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Abstract

Ever since the revitalization of the central city area has become an
urgent issue, especially for the countries where motorization accelerates
the urban sprawl and the center of the city, there has been a tendency to
emphasize the importance of studying the walking behavior and
environment of pedestrians.

Insight into walking behavior is essential for theory and model
development describing the behavior of pedestrians on pedestrian
crosswalks. In turn, combined models (Birth-Death process) can be used to
test and compare different infrastructure designs, both from the perspective
of efficiency and safety. To calibrate these models, simple data is required
such as pedestrian arrival rate and pedestrian departure rate.

This thesis deals with an approach to estimate the actual green time
for pedestrian signal. The objective relates to the management of the
pedestrians crosswalks to enhance utilization of traffic signals, which is
considered one of the main issues facing transportation system especially
inside the congested cities. A mathematical model was made to describe
the behavior of pedestrians at and during the crossing of the roadway at
signalized crosswalks. The queuing theory was utilized to model this

process.
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The proposed model was derived and developed for CBD areas based
on actual field measurements of key parameters at crosswalks in the urban
area of Nablus-Palestine. The model was tested and calibrated on other
locations in the city and the CBD area of the city of Ramallah and showed
that it can be applied with significant efficiency which eventually will be

reflected in the design of pedestrian signal.
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Chapter One

Introduction

1.1 Background

Traffic research on roadways has traditionally focused around
automobile traffic. Concerns for the safety and convenience of pedestrians
have often come second to those of motorists. This is, in part, due to the
relative difficulty of modeling pedestrian behavior. Much of this difficulty
arises from the fact that pedestrian behavior tends to be highly complex and
affected by a multitude of parameters.

However, close inspection of crowd behaviors reveals that the motion
of individuals is often governed by a small, relatively simple set of
behaviors. Having made this realization, the difficulty becomes organizing
and keeping track of a large number of autonomous, interacting agents.

There have been many studies regarding the safety effects of managed
crosswalks. Some studies contradict others regarding when a crossing
location should be managed or unmanaged, making the decision process
challenging. Some studies indicate that as traffic volume and speeds
increase, such as on transportation system, pedestrian accidents may
increase more at managed crosswalks than at unmanaged crosswalks.

Pedestrians are legitimate users of the transportation system and they
should be able to use the transportation system safely and without
unreasonable delay. Providing managed crosswalks is one of many ways to

facilitate crossings.



The objective of this thesis related to the management of the
pedestrians crosswalks to enhance utilization of traffic signals, which is
considered one of the main issues facing transportation system especially

inside the congested cities.

1.2 Pedestrian considerations

A wide range of pedestrians can be expected at sites, including the
young, old, and disabled (for example, hearing, visual, and mobility). All of
these pedestrians need a clearly delineated and usable travel path. It must
be recognized that pedestrians are reluctant to retrace their steps to a prior
intersection for a crossing. There are three considerations in planning for
pedestrians in temporary traffic control zones:

A. Pedestrians should not be led into conflicts with work site vehicles,
equipment, and operations.

B. Pedestrians should not be led into conflicts with vehicles moving
through or around the site.

C. Pedestrians should be provided with a safe, convenient path that
replicates as nearly as practical the most desirable characteristics of the
existing sidewalk(s) or a footpath(s).

Consideration should be made to separate pedestrian movements from
both site activity and motor vehicle traffic. Pedestrians should be
appropriately directed with advance signing that encourages them to cross

to the opposite side of the roadway.



In urban and suburban areas with high motor vehicle traffic volumes,
these signs should be placed at intersections so that pedestrians are not
confronted with mid-block work sites that will induce them to attempt

skirting the site or making a mid-block crossing.

1.3 Objectives of the study

There are very limited number of studies that have been done with the
specific objectives of modeling pedestrian behavior on pedestrian
crosswalks.

The main objective of this thesis is related to the management of the
pedestrians crosswalks to enhance utilization of traffic signals, which is
considered one of the main issues facing transportation system especially
inside the congested cities.

This thesis will attempt to develop a mathematical model which would
describe the behavior of pedestrians at and during the crossing of the
roadway at signalized crosswalks.

Since there are many pedestrians crossing the roadway randomly, it is
highly important to organizing pedestrian's crosswalks with proper means
and management. This will result in an increase in the factor of safety and

encourages pedestrian to use crosswalks.

1.4 Study area
Palestine is a typical developing country located in a central location

in the Middle East. Its significance is represented by its geographic



location. Nablus is a major city located in the northern part of the West
Bank. The location of the city is shown in Figure 1.1
This study focuses on Nablus City as the study area. The study
locations are Alwatani intersection, Nablus municipality and Police Center.
A verification of results was tested on one crosswalk in Rammalah

City.
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Figure (1.1): Location of Nablus in the West Bank



The structure of the crosswalks in Nablus is affected by the nature of
the city and congestion as we know. The location of Alwatani Intersection
is very sensitive because it serves one of the important activity centers in
the city, which are Alwatani Hospital in addition to being a sensitive bottle
neck in the city.

It is of great importance to model the pedestrian behavior through
several locations within the study area and the model will apply the

concepts of modeling pedestrian behavior on pedestrian crosswalks.

1.5 Thesis outline
This thesis contains six chapters, which are summarized as follows:-
Chapter one presents the introduction, background, objectives, and
study area.
Chapter two is the literature review.
Chapter three discusses the methodology.
Chapter four is data collection
Chapter five presents the model development and analysis

Chapter six provides conclusions and recommendations of this study.
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Chapter Two
Library Search

2.1 Introduction

Development of any mathematical model now is related to the strength
of the transportation sector. Although the level of technology in
transportation varies and the needs and demands are expressed differently,
the movement of people at crosswalk is essential for human activities and
production.

Living in any urban or rural area without managing the crosswalks in
those cities or villages is impossible. Use of any mathematical models to
design the traffic signal is necessary to manage the crosswalk especially in
the CBD area. Therefore, modeling of pedestrian behavior at pedestrian
crosswalks has to be treated as an integral and basic component of any
comprehensive development plan.

Modeling of pedestrian behavior at pedestrian crosswalks is one of the
key elements in any development plan. There are no international standards
to be adopted in any mathematical model. Historically, some of such
projects are done differently in many countries, and each project is
differing from the other according to many factors such as the behavior of
the pedestrian, pedestrian volume crossing the road, traffic volume,

location of the crosswalk, and public acceptance.
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2.2 Crosswalk markings

In the literature review, crosswalk markings provide guidance for
pedestrians who are crossing roadways by defining and delineating paths
on approaches to and within signalized intersections, and on approaches to
other intersections where traffic stops. Crosswalk markings also serve to
alert road users of a pedestrian crossing point across roadways not
controlled by traffic signals or STOP signs. At non-intersection locations,
crosswalk markings legally establish the crosswalk.

Crosswalks should be marked at all intersections where there is
substantial conflict between vehicular and pedestrian movements. Marked
crosswalks also should be provided at other appropriate points of pedestrian
concentration, such as at loading islands, mid-block pedestrian crossings, or
where pedestrians could not otherwise recognize the proper place to cross.

For added visibility, the area of the crosswalk may be marked with
white diagonal lines at a 45-degree angle to the line of the crosswalk or
with white longitudinal lines parallel to traffic flow as shown in (Figure
2.1). When diagonal or longitudinal lines are used to mark a crosswalk, the
transverse crosswalk lines may be omitted (MUTCD 2002).

