMSP.

{
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4.2. [PUNCTLONING OF THE MODEL

In this section, we will present the operation of the
model based on the assumptions made in Chapter 2 and the inputs

ULy
described in the previous sections of this chapter.

Initially, it is assumed that each individual traveller
knows the route numbers which scrve between his origin-destination
pair. The path choice criteria. will be cxplained dn) Sectionis

Bn detail.

The main loop of the model is time.  Time increment is

one minute.  For each minute, the fol lowing steps are carried outj

I. Each node of the network is c¢Xaplhed separately.

(Let the nodc under cxamination be iy '

The time table matrix is employed to determine
whether there is an arriving vehicle(s) or not. For this pur-
pose, the column i of this matrix .is checked for every vehicle.
1f the value of ITABLE(%,i) isequal to the period of interest,
it means that vehicle & is at node 1 for this period. So, two

steps will be carried out:

I.1. No vehicle arrives node 1
_  Increase the number of waiting passengers at

node i by the generated amount given as an input for

this period.
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I1.2. There is an arriving vehicle(s) at node i:
Node i may be the starting oOr ending terminal
node of the vehicle(s). So, three cases will be

examined.

I.2.1. Node i is the starting terminal node.

- The available capacity is equal to the actual
capacity of the vehicle. ;

- There is no disembarking passengers.

- Some waiting passengers board this vehicle
according to the path choice criteria. The boarding
process requires some simplifying assumptions and they
will be explained in Section 4 in detail. . This process
reduces the number of waiting passengers.

. The time-table matrix 1is updated. Let the next
node of vehicle & on its route be j. Then, the (£,j)th
entry of the matrix which shows the time at which ¢

will be at stop 728 calculated as follows:
ITABLE (s )i B ITABLE(&,1i) ¢ ITIME(i,])

- The available capacity of the vehicle is de-

creased by the number of boarded passengers.

o g L ede -4 WS the ending terminal node.
- All passengers of the vehicle disembark. This
process will be presented in Section 5 in detail.

- There 1is no boarding passengers.
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- The route number of the vehicle is changed by
using the IROFB matrix. Node i will be the starting
terminal stop of the vehicle.

- The time-table matrix is updated. The initial

: departure time of the vehicle from node 1 1is calculated.

The new value is:
ITABLE(%,i) = ITABLE(%,i) + TIMSP(i)

- The available capacity of the vehicle is

equal to the actual capacity.

I.2.%3. Node i is the intermediate node.

- The availabe capacity is increased by the num-
ber of alighting passengers.

- Some passengers board the vehicle.

- The time-table matrix is updated as in the
case 1.2 15

. The available capacity of the vehicle 18 de~

creased by the number of loaded passengers.

At the end of Step I.2, the number of waiting passéngers
at node i is increased by the number of generated passengers

for the time of interest.

Step I 1is carried out for every node of the network

separately. When this process is completed, the time is in-
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incrcased by one minute, and Step 1 ous applicd for every node”"
once more for the new time of interest. These processes con-.

tinue till the end of the predetermined planning time.

Functlonlng of the model will be understood more clearly

when the path choice, loading and discharge criteria are undel-

stood more clearly. They will bhe ~xnlained in- the next three -

sections.

4.%. PATH CHOICE CRITERIA

A key assumption made in the model is that, in travel-

ling from one part of the urban mass transportation network to

another, all passengers will use the same geographical paths.

This assumption is a common ONe€ in transportation studies, how- -

ever, the way of finding these paths differs among them.

In most of the models, the path used is the one that

has the minimumw gencralized cost. Tt is assumed that a trip

consists of a number of different Lomponcnts, each of which has
its effect on travellers' decisions.

walking time, waiting timc, time spent in-the vehicle(s), the

fare paid and the number of intcerchanges. These components are

a1l +o be reduced to one measure through interpretation as ele-

ments of generalized cost. When the calculation of the genera-

1ized cost of each path 1s completed, a shortest path algorithm

is used for finding the w

inimuw generalized cost path. Although,

The components are in general,
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theré'are some substantial differences in- approach, finding the
shortest paths is a common procedure |12 25|. The concept of
1generalized cost has been subject to many cr1t1c1sms, furthér—
more it has been suggested that this approach suffers from a
number of theoretical and practical weaknesses |30|. However;
over theilast ten years, this concept has been gaining an‘in-‘
‘creasing hold in both the theory and practice of transport
';piannihg. Generalized cost owes 1ts popularity inlarge part to
- its Simplicity In particular,'the large scale simulation |
models that are cornerstone of many transportation~planning
studies would be unworkable if a single index of this kind were

unavailable.

In this study, we use another approach which is simpler
énd more adequate to our model. It is mainly based on the know-
Aledge of the route structure. We would like to givé some defi-
nitions before introducing our approach: As far as the indivi-
dual traveller is concerned, a direct journey isa journey that
can be made without changing vehicles. The alternative to a
direct journey is a trip using at least two vehicles. ’An addi-

tional waiting time and interchange cost will, therefore, be

incurred.

In the model, it is assumed that the individual travel-
ler will always choose a journey that.can. be made directly, i.e.,

he chooses a trip that can be made without changing the vehi-



cles. This is the case i{ there is a vehicle that runs between
his origin-destination pair. If <o, the path chosen will bhe
the one which is followed by this vehicle. There may be more

than one vehicle connecting the (0/D) pair directly and fol-
lowing the different paths. Thus, the path that he chooses may

be more than one.

When a direct journey is not possible, the interchange
of vehicles is necessary. It is assumed that the interchanges
can only be made at the proper junctions. Junctions are the
nodes where more than two links intersect. The junction_is'
proper only if the direct journey is possible from this junction

to the destination point of the traveller. A

i;.e.’

It is assumed that the travellers' preferences do not

affect the level of service, the route structure and the number

of vehicles on each route.

In the model, the path choice is carried out in two

steps:

1. In this step, the direct journeys are determined
in terms of route numbers.” We can find the direct
journeys by examining the arrays of tﬂe route-stop
matrix - NPASS. The route numbers that serve be-
tween each pair are stored_to the cell associated with thi

pair. So, the individual traveller decides to
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board the arriving vehicle at his origin stop or
not from the knowledge of these data and the route

numbher of the wvehicle.