According to the European code for crosswalks, which is more
applicable to Palestine, crosswalks shall be solid white not less than 0.15 m
(6 in) nor greater than 0.6 m (24 in) in width and not less than 1.8 m (71 in)

nor greater than 3.0 m (120 in) in length (MUTCD 2002).
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Spacing of lines selected
to avoid wheel path

Figure (2.1): Typical types of crosswalk markings
Source: Manual on Uniform Traffic Control Devices (MUTCD), 2002.

2.3 Pedestrian intervals and signal phases

When pedestrian signal heads are used, a WALKING PERSON
(symbolizing WALK) signal indication shall be displayed only when
pedestrians are permitted to leave the curb or shoulder. A pedestrian
clearance time shall begin immediately following the WALKING PERSON
(symbolizing WALK) signal indication.

The first portion of the pedestrian clearance time shall consist of a
pedestrian change interval during which a flashing UPRAISED HAND
(symbolizing DONT WALK) signal indication shall be displayed. The
remaining portions shall consist of the yellow change interval and any red
clearance interval (prior to a conflicting green being displayed), during

which a flashing or steady UPRAISED HAND (symbolizing DONT
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WALK) signal indication shall be displayed (National Highway Traffic
Safety Administration Traffic Safety Facts (2001).

At intersections equipped with pedestrian signal heads, the pedestrian
signal indications shall be displayed except when the vehicular traffic
control signal is being operated in the flashing mode. At those times, the
pedestrian signal lenses shall not be illuminated (National Highway Traffic
Safety Administration Traffic Safety Facts 2001).

Except as noted above, the walk interval should be at least 7 seconds
in length so that pedestrians will have adequate opportunity to leave the
curb or shoulder before the pedestrian clearance time begins. If it is desired
to favor the length of an opposing signal phase and if pedestrian volumes
and characteristics do not require a 7-second walk interval, walk intervals
as short as 4 seconds may be used (Pedestrian Signalization Alternatives
1985).

The walk interval itself needs not equal or exceed the pedestrian
clearance time calculated for the roadway width, because many pedestrians
will complete their crossing during the pedestrian clearance time.

The pedestrian clearance time should be sufficient to allow a
pedestrian crossing in the crosswalk who left the curb or shoulder during
the WALKING PERSON (symbolizing WALK) signal indication to travel
at a normal walking speed of 1.2 m (4 ft) per second, to at least the center
of the farthest traveled lane or to a median of sufficient width for
pedestrians to wait. Where pedestrians who walk slower than normal, or

pedestrians who use wheelchairs, routinely use the crosswalk, a walking
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speed of less than 1.2 m (4 ft) per second should be considered in

determining the pedestrian clearance time (MUTCD 2002).

2.4 Introduction to queuing theory

Queuing theory models are expressed in a standard notation and use a

suite of parameters in the model formulae. A queuing model is defined in

terms of the following primary characteristics. For use in calculations,

these characteristics are expressed using the letters that is indicated in

brackets following the name of the characteristic.

1.

Request "Arrival Rate" (1). Service requests arrive according to one
of four patterns: steady, irregular, regular, or random.

Service "Distribution Rate" (). The mean number of requests that

are processed within a time period.

"Utilization" (o). The intensity of the pedestrian, that is, the arrival
rate divided by the service rate.

"Number of Servers" (¢). The number of servers that can process the
request. A server in this case may not be the physical server, but may
be a critical subcomponent, depending on what is being modeled
Queue Discipline. How queued requests are processed, which affect
the standard deviation calculation. Examples are: "first-in-first-out"

(FIFO), "last-in-first-out" (LIFO), and priority ordered.
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2.5 An M/G/c model

In this section, a model for an average crosswalk is presented where
pedestrians often need to wait for the passing cars before they can cross the
road. The system is treated as an M/G/o system and observes its behavior
under steady state. Here M refers to the memoryless property of the system
with regard to the pedestrian flow, that is, the arrival of pedestrians is a
Poisson process.

The letter G refers to the general service time distribution, that is, any
prior assumptions are not set on pedestrians’ service time distribution.

The infinity sign co means that there are an infinite number of servers
to serve pedestrian requests to cross the roads. What this means is that all
those who want to cross the road do not have to wait for other pedestrians
in a queue. In other words, in M/G/c0 model, the pedestrian starts to be
“served” by the server, namely the crosswalk, as soon as he/she arrives, and
the service time is just the time that the pedestrian spends to wait for a
proper chance to cross.

No distinguishing is set between “service time” and “waiting time”. In
reality the width of the crosswalk is not infinite but it is assumed that it is
wide enough, the M/G/c0 model takes width of crosswalk equal to oo.

A 60 cm diameter body circle was used to approximate the 50 cm by
60 cm body ellipse proposed by Tunner-Fairbank Highway Research
Center, 1998. In addition, a “buffer zone”, an area of open space around a
pedestrian, of 0.75 m® will be applied to pedestrians while walking

(Tunner-Fairbank Highway Research Center 1998). The other major
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parameters of the simulation will be considered from the literature, Road
Engineering Journal, 1997, or collected in the field.

These parameters and the estimated values are summarized in (Table
2.1). The primary control over the simulation will be the cycle time of the
crosswalk signal, but it may also have other parameters can be considered

and how sensor-tripped signals impact the system.

Table (2.1): Some parameters of the simulation

Parameter Value
Pedestrian diameter 60cm
Walking buffer 0.75m*
Walking speed 1.2m/s
Response time 3sec
Safe gap to cross %mi

Street width, Sidewalk width, Width of | variable

crosswalk

Cycle length ~ 60sec
Pedestrian arrival rate, Vehicle arrival rate variable
Threshold 0.75s”"

Source: Department of Computer Science Duke University 2001.

Average delay per person waiting at the traffic signal are monitored
and attempt to find an optimal cycle time for the signal that will minimize
the average delay per person. This should also reduce the average number
of people waiting at the signal. However, undesirable queuing behavior and

similar effects may not be adequately reflected by the average delay per
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person. Monitoring the average number of people waiting is needed for the

calibration of the performance of M/G/o.

2.6 An M/M/C model
2.6.1 Introduction

A steady-state M/M/C queuing system under batch service
interruptions is introduced to model the traffic flow on a roadway link
subject to incidents.

When a traffic incident happens, either all lanes or part of a lane is
closed to the traffic. As such, these interruptions are modeled either as
complete service disruptions where none of the servers work or partial fails
where servers work at a reduced service rate.

Analyze this system in steady state and present a scheme to obtain the
generating function of stationary number of vehicles on a link. For those
links with high C values, the closed-form solution of M/M/o queues under
batch service interruptions can be used as an approximation. The results
that show the validity of approximate model are presented.

2.6.2 Introduction of sensitivity analysis of M/M/C queuing system

The purpose of this discussion is to analyze the effects of changes in
the system parameters, such as the service rate, the arrival rate and the
number of servers on an M/M/C queuing system in which dynamic pricing
is employed as the control policy.

The pricing control problem of a queuing system emerges from the

question of whether or not to adjust the size of the queue by enforcing a toll
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or an entrance fee on arriving customers. The objective of the problem can
be achieving either individual, in which each customer wants to maximize
his own profit, or social optimality, in which maximizing the profit of
whole system is the objective. The entrance fee can be either static, not
depending on the state, or dynamic, depending on the state, in the pricing
control problems.

An extensive sensitivity analysis for a dynamic pricing problem is
performed by Gans and Savin (2004). They work on the dynamic pricing
problem of a multi-server loss system. Besides the fact that their system is
different from our system, we additionally analyze the effects of the
number of servers on the queuing system and the optimal policy.

Naor (1969) is the first researcher who discusses the pricing problem
by giving quantitative arguments based on an M/M/1/k queuing model. In
this work, he shows the necessity of limiting the arrivals to a queuing
system by a toll to achieve the social optimality. Knudsen (1972) extends
Naor’s study to a multiserver queuing system. In a recent research, Ziya et
al. (2002) studied the effect of the customer willingness to pay, the system
parameters (service and arrival rates), and the waiting room capacity on the
optimal static pricing policies.

Low (1974) studied the optimal dynamic pricing policies of an
M/M/c/k queuing system. As an important result, he states the monotonic
of the optimal prices. In another study, Low (1974) extends his work for

the system with unlimited waiting room capacity. Paschalidis and Tsitsiklis
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(2000) work on the congestion dependent pricing by corresponding to the
events.

In Summary, M/G/c, M/M/C models may be applicable to Palestinian
cities and city of Nablus in particular as a prototype. However, other
models are not applicable or need further studying before they are
recommended for CBD areas. The adoption and justification of

mathematical model for pedestrian behavior is discussed in Chapter Five.



CHAPTER THREE
METHODOLOGY
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Chapter Three
Methodology

3.1 Introduction

Studies that have dealt with the modeling pedestrian behavior on
pedestrian crosswalks are extremely limited, if ever, in Palestine. Lack of
proper transportation infrastructure facilities and services can be an
obstacle to the development models of pedestrian sectors and may hinder
the entire development efforts.

Based on the literature, better management of crosswalks not only
increased number of crosswalks and reduced pedestrians’ congestion and
conflicting maneuvers, but also greatly increased safety.

The objective of this thesis relates to the management of the
pedestrians crosswalks to enhance utilization of traffic signals, which is
considered one of the main issues facing transportation system especially
inside the congested cities, and to evaluate the compliance and
effectiveness crosswalks in Nablus City. Nablus City was chosen in this
study since there are several existing pedestrian crosswalks with reasonable
operating conditions and the limitation of those facilities in the Palestinian
territories.

The methodology adopted in this thesis is based on the following:

A- Data collection which includes :

e The status of the recent pedestrian's crosswalks.
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e Pedestrian volume count on existing crosswalks.
e Survey to record pedestrian behavior.
e Crossing behavior.
e Previous studies of pedestrians crosswalks in Nablus city.
e Pedestrian compliance to existing crosswalks.
e Existing models and systems describing behavior on
crosswalks.
B- Adopting An M/M/C Model depending on notation represented in

Chapter 5 as a mathematical model considering the following:

e Defining variables which control pedestrians behavior during the
maneuver of crossing the crosswalk and waiting to cross which
include:

I- The number of pedestrians crossing and waiting
behavior during the peak hour which is symbolized
with the symbol (N).

2- The distance which the pedestrian crosses the road
which is symbolized with the symbol (W).

3- The average speed of the pedestrians which is
symbolized with the symbol (V).

4- The time required for the pedestrian to cross the road
which is symbolized with the symbol (T).

5- Traffic signal interval which is symbolized with the

symbols (t,, tg, ty).
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6- The width and the length of existing crosswalks which
are symbolized with the symbols (w, 1)
7- Pedestrian signal intervals which are symbolized with
the symbols (P;, P,).
e (Calibrating the mathematical model with cases in other areas in

the West Bank.

3.2 Literature review
A brief explanation of some of the models was described for
pedestrian behavior on pedestrian crosswalks. Several studies list various

items of models used in pedestrian behavior. The list of items includes:

e Variables which control pedestrians’ behavior during the maneuver

of crossing the crosswalk.

e Mathematical model which represents the pedestrian movement
during crossing the road and sets the pedestrian design phase for
pedestrian signal, which will meet the expected demand and

maximize the utilization of traffic flow on the road.
3.3 Data collection
The required data for this project includes:
a) Data about pedestrian behavior on pedestrian crosswalks (the

applicability of specific items for Palestinian cities will be

examined).
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b) Geometric conditions of the selected crosswalks, which show the

location and dimensions of there crosswalks.
c) The status of the recent pedestrian's crosswalks.
d) Pedestrian volume count on existing crosswalks.
e) Survey to record pedestrian behavior.
f) Crossing behavior.
g) Existing models and systems describing behavior on crosswalks.

h) Review local regulations, if any, related to pedestrian behavior on

pedestrian crosswalks.
The main sources of this data are:
1- Nablus Municipality, the geometry of the studied area and
regulations.
2- Previous studies.
3- International sources.

4- Mathematics department at An-Najah National University



24

3.4 Calibrate the mathematical model

Techniques must be established to evaluate the applicability of this
model. Available techniques will be reviewed and the most appropriate
ones (that can solve the problems and can be implemented in a cost
effective manner) will be identified. The application of the model will be
conducted in Nablus City and another location in the West Bank.

A set of conclusions and recommendations will be developed based on

the above analysis.



CHAPTER FOUR
DATA COLLECTION
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Chapter Four
Data Collection

4.1 Introduction

For the development of the proposed model, measurements of certain
pedestrian behavior and counts will be applied on three crosswalk locations
in Nablus city. The first location is Alwatani Hospital crosswalk; this
location has very heavy pedestrian crossing as its channels.

Most of the pedestrians coming from the northern mountainous area
into the CBD area as well as those dropping from transit taxis and buses
coming from eastern side of the city and commuters from outside the city.
The data which collected was grouped into three classes.

The first group is geometric measurements which were used to locate
the number of servers and time spend in the system (1/u) such as the width
and the length of crosswalks and the width of the street implicitly included
in (1/p).

The second group is pedestrian volume waiting and crossing the
crosswalk in different locations at different times and days, which was used
to calculate the arrival rate (A) and service rate (u) for pedestrians within
0.85m of the mid-width of crosswalk, since the buffer zone equals to
0.75m*, as presented in (Table 2.1).

The last group of data is pedestrian signal timing, green and red
intervals, which was used along with pedestrian volume to calculate the

arrival rate (1) and service rate (u) for the crosswalks.
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4.2 Types of collection of data
The needed data to examine the mathematical model on these
crosswalks are:
1. Geometric field measurements
2. Pedestrian volume count
3. Signal timing and plans

4.2.1 Geometric field measurements

All required dimensions are shown in (Figure 4.1, Figure 4.2 and
Figure 4.3), and all significant measurements are presented in the upper
portion of pedestrian volume sheets as shown in Appendix A.

However these measurements are not used directly in the model, such
as width of the crosswalk must be converted to a number of servers by
dividing it into 0.85 m sections which represents the length of walking
buffer for pedestrian (Department of Computer Science Duke University,

2001).



Figure (4.1): Alwatani crosswalk drawing

Figure (4.2): Municipality of Nablus crosswalk drawing
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Figure (4.3): Police crosswalk drawing

4.2.2 Pedestrian volume count

(Figure 4.4 and Figure 4.5) show a typical output data and the
variation of number of arrival and departure of pedestrians per time
interval.