Let us explain this step with an example: Assume that

the following route-stop matrix is given

NPASS(2,3)

1 * R Khidy
2 2 4 8
Let us examine the array of route 1. The vehicle which

has a route number of 1 follows the path 1-3-0. S50, the direct
journeys between node 1 and node 3, and nodc 3 and node 6 can
be made with this vehicle. [n this step, route number 1 1s

stored to the cetl of (1,3) and (3.6).

[f the vehicle has a route numbcr 2, the direct journey
hetween node 2 and node 4, and node 4 and node 8 can be made
with this vehicle. So, the number is stored to the array of

(2,4) and (4,8).

2. The origin-destination pairs where a journey can
i not be made directly between them are taken into
account in this step. In the model, all junction

numbers are loaded to the array JUNC. A new
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1.
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matrlx ADJ is generated in order to help the inter-
change decisions. The (i,j)th entry of thls matrlx
gives the number of(routes connectlng node 1 to
node j directly. The entries of the matrix are
loaded using the roufe—etop matrix, NPASS. For: the
origin-destination pairs considered in this step,
first, all routes passing from the origin point
are stored somewhere.- Then for each route, the
following steps are‘applied. | |

The next stop of the route 1is cﬁeeked whether it

is a junction or not.

2.1.1. If it is a junction, it is checked whether
there is a direct connection between thie
junction and the destination point of4the-
treveller. The ADJ matrix is employed for
thie check.

2.1.1a. If there is a direct connection, the tra-

veller will choose this route in order to
go‘te junction. Thus, step 2.1 ends at
this point and the next route numberxr
stored is taken into account.

2 1.1b. 1f there is not, we return to step 2.1

once more. | |

2.1.2. If the next stop is not junction, we return

to step 2.1.
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The same precess is applied to each route. The paths
followed by the passengers of Step 2kare-composed of two com-
ponents.. The first one is the path(s) of the vehicle(s)'connec—
ting the origin point to the adequate junctions directly.  The
second Part is the path of the vehicle(s) connecting the ade-
quate junctions to destination points. In the model, it is
assumed that this type of passengers are the passengers between
the origin p01nts and adequate junctions, and the route numbers
“that are stored connects these points directly. When these
passengers arrive at the junctions, they are treated as the pas—
: .sengers generated at the Junctlon in order to go to their orl—

ginal destination points.

Let us explain this criteria with a simple example:
Assume that the network of Figure 4.1 and the following route-

stop matrix are given:

FIGURE 4.1. Direct Journey Path Choice.
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 NPASS(4,3) i1 2 3

The junction array and ADJ matrix will be:

JUNC(2) 2 4

ADJ(5,5) 1 2 3 4 5

" For simplicity, let us examine the passenger at stop 1.

1. A direct journey is available for stop pairs (1,2)

and (1,4).
Stop Pair Route  Numbers
(1,2) 1 2
(1,4) 1

2. The passengers of stop 3 and stop 5 can not make a
direct journey. The passengers of stop 3 can take

on vehicle 1 and vehicle 2 till the adequate junction

-
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2. On(the'other.hand, thevadequate‘junction is
stop 4, for passengers of stop 5, so they can
- take on vehicle 1. |

The route numbers that will be stored are:

Stop Pair Route Number
(1,3) 1 2
(1,5) 1

4.4, LOADING CRITERIA

In a simple one vehicle system, knowledge of demands‘
for each direct Journey allows dlrect calculation of 1oadings
at each stop on its route. The number of passengers gettlng
ioff at the stop is the sum of demands for direct journey that
ends there, the number getting on is the sum of demands for
direct journeys that start there, and the number carrying on is
‘the sum of demands for those direct Journeys that straddle- the

1ink. Thus, loading throughout the route is complete.

Prohlems arisehwhen vehicles multiply and traverse the
same paths for part of their lengths. Where a direct joorney
can be made by more than one vehicle, demands for that direct
journey must be distributed between them. Moreover, path choice
decisions at one link are affected by path choice decisions
'upstreém' since they will affect ava}lable eapacity.- Thus, at

a particular stop, it no longer becomes possible to treat them
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as relatively simple functions of headway. This is because
their prediction must resolve two types of competitive inter-

~action. A simple two-vehicle situatioﬁ is'giVen in Figure 4.2,

]
@;
z

 FIGURE 4.2. Simple Two-Vehicle Situation.

First, both vehicles can serve the direcf jdurney from
stop 1 to stop 2, soO that»deﬁénﬂ for that direct journey must
be distributed between the two competing services. Second, for
the direct journey from'sfop 1 to stop 3, only vehicle.l.is
appropriate. However, where capacity is limited, thoée making
that direct journey must compéte for seats with the-proportion
of those making the direct journey to stop 2 that have decided
to boardlvehicle 1. Thﬁs,bthere'is a|;ompetition between routes

for passengers and between passengers for seats.

R
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In the model, 1oad1ng of passengers to vehicles is
evolved in successive steps. First of all, theavallable capa-
cities of arriving vehicles at each stop are’ determlned for the
time of interest. The available capacity of the Vehlcle, at
any stop, is obtained from the summation of the available capa-
city at the previous stop and the numberrof alighting passengers
at this stop. An array AVSPC stores the available capacitY'Qf

‘each vehicle until any change occurs in it.

Then, we are ready for further calculations of the

loading process. Twc cases will be examined.

1. Assume that only one vehicle arrlves at the Stop
a. If the number of passengers that have dec1ded
to board the vehicle is less than or equal to the

available capacity: All passengers are 1oaded

b. If the number is greater than the capacity:

' The passengers are loaded with a weighted per—
centage. Let TOT be the total number ofyﬁassengers
that have dec1ded to board vehicle 2 The
number of passengers between stop 1 and stop j

that will be. loaded to the vehicle is (L(i,J)):

L(i,) = VAITPCL D) - avspe(8)
TOT .

Let us explain this case with a numerical example.

Assume that the network of Figure 4.2 and the following data are

ts
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given:
WAITP(1,2) = 90
WAITP(1,3) = 30
AVSPC(1) = 40
WAITP(1,2) + WAITP(1,3) > AVSPC(1)

90 + 30 > 40

Then, the percentages for passengers of (1,2) and (1,3) is:

perc(l,2) = — WAITP(1,2) _ 90 . g7

WAITP(1,2) + WAITP(1,3) 120

) WAITP (1,3) 30
WAITP(1,2) + WAITP(1,3) 120

Perc(lQS)

The number of passengers that are loaded to vehicle 1:

L(1,2) = 0.75 = AVSPC(1) =-0.75 = 40 = 30
L(1,3) = 0.25 = AVSPC(1) = 0.25 & 40 =10
2. 1In the second case, assume that more than one

vehicle arrives at the stop at the same time. The
direct journeys between some Stop pairs ;aﬁ be
made by more than one vehicle, so demands must be
distributed between them. This is done By using

a percentage developed from the capacities of
competitive vehicles. The percentage for one of

the competitive vehicle is just the proportion of

(S
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the capacity of it to the»totai capacity of the

competitive vehicles.

For example, consider the network of Figure 4.2. As-
sume that vehicle 1 and vehicle 2 start the journey from Stop

1 at the 'same time. The following data is given:

CWAITP(1,2) = 30 AVSPC(1) = 60
WAITP(1,3) = 50 AVSPC(2) = 30
WAITP(1,4) =

40

Passengers between stop 1 and stop 2 can make a direct
journey by both of the vehicles. The distribution of demand to
‘the vehicles 1is done by calculating the percentage P for each

of them.

AVSPC(1) . 60
AVSPC(1) + AVSPC(2) 30+60

I

il

2/3

For vehicle 1: Pi

AVSPC(2) 30
AVSPC(1) + AVSPC(2)  30+60

‘For vehicle 2: ‘PZ 1/3

So, the number of passengers that have decided to board for

each vehicle 1is:

_ For vehicle 1:

WAITP(1,2) = 30 = 2/3 = 20
WAITP(1,3) = 50
For Vehicle‘Zi
WAITP(1,2) = 30 % 1/3 = 10



52
WAITP(1,4) = 40

Then, the calculations that gie presented in case 1.b

are, carried out for the vehicles in Qrder‘tp find the number
of pé§sengers that is loaded to each of‘thém. The number of
boarding passengers are loaded to the maffii BOARD. It is an
- NBUS. x NSTOP matrix, and the entryi(Q,i);ihdicates the number of
passenger getting on the vehicle & in order to go to stop i,

,ije., their destination point i. Whén:the passéngers_are loaded
  £§3the vehicle, the stop where they get on is‘hOtiimportant for
the model. However, the destination point has an importance

because it indicates the stop where these passengers will be

”;”discharged.

. 4.5. DISCHARGE CRITERIA

The last question is how, where and when the passengers
that are loaded to the vehicles are to be dischargéd. We know
that which vehicle will be at which stop at which time from
the matrix called ITABLE. When a vehicle arrives at any stop,
there will probably be an alighting passéﬁger‘if this. étop is
not the starting terminal stop. There are two types of alighting
passengers where each has different affects on the bperation

of the model.

1. The first type gets off because the stop at which

the vehicle arrives is their destination points. The compositiol
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of passengers of the vehicles is stored in the BOARD matrix.
For vehicle % arriving at stop i, the numbér of alighting pas-
sengers will be equal to the value of BOARD(%,i). The available

- capacity of vehicle & increases by this amount.

2. The second type gets off because the stop at which
the vehicie arrives is an adequate junction for the interchange
vof vehicles. It occurs only if the stop is a junction. If it
© is not, the followings will not be carried out. 'All passengers
kin the vehicle are examined aécording to their desfinatibn
points. |

a. If their destination points are on the route of the

vehicle, they will not get'off. |
b. If not, it is checked whether a direct journey 1is

possible between the junction and the destination

point. The ADJ matrix is used for this purpose.

1. If itvis not, the passengers wiil not get off.
2. If possible, they will be discharged; From
this poiﬁt on, they are.éqnsidefedras the pas-
sengers generated at‘thiS‘stop where destination
points remain the same. ”Th¢ available capacity

of the vehicle increases by this amount.

4.6. OUTPUTS OF THE MODEL

In this section, we will present the outputs of the
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model and the meaning of each output so as. to help the evalua-
tion of the urban mass transportation systems. All values are

produced at the end of the planning period.

1.‘ Waiting Passengers
a. Number of waiting passengers between each
node pair,
b. Number of waitihg passengers at each stop.
c.. Number of waiting passéngers on the ﬁefwork as

.a whole.

These values give us the number of passengers that.
could not reach their destination points at the end of the plan-
ning periqd. We can find the number of people tréﬁsported by
the system using these 'values. The number of generated people
was given as a rate with the (0/D) matrix. If we multiply the
T_entrles of this. matrix with the corresponding tlme units for
'each time period, the number of passengers that -must be served
by the system during the plannlng horizon are found out. So,
the number of passengers that reach their destinations is the
difference between the generated passengeré and the waitihg

passengers. This value is an important indice to determine the

level of service.

2. Boarding Passengers

a. Number of boarding passengers between each

node pailr,
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b. Number of boarding passengere at each node,

c. Number of boarding passengers on the network

‘~The number of boarding passengers differs from'fhe
number of transported people because the interchange of vehicles
_heé a direct effect on the calculation of this value. The pas-
B sengers that change the vehicles aferincluded in the system as
a newly generated passenger depending on the number of inter-
~changes. So, we can find the numbeT of passengers that change
the vehicles during the planning horizon and it is equal to the
difference between the number of boarding passengers and the
number of transported people. On the other hand, the number of
boarding passengers are equal to the number of ticketshsold\

It is, therefore, an important indice at - an operationel level.

3. Link Load - Assigned Volume of Vehicles on Each Link:
In this part, the number of vehicles runniné on
each link during the planning period is deveioped;
These values are generally used to compare the al-
ternative networks, e.g., to develop the relation
between the passenger and vehicle volumes onlevery

link.