(Tables 4.1) and (4.2) give two typical outputs of the data collected.
Appendix A gives details of the data collected for the different periods of
the day and week. Appendix A shows the statistical analysis of the
collected data and the average arrival rate and service rate for the collected

data.
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Table (4.1): Sample of data collected at Alwatani crosswalk (Arrival)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Alwatani First Day /First Hour

COUNTY: Nablus CITY: Nablus TYPE OF CONTROL.:
Manual
STUDY DATE: TIME: FROM 8:00 AM OBSERVER :B.C Group
17/3/2007 TO 9:00 AM
CROSSWALK WIDTH: (5.00 m) CROSSWALK LENGTH: (8.74 m)
STREET WIDTH: (9.24m) RED INTERVAL LENGTH
FOR( PEDESTRIAN) 75 Sec

GREEN INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH
PEDESTRIAN):(30 Sec) (FOR VEHICLES):(64 Sec)
RED INTERVAL LENGTH (FOR YELLOW INTERVAL LENGTH
VEHICLES):(38 Sec) (FOR VEHICLES):(3 Sec)
PRI No of Arrival Rate PRI # No of Arrival Rate

# Pedestrians (Peds/Hr) Pedestrians (Peds/Hr)

1 8 384 19 10 480

2 5 240 20 11 528

3 2 96 21 30 1440

4 12 576 22 3 144

5 5 240 23 5 240

6 12 576 24 21 1008

7 6 288 25 9 432

8 7 336 26 13 624

9 5 240 27 25 1200

10 17 816 28 30 1440

11 4 192 29 35 1680

12 20 960 30 20 960

13 11 528 31 18 864

14 5 240 32 19 912

15 11 528 33 4 192

16 6 288 34 17 816

17 4 192 35 7 336

18 5 240

Average Arrival Rate

(Peds/Hr) 579

PRI: Pedestrian Red Interval Number
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Table (4.2): Sample of data collected at Alwatani crosswalk (Services)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Alwatani First Day /First Hour

COUNTY: Nablus

CITY: Nablus

TYPE OF CONTROL:
Manual

STUDY DATE:
17/3/2007

TIME: FROM 8:00 AM OBSERVER :B.C Group

TO 9:00 AM

CROSSWALK WIDTH: (5.00 m)

CROSSWALK LENGTH: (8.74 m)

STREET WIDTH: (9.24M )

GREEN INTERVAL LENGTH
FOR( PEDESTRIAN) 30 Sec

RED INTERVAL LENGTH (FOR

PEDESTRIAN):(75 Sec)

GREEN INTERVAL LENGTH (FOR
VEHICLES):(64 Sec)

RED INTERVAL LENGTH (FOR

VEHICLES):(38 Sec)

YELLOW INTERVAL LENGTH (FOR
VEHICLES):(3 Sec)

PGI # No of Arrival Rate PGl # No of Arrival Rate
Pedestrians (Peds/Hr) Pedestrians (Peds/Hr)
1 1 120 19 2 240
2 2 240 20 3 360
3 2 240 21 1 120
4 2 240 22 2 240
5 4 480 23 3 360
6 2 240 24 1 120
7 2 240 25 2 240
8 1 120 26 2 240
9 3 360 27 3 360
10 3 360 28 5 600
11 2 240 29 6 720
12 2 240 30 6 720
13 1 120 31 5 600
14 3 360 32 4 480
15 3 360 33 1 120
16 2 240 34 4 480
17 2 240 35 2 240
18 3 360
Average Service Rate
(Peds/Hr) 315

PGI: Pedestrian Green Interval Number




32

The second location that this thesis will analyze 1s Nablus
Municipality crosswalk. This location is also sensitive because it is one of
the important activity centers in the city, which is Nablus municipality, but
the number of pedestrians at this location is less than that of Alwatani.

The third location that this thesis will discuss is Nablus Police Center

crosswalk which has coordination with Nablus municipality crosswalk.

Number of pedestrians

el
AR Y

0 5 10 15 20 25 30 35

Time interval number

Figure (4.4): Pedestrian arrival distributions with respect to time intervals
at Nablus Municipality crosswalk
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Figure (4.5): Pedestrian service distribution with respect to time intervals
at Nablus Municipality crosswalk

The average arrival rate (L), average service rate (n) for the studied
crosswalks, and the detailed pedestrian volume counts are shown in
Appendix A. A summary sheet for the pedestrian volume counts is shown
in Appendix A.

4.2.3 Signal timing and plans

There are several types of signal timing for pedestrian signals,
including concurrent, exclusive, “leading pedestrian interval” (LPI), and
all-red interval. In general, shorter cycle lengths and longer walk intervals
provide better service to pedestrians and encourage better signal
compliance. For optimal pedestrian service, fixed-time signal operation

usually works best.
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In this thesis, the final group of collected data is pedestrian signal
timing, green interval and red interval, which were used with pedestrian
volume to calculate the arrival rate (A) and service rate (n) of crosswalks,
then to compare the pedestrian green time with the model output, which

represents the total time spend in the system, (w ).

4.3 Actual interval at the studied locations
The actual signal time in three locations are shown in (Table) 4.4. The
difference between the three locations in pedestrian green interval (PGI)

related to number of pedestrian entering the locations are presented .

Table (4.3): Traffic signal timing along the studied area

Crosswalk Name VGP VRP VYP PGP PRP | CYCLE
Alwatani Hospital 64 Sec 38Sec | 3Sec | 30Sec | 75 Sec 105
Nablus Municipality 88 Sec 24 Sec | 3 Sec | 18Sec | 97 Sec 115

Nablus Police Center 82 Sec 30 Sec 3Sec | 21 Sec | 94 Sec 115

VGP: Vehicles Green Interval (sec)

VRP: Vehicles Red Interval (sec)

VYP: Vehicles Yellow Interval (sec)

PGP: Pedestrians Green Interval (sec)
PRP: Pedestrians Red Green Interval (sec)




CHAPTER FIVE
MODEL DEVELOPMENT AND ANALYSIS



36

Chapter Five
Model Development and Analysis

5.1 Introduction

Model development and analysis measures will be applied on the three
studied locations in Nablus City. This chapter represents the formulation of
the model through the collected data variation, queuing theory notations,

parameter of model formulae, frame work for(M /M /C) model, and finally

the discussion and analysis followed by the calibration of the model.

5.2 Data characteristics
The characteristics of collected data at the studied crosswalks shown
in (Figures 5.1 through 5.5), which give an indications for the variation of

collected data for different locations, days and periods.
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5.3 Mathematical model notation
The basic queuing model is shown in (Figure 5.6). Queuing theory
models are represented by a notation of the form A/S/C/K where:
e "A" is the probability distribution of the inter arrival times.
e "S" is the probability distribution of the service times.
e "C"is the number of servers.
e "K" is the maximum number of requests allowed to arrive.
The notation varies depending on the values of the parameters. "A" or
"S" or both are replaced by the Poisson distribution notation, "M", when
the probability distribution they follow is a Poisson distribution. Hence
there are notations such as M/M/C/K, M/S/C/K, or A/M/C/K.
If there is no limit of the maximum number of requests allowed to
arrive (i.e., if "K" is infinite), then "K" is commonly omitted from the

notation. Hence there are notations such as A/S/C, M/M/1, or M/M/2.