4. Total Travelled Time:
This value gives the time spent by the vehicles
of the system in order to transport the people

which are calculated in part 1.

-

ty
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Total Travelled Distance

It gives the distance travelled by the vehicles.
It can be an important indice at an operational

level.

Vehicle- Passenger X Kllometer

Passenger Km is an important 1nd1ce 1n determlnlng
the service levels. The travel demand and service
capacity of the system may'alsobbeidefined in

terms of passenger—Km. Furthermore,‘it gives the

capacity usage ratio of each vehicle.

Route-Passenger x Kilometer:
It is similar to the one explained above. In this
case, the capacity usage ratio is calculated on

the basis of the routes instead of the vehicles.

Total-Passenger x Kilometer:
The values obtained in part 7 are totalled for all
routes. The comparisons can be made for the net-

work as a whole.
Number of Passengers Transported by Each Vehicle.

Number of Passengefs‘TranSported by Each Route:

The Values'of part 9 and 10, give the effect df
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the modifications in route structure on the basis '

'of a vehicle and a route respectively.

11. Capacity Usage Ratioc of Each Vehicle:

| One of the objectives of our problem is the effi;L,
cient utilization of each vehicle. This value -
gives enough information for this purpose. When
comparing the alternative systems, the changes
in the capacity usage rates should be followed

carefully. ‘ _ P

‘12.Waiting time is an important indice used in'deterJfl
mining the service levels. The number of waiting
passengers for each minute can be easily deter-
mined. These numbers are totaled for the plenning
period. Then, in order to determine the mean
waiting time for one traveller, the result is di-
vided to the total number of passengers in the

system.

4.7. EVALUATION OF THE MODEL

One of the main advantages of urban mass transeortatiqn
'systems, particularly bus systems, is the flexibility- of route
configurations. In recent years, the importance of reevaluatlon
and‘change'of routes has been realized. As explained earller,

we have evaluated the effect of these changes on urban mass trans-

portation systems.



58

Development of alternatives causes problems in the eva-
luation studies. TFor small sized networks,'lt may be possible
to develop alternatives on the basis of 1ntu1t10n, but when
the size of the network increases, the increase in both the num-
ber of criteria to be used in their evaluation makes it diffi--
cult and unreliable to develop alternatives by applying rules

of thumb. A consistent, explicit procedure 1s required in order

to identify the alternative course of action that is most likely

to meet the stated objéctives of the problem.

In designing alternative networks to be tested it is
natural to thlnk in terms of contrasts with the exlstlng net-
work. In thls study, we have developed three types of alterna—

tive networks and these include:

1. The network with a 10W-freQuency and a widespread
'foute structure with many vehicles using very
.different roads,

2. The netWork with a high~frequency and a low-spread

route structure concentrated on fewer roads,

3 The network with a high-frequency and a low-
frequency routes which are COmbined‘with a percen-

tage.

However, the development of alternatives must also be
based on the experience gained from the operation of the system

vsed for many years.
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Another and relatively simple‘approach_ih déveloping
alternatives is the alteration of the number of vehicles on
the routes without making considerable change in the route .

structure.

Following the development of alternatives, the next
step will be to discuss thelVaIUe of oufputs for each alterna-
tive. In this study, we havé not attempted to develop a single-
effectiveness measure associated with the outputs. - Unweighted}
results will ve viewed as the end product of thé‘study. In
other words, the implications of each alternative in terms
of the outputs that appeared significant have been developed .= °
without making any attempt to judge the relative importance §f;
various outputs. The last sfep’of the evaluation, the choice
of the best alternatives' is left to the decision makers'. =
Their choice will be based on the results generated byAthé.
model, their own experience and feelings, and their personaif?

preferences among the effectiveness measures.



CHAPTER 5

AN APPLICATION -- A olMULATIOV NODEL FOR
UPBAN 1MASS TRANSPORTATIOM SYSTEM OF

THE AMATOLIAN PEGION OF ISTANBUL

5.1. INTRODUCTION

One of the effective ways of developing the strengths
and weaknesses of the transportation model is to operate the
model w1th real life data. Our study incorporates with this

;type of appllcatlon The input requirements for thlS appllca-

pllcd by the study carried out for optimizing the

k of Istanbul by BUTSAE l32|

n*tlon were sup
}urban mass transp01tat10n networ
nvthls chapter, using some portion of that data, we have Slmu—

: ilated the existing and proposed urban mass transportatlon net-

k‘works of the Anatolian Region of Istanbul -

5.2. INPUTS

5.2.1.4 Definition of the Network

Urban mass transportation network of Istanbul;dévéidped

”*Ejby BUTSAB [32[ fulflllb the requirements of our networkédgfinition>

60
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The whole network consists of 142 nodes and it can be geo-
graphically dLVLded into two parts. In our analysis, we have
used one part of the network, the Andtollan Part. It iS”pre-

sented in Figure A.l in the Appendix.

Initially, the whole network has been designed_é§ g 
5us network. Then, for a better analysis, it has beenea :;f5
necessity to introduce the train as a mode of travel. Aéféfi
result, some buses and trains have statted to follow the eaﬁe

paths and their trips have started or ended at the same: nodes

On the other hand, two nodes may be connected only bY one anki%_

quently, the path followed by tralns cannot be deflned:ln

-:terms of the nodes of a bus network. In order to av01d tbese
B . JJ -

=pr0blems,‘new nodes have been introduced for some zones. . Th15,~

is reallzed by. introducing the artificial nodes where the dls—'
tance and tlme of travel between the a111f1c1a1 node and the
original node of these zones arve assumed to be zero. At the

end, the network of the Anatolian Region consists of 51 nodes.

5.2.2. Travel Time and Distance

Travel time and distancc matrices have not been chan-
ged and they have been supplied to the wodel as they are in
the study mentioned 1in Section 1 !32]. Tables A 1 and A.2 of

the Appendix give thesec matrices.
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c 2. 3. Travel Demand (Origin-Destination Matrix)

In this study, the simulation is'carried out'fer three-
hour periods in the mornlng (between 6:30 and 9: 30 a.m.). The
(0/D) matrix developed by BUTSAE |32| is for the whole network
of Istanbul and presents the total number of trlps for three-
hour periods. Thus, the following changes in this matrix are

evolved in order to adopt it to our model.