System
Queue or Service
waiting line facility

ArTiving . TR ———— -
s I X X XXX Departing customers
customers i

w

Figure (5.6): Basic queuing model
Source: Hamdy A. Taha, 1996.
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5.4 Model adoption

Since pedestrian arrived at crosswalk and departure from it takes the
form of a poison distribution, and based on notation mentioned above, the
variables "A" and "S" become as "M" and the crosswalk is divided into
more than one channel. This leads to use variable C to represent the number
of channels.

For queuing discipline, this study assumed first-in-first-out (FIFO)
queues in all cases. Which symbolized as "GD", then the type of
pedestrians and number of pedestrians are not limited, this study assumed

o for the type and number of pedestrians.

5.5 Theoretical framework(M /M /C), (GD, o, )

This thesis gives a model for an optimal pedestrian green time at
signalized intersections, The study treats this system as an (M /M/C)
system and observe its behavior under steady state. Here M refers to the
pedestrian arrival and departure processes in the system with regard to the
pedestrian flow, that is, the arrival and departure of pedestrians is a Poisson
process. The letter C refers to the number of services in the system.

It is to be indicated that there should be a constrain on the maximum
number of channels (C max) in the system. This constrains (C max) is

subjected to the available geometry in the field, and is estimated as follows

(where w equals to the existing crosswalk’s length).

0.85
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Then the word GD refers to services policy (First Come First Serve).
The infinity sign co means that the type and number of pedestrians are not

limited.

5.6 Applicable behaviors

The arrival rates of pedestrians and vehicles are governed by a Poisson
distribution. To control pedestrians behavior, (M /M /C) and (GD,c,x)
describes a methodology for creating simulations using ‘“steering
behaviors” that is well-suited to our objectives.

Some applicable behaviors include:

e Maintain a buffer zone while walking.

o Take the shortest path to a destination.

e Avoid collisions with obstacles and other
pedestrians.

e Enter the crosswalk if the signal permits.

In(M/M/C), (GD,,0) implementation, this study focuses on the
above four behaviors that are necessary for the implementation of the
model.

It should be indicated that the model (M/M/C) was applied for
pedestrian traffic in one direction only. Pedestrians traffic in the opposite
direction will be treated in the same way.

The following equations control the system (crosswalk) from arrival

time to departure time.
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Under steady state conditions and at any point, expected rate of flow
in that point = expected rate of flow out from the same point. (Figure 5.7)

shows the steady state case (Hamdy A. Taha, 1996).

)

Figure (5.7): Steady state case

From (Figure 5.7) there are:

Ao X Py = Py X 1ty =

A
Pp=—Py=
H,
A X
p =0 =
My X
A XA X, A
p, = 0 XA n-1 D,
Ly Xy X, y7s



44

c—1 n c © n-c
pO = £ +p_>< B
0 n! c! s c) | (5.1)

C
P, Becomes as equation (5.2)
- -1
c—1 n c 1
P, = Z PP
h=0 n! c! 1— P Il e (5.2)
B C /]

o= (%)
L) (5.3)

L, :i(n—c)xpn =

n=Cc

c+l1
_ P
Lq B ((C _ 1)!><(C _ ,0)2 ) X B0 (5.4)

From Little's formula given L , W, and W,

Li=L,+p

......................................................................................... (5.5)
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Lq
Wq = 7 .................................................................................................................... (5.6)
1
WS :Wq b o ettt (5.7)
Y7
A
. Piile <1
At all time C UXC
where:
P, : Probability of having n Number of Customers in "the System"
L, : Expected Number of Customers in "the System"
L, : Expected Number of Customers in "the Queue"
W, : Expected Waiting Time of a Customers in "the System"
W, : Expected Waiting Time of a Customers in "the Queue"

5.7 Model's output

Since the average arrival rate " 4" and the average service rate " " for

all locations has been calculated in Appendix A, it is very useful to use it

directly in the above calculation to find "W, " (Expected Waiting Time of a

Customer in the System) which finally represents the pedestrian required

green interval and to compare it with the actual signal interval.

An example for calculating (W,) using a given "A" and " u "

Defining the known variables from Appendix A

"A" =287 P/Hrand "#" =255 P/Hr.
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Assuming number of servers = 2 servers which is equal to (2 x0.85) =

1.70 meters from the crosswalk.

A- Calculating ( 2 ) from equation number 5.3
A
. P
287
P =17z |-
. 255 ) =1.12549

B- Calculating ( Po ) from equation number 5.2

- -1
c-1 n c
P, = PP !
) n=0 n' C' 1_ B
C
- 4-1
21 1.12549"  1.12549°2 1
. R = ; n! * 9! % 1_1.12549
i 2 i
e [Pr=0.27980

C- Calculating (L,) from equation number 5.4

: L‘*:&c—l)ﬁZ—pfjxm
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3
L - 1.12549

o [(2—1)!><(2—1.12549

; j x 0.27980

L, =0.52161

D- Calculating (W, ) from equation number 5.6

Lq
o W=7
052161
o a 287
Wq =0.00182

E- Calculating (Ws) from equation number 5.7

o« W,=W, +l

)7

. W, =0.00182 L
255

« W, =0.00574hr

o W,=0.00574x3600 =20.66 sec
Since W, (Expected Waiting Time of Customer in The System)

represents the pedestrian green time which is equal to 20.66 Sec from

above calculation, this means that at crosswalk with length of 1.70 m and
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pedestrian arrival rate" 2" equal to 287 P/Hr and pedestrian services rate
"u" equal to 255 P/Hr, (M /M /C), (GD,x,) model advanced the designer
to use 21 sec of pedestrian green time at pedestrian signal.

All calculation for multiple numbers of servers is represented in

Appendix C.

5.8 Using TORA software
Since manual calculation for (M /M /C), and (GD,x,») model is very
difficult, it was very necessary to use available developed by Taha (1996)
was used.
All procedures for using TORA software are shown in Appendix (D).
TORA has a total of 8 modules :
1. Linear programming
2. Transportation
3. Networks
4. Integer programming
5. Queuing
6. Histogramming / forecasting

7. Inventory
The most important model using in this study is queuing analysis, and

the following forms show TORA output for all cases in studied area:

TORA Optimization System - Version 2.0, Oct 1996

Hamdy A. Taha. All Rights Reserved.
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Zahir W. Abu Sa'a

Date: Fri Apr 13 18:04:23 2007
QUEUEING OUTPUT
Problem title: For All Locations

Scenario 1 -- (M/M/2):(GD/*/*)

Lambda=  287.00000 Lambda eff= 287.00000
Mu=  255.00000 Rho = 1.12549

Ls= 1.64710 Lq= 0.52161

Ws = 0.00574 Wq = 0.00182

Values of p(n) for n=0 to 19, else p(n) <.00001

00.27980 10.31491 20.17721 3 0.09973 40.05612
50.03158 60.01777 70.01000 8 0.00563 9 0.00317
100.00178 11 0.00100 12 0.00056 13 0.00032 14 0.00018
15 0.00010 16 0.00006 17 0.00003 18 0.00002 19 0.00001
Cumulative values of p(n) for n=0 to 19

00.27980 10.59471 20.77193 30.87165 40.92777
50.95935 60.97713 70.98713 80.99276 9 0.99592
100.99771 11 0.99871 12 0.99927 13 0.99959 14 0.99977

15 0.99987 16 0.99993 17 0.99996 18 0.99998 19 0.99999
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Scenario 2 -- (M/M/3):(GD/*/*)