1. It is assumed that the travel demand does not
vary from mlnute to mlnute durlng ‘the three- -hour
'perlod i.e., the demand is uniform. 50;,511‘
entries of the (0/D) matrix are d1v1ded 1nto 180”
minutes. The result is an.(O/D) matrix for the
whole network of Istanbul which gives the numbef'

of trips per minute for each nbde'pair.

2. In this case study, we need the travel demand for
the Anatolian Region. We can not obtaln it from
the matrix_developed at the end of Step 1 because
there are'trips between the Anatolian Region and
the European Region. Two steps are applied in
order to obtain the matrix for the regien of in—'

terest.

a. All tiips originating from the European Region
" to the Anatolian Region ‘are assumed to be origi-

nated frem'three—nodes of the Anatolian Region.
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The reason is that these trips can enter the Anatolian

Region only from node 5, node 11 and node 18.

These trips are distributed among -the three nodes with

T a weighted percentage without changing their,destination‘"
~point.

" The percentage associated with each of the three nodes

©“is developed from the knowledge of passenger volumes of

“the links connectlng the European Region to the Anatollan '

Region |32| E.g. the percentage for node 5 is " the
proportion of the passenger volume of the link between S
the European Region and node 5 to the total passengef»"“‘“

volumes of links connecting the two Region.

b. All trips originating from the Anatolian Region and

destlnatlng at the European Region are assumed to be

deotinated at one of the three nodes

gsfsf‘These trips are distributed among the three nodes where'v

‘ their origin points remain the same.

~The percentages are developed as in item a. However, the

*?directlon of the links and so the passenger volumes are

“WV_different in this case.
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It must be recognized that the (0/D) matrix developed
as a result of the above steps gives the number of trips per

minute by all modes of travel, 1.e., it includes transit trips,

private car “trips, etc. 'The modal split step has not been
carried out, and this causcs some problems. We will discuss
ULy

this point in Section 4.
The (0/D) matrix obtainced for our study 1s given In
Table A.3 of the Appendix with the new node numbers assigned

by us.

5.2.4. Route Structurc

As mentioned carlicr, the only variable of the model
is the route structurc and the number ol vehicles on each route.
The routes connecting the Anatolian Regron to the Huropean
Region are assumed to be started or ended at node 5 of the
Anatolian Region which is the single point connecting the two
regions. The existing route structure is taken as Atiis by
making a change in the routes of the above type. The alterna-
tive route structures are developed dccording to thé criteria
explained in Section 7 of Chapter 4. The existing and alterna-

1

tive route structures are glven in the Appendix.
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5.2.5. ‘Time-Table

- The t1me ~table matrix has not been avallable SO we

have loaded it. It is a (Number of Vehlcles X Number of Stops)

matrix Wthh defines the departure time of vehicles from the
stops on their routes. It is initially 1oaded at the start and
end points according to the vehicle assignments to the routes.
.Half of the number of vehicles is assigned to one- end the
other_half to the other end. The initial departure frequency
of the vehicles from the starting terminal stops ;s_found by
| dividing the number of vehicles to the travel timevofbthe'route
in one direetion; The departure times of the Vehicles'from
the initial‘stops of the assigned routes filled to the matrix
with the periods found above. Then, the matrix.is updated. for

each period by the model during'the planning horizon.

Examgle:

Let (1-2-6-8) be a route with 60 minutes travel time
in direction 1 to 8, and 50 minutes travel in direction 8 to 1.
The number of buses assigned to this route in both directions

is 10.

Initially, 5 buses are assigned to stop 1 and 5 buses
are assigned to stop 8. The frequenCy in directieﬁ (1-8) 1is
5/60 = 1/12 and (8-1) is 5/50 = 1/10. Therefore, the initial
elements:of the time-table for these 10 buses will be as shown

in Figure 5.1.
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TIME-TABLE

> Stop Number
: Vehicle 1 2 . . .. . 8
. Numbers : :
' 1 12
v 2 24
3 36
4 48
5 60
6 10
7 20
8 .30
9 40
10

50

FIGURE 5.1. Time-Table Matrix (Example). ~ i "

The time spent at the terminal stops for trainé is
deterministic (15 minutes). For buses, however, no value'cénb_
be assigned exactly, sO we have~generated a random variate: "
between 1 and 10. These limits are based on the experienté’

gained from the opefation of the system for many years.
5.3. GENERATING THE SCENARIOS
In this case study, it is assumed that the number of

‘buses and trains are constant. Therefore, in generating the

scenarios, the route structure and the number of vehicles of
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the routes are subject to change.

In the existing system, there are two maiu cenfers
which are node 11 (USKUDAR) and node 18 (KADIKOY).: Almost all >
routes start from these nodes. The route structure is low-
' frequency with vehicles following long paths. Altheugh’pre-
‘ domlnantly low frequency, there are some high- frequency routes.
’_;The existing system includes 186 buses and 9 trains, and 70
- routes (68 of them belong to the buses);k The existing route

structure is given in Table A.4 in the Appendix.‘

We have used two approaches in generating the

scenarios:

1. We have‘decreased the number of 1owffrequency
routes as much as possible, and as a result the
number of high frequency routes has increased.

This requires the introduction of new main centers.
Two centers, node 9 (ALTUNIZADE) and node 35
(BOSTANCI) are developed for this purpose. These
nodes have been selected as a»consequehce'of.a
careful review of the travel demand and the charac-
teristics of the network. Although, some routes

of the existing system have remained tﬁersame, the

number of vehicles on them -has been altered.

2. We have modified the number of vehicles on the
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routes of the existing and4propOSed'$ystems with-
out making a considerable change in the route

structure.

’ Initially, the existing system has‘been simulated.
The results appear in Table A.10 in the Apbendix5'AThe, five
scenarios have been generated considering the results of the
simulation, and the approaches mentioned above.. The Qifferences
between the scenarios can be seen more\cleariy if the route
structure of each scenario are examined one'bf‘bﬁe from the

tables indicated below:

First Scenario: Some bus trips have been changed and

some buses have been allocated to the new centers. However,
this scenario does not differ very much from the existing one

(Table A.5).