Lambda=  287.00000 Lambda eff=  287.00000
Mu=  255.00000 Rho = 1.12549

Ls= 1.19823 Lq= 0.07274

Ws = 0.00418 Wq = 0.00025

Values of p(n) for n=0 to 12, else p(n) <.00001
00.31856 10.35853 20.20176 3 0.07569 4 0.02840
50.01065 6 0.00400 70.00150 8 0.00056 9 0.00021
10 0.00008 11 0.00003 12 0.00001

Cumulative values of p(n) for n=0 to 12

00.31856 10.67709 2 0.87886 3 0.95455 4 0.98295
50.99360 60.99760 70.99910 8 0.99966 9 0.99987
10 0.99995 11 0.99998 12 0.99999

Scenario 3 -- (M/M/4):(GD/*/*)

Lambda=  287.00000 Lambda eff= 287.00000
Mu=  255.00000 Rho = 1.12549
Ls= 1.13728 Lq= 0.01179

Ws = 0.00396 Wq = 0.00004



Values of p(n) for n=0 to 10, else p(n) <.00001

00.32368 10.36429 20.20500 30.07691 40.02164

50.00609 60.00171 70.00048 8 0.00014 9 0.00004 10 0.00001
Cumulative values of p(n) for n=0 to 10

00.32368 10.68797 20.89298 30.96989 4 0.99153

50.99762 60.99933 70.99981 80.99995 90.99999

10 1.00000

Scenario 4 -- (M/M/5):(GD/*/*)

Lambda=  287.00000 Lambda eff= 287.00000
Mu=  255.00000 Rho = 1.12549

Ls= 1.12732 Lq= 0.00183

Ws = 0.00393 Wq = 0.00001

Values of p(n) for n=0 to 9, else p(n) <.00001

00.32439 10.36509 20.20545 30.07708 40.02169
50.00488 60.00110 70.00025 8 0.00006 9 0.00001
Cumulative values of p(n) for n=0 to 9

00.32439 10.68948 2 0.89493 30.97201 40.99370

50.99858 60.99968 70.99993 80.99998 9 1.00000
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Scenario 5 -- (M/M/6):(GD/*/*)

Lambda=  287.00000 Lambda eff=  287.00000
Mu=  255.00000 Rho = 1.12549

Ls= 1.12575 Lq= 0.00026

Ws = 0.00392 Wq = 0.00000

Values of p(n) for n=0 to 8, else p(n) <.00001

00.32448 10.36520 2 0.20551 30.07710 40.02169
50.00488 6 0.00092 70.00017 8 0.00003
Cumulative values of p(n) for n=0 to 8

00.32448 10.68968 2 0.89519 30.97229 40.99399

50.99887 60.99979 70.99996 8 0.99999

Since the users need more useful data to use in designing green
interval for pedestrian signal, TORA can give summary tables including all
measures used to design green phase of pedestrian signals. (Table 5.1)
through 5.3 show TORA output summary for all locations in the studied

arca.



Table (5.1): Comparative measures for Alwatani crosswalk
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Nbr c Lambda | Mu | I'da_eff Ls Ws Lq Wq
1 2 571 299 571 21.637 | 0.038 | 19.727 | 0.035
2 3 571 299 571 2.615 | 0.005 | 0.706 | 0.001
3 4 571 299 571 2.049 | 0.004 | 0.139 | 0.000
4 5 571 299 571 1.941 | 0.003 | 0.031 | 0.000
5 6 571 299 571 1.917 | 0.003 | 0.007 | 0.000

where:

Nbr : Scenario Number (No)

C : Number of Servers (No)

Lambda : "Arrival Rate" (1) (Peds/hr)
: "Arrival Rate" (u) (Peds/hr)

Mu

I'da_eff : Effective "Arrival Rate" (1) (Peds/hr)

L

S

Lq
W, :
W,

. Expected Number of Customers in '"the System' (No)

. Expected Number of Customers in "the Queue'" (No)

- Expected Waiting Time of Customers in '"the System' (Hr)
: Expected Waiting Time of Customer in '""The Queue" (Hr)
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Table (5.2): Comparative measures for Nablus Municipality crosswalk

Nbr c |Lambda| Mu |l'da eff| Ls Ws Lq Wq
1 1 108 161 108 | 2.038 | 0.019 | 1.364 | 0.013
2 2 108 161 108 | 0.756 | 0.007 | 0.085 | 0.001
3 3 108 161 108 | 0.680 | 0.006 | 0.010 | 0.000
4 4 108 161 108 | 0.672 | 0.006 | 0.001 | 0.000

Table (5.3): Comparative measures for Nablus Police Center crosswalk

Nbr c |Lambda| Mu |l'da eff| Ls Ws Lq Wq
1 1 181 275 181 1.926 | 0.011 | 1.267 | 0.007
2 2 181 275 181 0.738 | 0.004 | 0.080 | 0.000
3 3 181 275 181 0.667 | 0.004 | 0.009 | 0.000

From (Table 5.1) and for W, column (expected waiting time of

customer in the system), which represents the required pedestrian green

time in relation to the number of servers (C), it is found that the expected

waiting time of a customer in the system decreases as the number of servers

(C) increases until reaches the optimal value which is equal to 0.003 hr 5

servers. However, based on the available geometry in the field, the

maximum number of servers are limited to 3. As shown in (Table 5.1), the

W, corresponding to 3 channels in 0.005 hrs. therefore the required

pedestrian green time for Alwatani crosswalk equals to 0.005 X 3600 = 18

sec and the width of crosswalk equal to 3 multiplied by 0.85 or 2.5 m.
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(Figure 5.8) shows the relationship between the number of servers and

required pedestrian green time.
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Figure (5.8): Relationship between the number of servers and required
pedestrian green time at Alwatani crosswalk

From (Figure 5.8) the designer can use the optimal value or any
pedestrian green time relative to number of servers. By this method, the
(M/M/C), (GD,,») will be more flexible to designer for designing
pedestrian green interval.

(Tables 5.2) and 5.3, and (Figure 5.9) show the relationship between

the last two locations in the studied area.
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Figure (5.9): Variation between Municipality crosswalk and Police Center
crosswalk with relative of pedestrian green time and number of servers

From (Figure 5.9), the upper curve represents the relationship between
pedestrian green time and number of servers at municipality crosswalk and
the lower curve represents the relationship between pedestrian green time
and number of servers at police center crosswalk. The variation of upper
and lower curves depend on the value of (/£ ), where municipality
crosswalk has greater value.

But for Alwatani crosswalk, it not possible to compare the two
locations represented in (Figure 5.9) because at Alwatani crosswalk the

"Arrival Rate" (4 ) is greater than the "Services Rate" () and number of

servers equal one which make it inapplicable.
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5.9 Variation of model output and actual pedestrian green time

(Table 5.4) shows the variation of actual pedestrian green time at

studied location and required pedestrian green time based on (M /M /C),

(GD,oo,oo).