Second Scenario: Existing route structure has not

been changed, but the number of buses of some routes has been

changed (Table A.6).

Third Scenario: The number of buses and the séquence

of stops of some routes of the existing éystem have been

changed (Table A.7).

. Fourth Scenario: The existing route has been modified

completely based on approach 1 (Table A.8).
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Fifth Scenario: The frequency of the routes of the

fourth scenario has bceen increased, new high-frequency rouggi
have been introduced. Thus, the vehicles follow short paths

in this scenario (Table A.9).

It is obvious that the above presented scenarios are only a small
percentage of the number ol different sconarios that can be developed.A different
and better scenario may be generated from a better comparison
of the results of the scenarios and more information obtained
from the operation of the systcem for many years. However, we
believe that these scenarios are sufficient to show that the
modél will be helptul in cmploying the existing resources fvehicles)

in a nedar optimum way.
5.4. RESULTS AND DISCUSSIONS

All resu}ts produced from the scenarios are in the
form presented for the existing system in Table A.10 in the
Appendix. However, the results of the five scenarios are given
as a summary in Table A.11. The comparison of the alternative
systems 1s presented as a summary in Table 5.1 in terms of a

number of effectiveness measures.

The model developed has some weaknesses which some of
them were discussed in the earlier chapter while others will

be explained in the next chapter. However, there are some weak
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points particular to this case study. 'Tﬁevmost important ones

are as follows:

1. In this application, the travel démand,_i.e.,;the
number of trips between (0/D) pairs is 324, 700 for 180 minutes.
This number includes the trips of all modes of travel, such as,
private car trips, transif trips, etc. However, the modeslof
travei are buses and trains in this application,';Then, tﬁe :
passengers of other modes are assumed to be the passengers of
them. Therefore, the number of passengers that’Qant to méke
their trips by buses and trains are quite large in all of the 3
scenarios. If the modal split had been carried out, there
would be a different (O/D) matrices for each mode and the re-
sults would there, be more meaningful. The performance of the

systems would be determined more accurately.

If wé review the results, it can be seen that the num-
ber of passengeré that have reached their destinatidné is about
25% of the total number at the end of 180 minutes. The‘perfor-
mance of the systems is not so low in reality. Whilé discus-
sing the results, this point should be taken intobaccouhf and

"the relative values of alternatives should be used in‘compari4

sons.

‘2. Another weak point of this application is in the

assumptions made for developing the time-table. "It is assumed
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that the system starts to operate at 6 o'clock and nothing

"~ that changes the state of the system OCCUTS up«td this time.

This assumption is not true in real life situations. Travel

demand starts earlier than 6 o'clock and some vehicles will be
at the second, third, ... stops whilé'others will be continuing
their trips at this time. Similarly, the system has been stop-
ped at 12 o'clock although it is 1in operatlon The assumptlon
made in finding the departure frequenC1es is also not true in-

real 1ife situations.

However, it has been necessary to use these assump-

tions since no alternative data was available}

5 Another weak point in the model is to

assume that all trips betwecen the Anatolian Region and

European Region are distributed among the three nodes of

the Anatolion Region with the same percentage. It is

obvious that the distribution percentages differs

between zones. For examplg, all trips of one zone of

the European Region can enter the Anatolian Region from

node 5.

In this section, w¢C will roughly discuss the results

of Table 5.1. [t should be pointed out that these results

are only a summary and a better discussion can be made

with the detailed results. The effect of madifications in route stT
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tures must be~observed'for each route and—each vehicle. Fur-
thermore, assigned volume of vehicles and passengers on each
link of the network must be observed for the alternafives.; The
detailed study assists to develop the performance of theHsys--
tems more precisely, e.g., in maximizing the accessibility tof

the system from all zones of the network.

"As mentioned earlier, the model generates values for
a number of effectiveness measures. Decision makers can develop
a single composite effectiveness measure and this also assists
in a better comparison. To give an cxample of how the decision maker“
should proceed with the provided information let us assume specific performance
measures. At the operational ievcl, the number of tickets sold
could be a performance measure. In that case it can be seeﬁ that the
“fourth alternative is the besf one. More than 10% increase can
be realized if the fourth alternative is selected as a new

urban mass transportation system.

At the service level, thé number of waiting passengers,
transported people and total-passengers X Km could be taken as a
measure of performance. If we consider the wéiting passengers,
the fourth alternative is better than the others. Hoﬁever, it
is not very different from the existing one. If we'consider
the last two meésures, the fourth alternative is the most pro-‘
mising oﬂe once again. The'ﬁumber of transported people is

increased by 1000 and the total-passenger X Km is increased by



15,000 in the fourfl alteTnatives

-

We can, therefore, conclude that the existing resources
will be employed in a  better way with a network having

high-frequency and low-speazd iouie structure.

ULy
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CHAPTER 6

VALIDATION AND EXTENSTONS

6.1 VALIDATION

The most vexing question asked about a simulation
model 1is 'Hew do you know it is valid? llow do you know its
predictions will come true?' Validation is, in general,
to test the agreement between the behaviour of the model
and that of the system. There is no such thing as the ftest!
for validity. Rather, the experimenter must conduct
a series of tests throughout the process of developing the

model in order to build up his contidence.

I this sogtiongowe widl biradel iy i aiiysisis e
typés of error, «in the data used and in the procecdure af
our model and, 'then, introducc the statistical methods

that ican be used to test the validity ot our model:

The main sources ol crror in the tnput of our
model are:
k= Errors in the o/p matrix of the network,
2+ ErEors in the travel I;MU and travel distunée matrices,
3- Errors due to oversimplification of the coded network,

4- Errors in the observed volume ol passengers and

vehicles.
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l- The potential errors in the 0/D matrix arise
because the matrix entries are obtained from the expansion
of the limited sample of trips. ey

2- The travel time and distance matrices are
constant throughout the planning horizon in the model.
However, it is obvious that they change with time and depend
largely on the load of links.