Table (5.4): The variation of actual green time and model output

Time
Crosswalk Name AGT MOP CW
Alwatani Hospital 30 Sec 18 Sec | 2.50m
Nablus Municipality 18 Sec | 22Sec | 2.5m
Nablus Police Center 21 Sec 15Sec | 1.70m

AGT : Actual Green Time

MOP : Model Output

CW : Crosswalk Width (based on (M M /C), (GD,oo,oo)

Form (Table 5.4), it is found that Alwatani crosswalk actual green time
is greater than model output which means that there is no need for 30 sec of
green time for pedestrian; only 18 sec. Since Alwatani crosswalk are
considered a sensitive location in Nablus city, Nablus Police assigns a
policeman for scheduling pedestrian movement at this crosswalk from 7
Am to 8 Am. It was observed that the policeman overrides the traffic signal
and gives priority for pedestrians to cross, while stopping vehicles during

vehicular green interval.
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For Nablus Police Center crosswalk and Nablus Municipality
crosswalk, these two locations have coordination. The pedestrian flow from
Police crosswalk moving towards the Municipality crosswalk, the design
engineer used a very limited green time to satisfy coordination
requirements. For that, model output at Nablus Municipality crosswalk is
larger than the actual pedestrian green value.

Based on relative difference in statistical analysis and referring to
(Table 5.4). (Table 5.5) shows the difference between actual green time and

the model output.

Table (5.5): Difference between actual green time and the model output

Time
Crosswalk Name AGT MOP RD
Alwatani Hospital 30 Sec 18 Sec 0.40
Nablus Municipality 18 Sec | 22Sec | 0.18
Nablus Police Center 21 Sec 15 Sec 0.29

AGT : Actual Green Time
MOP : Model Output

RD : Relative Deference (absolute value)

Form (Table 5.5), it is found that there is a relatively high percentage
deference in all locations in studied area which makes it more efficient to

use the model output in all locations to reduce delay.
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5.10 Model calibration relative to other locations

Calibration of the developed model is conducted in other urban
locations in the West Bank. For example, one location in Nablus city at
Alfatimia intersection, the other locations is in Ramallah city at the Islamic
Arab Bank intersection to record the arrival rate and departure rate of the
pedestrian to be tested as model's input, and to draw an output parameter
representing the green phase for pedestrian. (Tables 5.6 and 5.7) show the

data collected at Alfatimia crosswalk.
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Table (5.6): Data collected at Alfatimia crosswalk (Arrival)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Alfatimia Crosswalk

COUNTY:Nablus CITY: Nablus TYPE OF CONTROL:
Manual
STUDY DATE: TIME: FROM 10:00AM TO | OBSERVER :B.C
10/4/2007 11:30AM Group
CROSSWALK LENGTH (8.5)m
GREEN INTERVAL LENGTH (FOR RED INTERVAL LENGTH
PEDESTRIAN):(11 Sec) FOR( PEDESTRIAN): 94 Sec
RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH
VEHICLES):(40 Sec) (FOR VEHICLES):(61 Sec)
PRI # No of Arrival Rate | YELLOW INTERVAL LENGTH
Pedestrians (Peds/hr) (FOR VEHICLES):(4 Sec)
PRI # No of Arrival Rate
1 3 115 Pedestrians (Peds/hr)
2 6 230 24 3 115
3 3 115 25 1 38
4 1 38 26 1 38
5 1 38 27 2 77
6 2 77 28 3 115
7 1 38 29 1 38
8 2 77 30 1 38
9 3 115 31 2 77
10 1 38 32 1 38
11 1 38 33 2 77
12 1 38 34 1 38
13 2 77 35 2 77
14 3 115 36 1 38
15 2 77 37 1 38
16 3 115 38 2 77
17 2 77 39 0 0
18 2 77 40 1 38
19 1 38 41 3 115
20 1 38 42 1 38
21 1 38 43 0 0
22 2 77 44 2 77
23 2 77 45 1 38
Average Arrival Rate
(Peds/hr) = 66

PRP: Pedestrian Red Interval Number
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Table (5.7): Data collected at Alfatimia crosswalk (Services)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Alfatimia Crosswalk

COUNTY:Nablus CITY: Nablus TYPE OF CONTROL.:
Manual

STUDY DATE: TIME: FROM10:00 AM TO | OBSERVER :B.C

10/4/2007 11:30 AM Group

CROSSWALK LENGTH (8.5)m

RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH

PEDESTRIAN):(94 Sec) FOR( PEDESTRIAN): 11 Sec

RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH

VEHICLES):(40 Sec)

(FOR VEHICLES):(61 Sec)

PGI # No of Service Rate/Hr | YELLOW INTERVAL
Pedestrians LENGTH (FOR VEHICLES):(4
Sec)
PGI # No of Service
1 0 0 Pedestrians | Rate/Hr
2 4 1309 24 1 327
3 1 327 25 1 327
4 0 0 26 1 327
5 1 327 27 0 0
6 1 327 28 2 655
7 0 0 29 0 0
8 1 327 30 1 327
9 1 327 31 0 0
10 1 327 32 1 327
11 1 327 33 1 327
12 0 0 34 1 327
13 2 655 35 1 327
14 2 655 36 1 327
15 1 327 37 0 0
16 0 0 38 1 327
17 1 327 39 1 327
18 0 0 40 2 655
19 1 327 41 1 327
20 1 327 42 1 327
21 0 0 43 0 0
22 1 327 44 2 655
23 1 327 45 1 327
Average Services Rate
(Peds/hr) = 298

PGI: Pedestrian Green Interval Number
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From (Tables 5.6 and 5.7), the average arrival rate "1" equals to 66

n "

ped/hr and the average service rate "u" equals to 298 ped/hr. Applying

these variables using TORA program, gives the output shown in (Table

5.7).

Table (5.8): Comparative measures for Alfatimia crosswalk

Nbr c |Lambda| Mu |I'da eff| Ls Ws Lq Wq

1 1 66 298 66 0.284 | 0.004 | 0.063 | 0.001
2 2 66 298 66 0.224 | 0.003 | 0.063 | 0.000
3 3 66 298 66 0.222 | 0.003 | 0.000 | 0.000

From (Table 5.8) and for W, column (expected waiting time of

customer in the system), which represents the required pedestrian green
time and compare it with the number of servers (C), it is found that the
expected waiting time of customer in the system decreases if the number of
servers (C) increases until reach the optimal value which is equal to 0.003
hr at number of servers equal to 2. This means that the required pedestrian
green time for Alfatimia crosswalk equal to 0.003 multiplied by 3600 or 11
sec and the width of crosswalk equal to 2 multiplied by 0.85 or 1.70 m.
(Figure 5.10) shows the relationship between the number of servers and

required pedestrian green time.
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Figure (5.10): Relationship between the number of servers and required
pedestrian green time at Alfatimia crosswalk

Comparing model output with the actual pedestrian green time, (Table

5.9) shows the difference between the actual green time and model output.
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Table (5.9): The variation of actual green time and model output at
Alfatimia crosswalk

Time

Crosswalk Name AGT MOP CW

Alfatimia 11 Sec 11 Sec 1.70m

AGT : Actual Green Time

MOP : Model Output

CW : Crosswalk Width Based on(l\/l /M /C), (GD,oo,oo) Model

Form (Table 5.9), it is found that at Alfatimia crosswalk, the actual
green time is equal to the model output which means that the designing of
pedestrian green time at Alfatimia crosswalk is accurate based on
(M/M/C), (GD,w,) model.