3- Major errors may occur due to the simplified
way in which the network is coded for computer use. Only

the major roads and junctions are normally considered and

all trips are assumed to bepin and end at a point -
zone centroid. Network simplifications may, therclore,
produce large errors on some links ol the network.

4- It must be remembered that the so called

'actual counts' are themselves subject to error, and. that
even in. an extensive counting program, only a limited
sample of links is to be counted and most of these counts

will be the counts of short duration.

Several assumptions were made in developing our
model, any one of which can lead us to draw erroneous'
conslusions; and the main sources of error are:

1- Errors in the path-choice critena

2- Frrors in the loading criteria

3- Eprors in the discharge criteria



1- Tn our model, every traveller uses the same
geographical paths in travellig (rom one zonc of the
network to another and boards on the first incoming vehicle
if it satisfies the path choice criteria. This assumption may
not hold in real life. The traveller may not board the first
incoming vehicle and wait another vehicle arrival considering
such factor as time, seat availabilityetc.

2- The passengers are loaded according to the
capacities of the arriving vehicles. This assumption may
also not hold and they may be loaded considering other factors.
E.g. comparing the travel time of each alternative.

3- In our model, we assume that all travellers

alight at the pre determined stops,

It is clear that every traveller does not behave

in a similar way.

In the remainder of this section, we will briefly
present the tests of validity that can be applied to our
model. However, most tests of validity of similation models
involve comparing thc performance of the simulator under
historical operating conditions with the actual performance
of the system. Unfortunately, we were unable to apply
these tests because the historical data were not available.

(1) First of all, we must assure ourselves that

our model performs the way we intend using a simple test data.
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(2) Reasonableness is checked by emprically testing,
appropriate statistical techniques. We will discuss
briefly some of the useful and important stutlstical.techniques.
a- tests of means (t test or Mann-Whitney test)
b- analysis of wariance (I' test)

c- goodness of fit tests. (chi-square test)

When testing meuns, we are gencrally interested in
whether two sets of sample data could have conc {rom the same
underlying population. Thesc¢ tests could be applicd to our
model .easily ,if .the historical data werc available. Let's

explain the statistical tests with an example.

Suppose that we have passenger flows observed for
5 days and the program that simulates the system is run to

- find 7 days' passenger flows. The results are:

System: 22.0, 22.5, 22.5, 24.0 and 23.5
Madal =’ 2455, 19.5, 25,5, 20.0; 18,0, .2%1.5 and 2t &

using 0.95 significance level, test to determine if there
is a significant difference between the means of the system
and that of the simulator.
7 2

N1=S(Sample Size) X1=22.9(Mean) S1 =0.68(Variance)

N =7 X,=21.5 g
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To solve we first test : §2_ 4 2 oy
1 2

and so calculate F-statistic by

2
the Jareer. 5 it 1. 451 =10.66

the Smaller SZ 0.68

Looking up the critical F volue in Table of the F-distribution

| 6| for 0.05 (1-0.95) with (7-1) and (5-1) degrees of freedom,

we find Ftab=6.lb. Since l(“]f rrub’ we e¢ject that

Similarly, from the ftormulas developed for t, we
can find that the calculated t is less than the eritical
t, we do not reject that the means are equal. We can

conclude that even though the model produces values with
the same mean, the statistical higher variance cause us

tocreexamine our model.

?,;:;' iy The chi-square statistic is used to test the hypothesis
_that a set of emprical data does not differ significantly from

that which would be expected from some specified the oretical

distribution. | 6 | The chi-square statistic is given by

2" k tfo .- fe)2
g gl e

where

f8= observed frequency for each interval
fe= expected frequency for each interval predicted

by the theoretical distribution
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)

If x7=0, then the observed and theoretical

frequencies agree exactly, where as if x2>0 they do not.

Uy
The data used in our model could be validated
using these tests if the historical data were available.
A computer simulation model is in the simplest

sence an input-output transformation device. One of the most

obvious approaches to helping validate our model is to
compare the outputs of the real world system and the model,
using (if possible) identical inputs. By employing an
gppropriate test, (i.e.test means by the t test, test
variances using the F-test) We could detcermine statistically
if two samples are actually from different populations or
'practically' from the same population.
The final and the most important test for the yvalidity of
-our model and the results obtained 1S the answer to the
- question, 'Does it make sense'. The professional judgement
ga§§ghe pebple most intimately familiar with the design and
;éoperation of a system is more valuable and vaiid than any
statistical test. Because the historical data (actual counts)
‘are also subject to error as mentioned previously. At stage,
we can say that our model produces reasonable results,

i
observing the results produced from the application
The results were in accordance with the results produced by

the study carried out by BUTSAE |32{.
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6.2 EXTENSTIUNS

Une of the main advantages of our model is‘that‘ 
it is open for extensions. The extensions can be developedQ,5’ 
 without changing the structure of the model and Computer:ﬁ?‘f
- program completely. Some possibilities for extensions are as

follows.

- The inputs of the model (0D matrix, travel time)
matrix can be made to vary with time -
Furthermore, they can be either deterministic or
probabilistic. Let's examine these cases seperately.
- If the static inputs are deterministic:
For each input, only one matrix is supplied to the
model (as in the casc study in Chapter §)
- It fhe dynamic inputs are deterministic:
Different matrices for the inputs for each time -
period are given.
- If the static inputs have probabilistic values:
The matrices containing the meaﬁ values and the
 distribution functions for the inputs are.given,
We generate random variables associated with each
| input only once and find the matrices.
- If the dynamic inputs are probabilistic:
The matrices containing the mean values and.

distribution functions for travel demand, travel
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tlme and travel distance are glven At>each mlnute,

the random variables for each input are generated

.in order to find out the values of the inputs.

:I;;is possible to produce other performance measnres'frdmgﬁ

-fthe,operation of the model depending on the objective{0f3¢ :
interest. E.g. capacity usage ratio of each route, the
~proportion of the number of sat15f1ed and unsatlsfled

passengers for each zone may be produced

.- = The model allows a new mode of travel to be introduced in

iterms of its route structure, number of vehicles on

-;the routes, and capacity.

A dlfferent approach may be applied to path ch01ces.~E g.

fhe passengers may bc assigned to shortest paths.;i
Con51der1ng the t1me of travel. v' o |

_;n'theumodel 1t is assumed that every traveller; l
“the f1rst incoming vehicdle if this vehlcle:'satlsfies

: - the poth:choice criteria. The traveller can make a preference}

among the arriving vehicles con51der1ng such factors as B

travel time, seat availability, etc.

- Loading of passengers to vehicles are reelized considering j

.- 'the available capacities of competetive vehicles.' Other
'fectors such as travel time can be taken into account.

.:”;‘The-%ime spent by the vehicles at the intermediate

- stops is a function of the number and composition of

ﬂ’passengers in the vehicles and the number of waiting

fpassengers at the stops. Therefore, a function for the time
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spent can be developed depending on the number of boarding

and alighting passcngers.

L }.“J
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APPENDIX A

A.1. COMPUTER IMPLEMENTATION

The model presented in the previous chapters has been
programmed in FORTRAN IV, for the UNIVAC 1106 Computer. In
the following section, a brief description of the organization
of the computer model is given. The array dimensions are such
that a network with up to 60 nodes, 80 routes and 200 vehicles
can be handled. The computer model consists of two successive
pPrograms and storage space requirements are approximately

28,000 and 62,000 words respectively.
A.2. PROGRAM ORGAN L ZATI10N

The.computer model has been developed to implement the
model presented in Chapter 2 and Chapter 4. It consists of two
programs which we call TRSIMXFP and TRSIMSM. In the first pro-
gram, all data require tu solve the state equations;of the pro-
blem is found out. These are all time-independent values,
specifically, the junction number, the number of junctions, the

route numbers that are selected for each node pair according to

86
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path choice criteria, and the adJacency matrix show1ng the
number of routes connecting the node pairs dlrectly It con-
sists of one main program and three subrout;nes. ‘Route- .
structure and travel time matrix are in the inputé of the first

program. It is given in Figure A.1.

The inputs and outputs of the first program and (0/D)
~and travel distance matrix are supplemented to the second
program as an input. The second program is used to solve the
state equations of the problem, and as a result, it produées
all information required to evaluate the urban mass transporta-
4t10n systems.. " This program consists of one main program,
twelve subroutines and one function. It is given in Figure

A2,

The organization of the computer model as a whole is

roughly presented in Figure A.3.

~"A.3. DESCRIPTION OF THE INPUTS -AND THE OUTPUTS OF THE
APPLICATION IN CHAPTER 5.

1. The first three tables (Table A.1, A.2 and A. 3)

have the following form:



Node = 1

1,1 M,z e Nyl

Ni11 Nyp2 N1 20
Ni,a1 Npa2 Ni 50
Nios1
Node = 51
Nep,1 Nsp,o N51 10
No1,11 Ns1,12 No1,20
Ne1,41 Ns1,42 --+ Nsp 59
Noi1,s51 |
At Table Al Nx y Travel time in minutes from node x
to node y
At Table A.2 - N y " Travel distance in kilometers from
, _
' node x to node y
At Table A.3’ o 'N -~ Number of passengers/minute generated

X,y
from node x to-node y

Tables A.4 to A.9 present the existing and .alternative
route structures. The first column specifies the route number
and the second through 18 specify the node number on ‘the route

in an ordered way. fTheflast column contains the number of



Vehicles on the route.

II. The outputs of the model (Table A.10 to Table A.15)

have the following:form:

a. For the results produced for each stop pair:

N
N

1,1
1,11

1,41

2,1

2,11

2,41
2,51

2z

51,1

51,11

51,41

51,51

1,51

Ny 2

Ny, 12

1,42

2,2

2,12

2,42

=

51,2

=

51,12

51,42

Ny 10

N1,20

1,50

2,10
2,20

2,50
51,10
51,20

51,50



Fér Waiting Passengers N_ >4'Number of passengers waiting
at node x to go to node'y
For Boarding Passengers N - Number of boarded passengers
at nod x to go to node y-
For Link Load S N - Number of vehicles assigned

to link (x,y)

b. For the results produced for each stop:

Nl N, ce leo
Niiz Nygo oo Ny
Ngpo Ngzo oo Ngg
Ngp
For Waiting Passengers 'NX - number of waiting passengers
at node x
For Ldéding Passengers Nx\’ number of boarded passengers

.at node x

c. For Route-Passenger x Km:

N, N, ... N

: 10
Nip Nygo-ee Ny
Ne1 Nez2 --- Ny
N, - Passenger x Km for route x.



d. TFor Bus-Passenger x Km and Load Factor:

N

=z

1 Ny 10
Nyp Ny N2g
Ni71 Ni72 Niso
Nig1 Nig2 Nisgs

N, - Passenger x Km for vehicle x
or

N, - Usage Rate of vehicle x

" A.4. LIST OF SYMBOLS

The following symbols are used in the model and.computer

program:
I ﬁode.(stop) number
L vehicle number
IR route number
NSTOP number of‘nbde§
NBUS number of vehicles
NTR number of routés
NOFJ number of junctions
NOB(IR) number of vehicles on route IR

ISTARS (L) starting terminal node of vehicle L



ILASTS(Lj‘br ehding_terminaiAndde'of VGhic1e L

CAP(L)~, total passehgér”capacify of_véﬁicleiL»l
1AVSPC(L)]  available passenger capacity 6f,yéhic1efi
RPASKMCiR) passenger x km of route IR -
‘BPASKM(L) passengervx'km of vehicle L
4ISEF(Lj" number of trips made by vehicle L
.WAITPCI,J) numbef of waiting pasgeﬁgérs at node I to go to |
_ | node J A» o R
FITIME(I,J) travel time between node I and node J
~ IBUSFL(I,J) assigned.volume of‘véhicles on 1ink,(I,J)k
ADJEN(I;J) number of foutes connecting node Iito_node J ,f

directly

‘5Q;IDIST(I,J) trével distance between node I and node J

| ITABLE(L,I) = time-table matrix

NPASS(IR,M) route-station (stop) matrix
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