The other location where the model calibrated on is in Ramallah city at
the Islamic Arab Bank intersection. (Tables 5.10 and 5.11) show the data

collected at Islamic Arab Bank crosswalk.
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Table (5.10): Data collected at Islamic Arab Bank crosswalk (Arrival)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Islamic Arab Bank

COUNTY: Ramallah

CITY: Ramallah

TYPE OF CONTROL:

Manual

STUDY DATE: TIME: FROM 10:00AM TO | OBSERVER :B.C

21/4/2007 11:25AM Group

CROSSWALK LENGTH (16.8)m

GREEN INTERVAL LENGTH (FOR RED INTERVAL LENGTH

PEDESTRIAN):(16 Sec) FOR( PEDESTRIAN): 84 sec

RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH (FOR

VEHICLES):( 82 Sec) VEHICLES):(15 Sec)

PRI # No of Arrival Rate | YELLOW INTERVAL LENGTH
Pedestrians (Peds/hr) (FOR VEHICLES):(3 Sec)
PRI # No of Arrival Rate

1 3 129 Pedestrians (Peds/hr)
2 6 257 24 1 43
3 3 129 25 4 171
4 2 86 26 3 129
5 3 129 27 2 86
6 2 86 28 3 129
7 1 43 29 2 86
8 2 86 30 1 43
9 3 129 31 2 86
10 0 0 32 5 214
11 3 129 33 4 171
12 5 214 34 6 257
13 2 86 35 3 129
14 3 129 36 2 86
15 2 86 37 0 0
16 3 129 38 2 86
17 2 86 39 1 43
18 2 86 40 2 86
19 0 0 41 1 43
20 2 86 42 2 86
21 5 214 43 3 129
22 2 86 44 0 0
23 2 86 45 2 86

Average Arrival Rate

(Peds/hr) = 104

PRI: Pedestrian Red Interval Number
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Table (5.11): Data collected at Islamic Arab Bank crosswalk (Services)

PEDESTRIAN VOLUME SHEET

LOCATION ID: Islamic Arab Bank

COUNTY: Ramallah

CITY: Ramallah

TYPE OF CONTROL:
Manual

STUDY DATE: TIME: FROM 10:00AM TO | OBSERVER :B.C

21/4/2007 11:25AM Group

CROSSWALK LENGTH (16.8)m

RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH

PEDESTRIAN):(84 Sec) FOR(PEDESTRIAN): 16 Sec

RED INTERVAL LENGTH (FOR GREEN INTERVAL LENGTH

VEHICLES):(82 Sec) (FOR VEHICLES):(15 Sec)

PGI No of Service Rate | YELLOW INTERVAL LENGTH
# Pedestrians (Peds/hr) (FOR VEHICLES):(3 Sec)

PGI # No of Service Rate/

1 1 225 Pedestrians (Peds/hr)
2 2 450 24 2 450
3 1 225 25 2 450
4 1 225 26 0 0
5 0 0 27 1 225
6 2 450 28 2 450
7 1 225 29 0 0
8 1 225 30 2 450
9 0 0 31 0 0
10 0 0 32 0 0
11 1 225 33 1 225
12 1 225 34 0 0
13 0 0 35 2 450
14 2 450 36 1 225
15 1 225 37 0 0
16 0 0 38 0 0
17 1 225 39 2 450
18 2 450 40 1 225
19 0 0 41 2 450
20 1 225 42 1 225
21 0 0 43 2 450
22 0 0 44 1 225
23 1 225 45 1 225

Average Arrival Rate

(Peds/hr) = 210

PGI: Pedestrian Green Interval Number
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From (Tables 5.10 and 5.11), the average arrival rate " 2" equal to 104

n '

ped/hr and the average services rate equal to 210 ped/hr. Applying

u '
these variables to the model developed (TORA program) the output is as

shown in (Table 5.12).

Table (5.12): Comparative measures for Islamic Arab Bank crosswalk

Nbr c |Lambda| Mu |l'da eff| Ls Ws Lq Wq

1 1 104 210 210 0.981 | 0.009 | 0.486 | 0.005

2 2 104 210 210 0.528 | 0.005 | 0.032 | 0.000

3 3 104 210 210 0.498 | 0.005 | 0.003 | 0.000

From (Table 5.12) and for W, column (expected waiting time of

customer in the system), which represents the required pedestrian green
time and compare it with number of servers (C), it is found that the
expected waiting time of customer in the system decreases if the number of
servers (C) increases until reach the optimal value of 0.005 hr at number of
servers equal to 2 . This means that the required pedestrian green time for
Islamic Arab Bank crosswalk equal to 0.005 multiplied by 3600 or 18 sec
and the width of crosswalk equal to 2 multiplied by 0.85 or 1.70 m. (Figure
5.11) shows the relationship between the number of servers and required

pedestrian green time.
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Figure (5.11): Relationship between the number of servers and required
pedestrian green time at Islamic Arab Bank

Comparing model output with the actual pedestrian green time, (Table

5.13) shows the difference between the actual green time and model output.
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Table (5.13): The variation of actual green time and model output at
Islamic Arab Bank

Time

Crosswalk Name AGT MOP CW

Islamic Arab Bank 16 Sec 18 Sec 1.70m

AGT : Actual Green Time

MOP : Model Output

CW : Crosswalk Width Based on(l\/l /M /C), (GD,oo,oo) Model

Form (Table 5.13), it is found that at Islamic Arab Bank crosswalk, the
actual green time is less than model output which means that the designing

of pedestrian green time at Islamic Arab Bank crosswalk must be increased

by 2 sec based on (M /M /C), (GD,ox,») model.
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Chapter Six

Conclusions and Recommendations

6.1 Introduction

Modeling pedestrian behavior is designed and built with the intention
of providing better service than is available in the CBD area. One of the
important considerations in CBD area is the behavior of pedestrian,
especially at crosswalk; pedestrian becomes under tension to pass the road
safely. Modeling pedestrian behavior is usually not too difficult to obtain in
a rural area where development is light. However, this becomes

challenging in urban areas where the area is built-up and space is limited.

6.2 Conclusions and recommendations
Based on the analysis presented in the thesis and the model developed,

several conclusions were reached as follows:

e The model developed is based on queuing theory, "first-in-first-out"

FIFO queues in all cases.

e It is concluded that the model adopted based on the Poisson

distribution notation of the form A/S/C/K where:

s "A" is the probability distribution of the inter arrival times.
s "S" is the probability distribution of the service times.
¢ "C" is the number of servers.

s "K" is the maximum number of requests allowed to arrive.
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e The model can be used to design pedestrian signal (green time)

since (W,) "time spent in the system" is the main element of model

output. However pedestrian signal design procedure considers a

minimum crossing time and a departure walk time.

e The model considered the crosswalk width as part of the design

output.

e The model can be applicable in other locations in the studied area

and CBD urban areas in general.

e The model is considered comparable to other methods of designing

pedestrian signals.

This study showed the importance of modeling pedestrian behavior.

As a result of this study, the following recommendations were depicted:
e Develop an extension of the model to include a full scale
intersection signal design by modeling behavior of all road users.

e Develop a more user friendly software to be more useful in

layout.

e Analysis of the potential applicability of a model in non-CBD

arcas.

e The possibility of the inclusion of handicapped pedestrian in the

model.
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e Develop the model to consider the width of crosswalk as a direct
input.

e Develop a coordination of crosswalk system in CBD area from

the same methodology considered in this thesis.
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APPENDIX (A)

v’ (Data collection at the studied area)
v’ (Statistical analysis of the collected data)

v’ (Average arrival rate and service rate)
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v’ (Data collection at the studied area)

Excel Sheet
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v’ (Statistical analysis of the collected data)

Excel Sheet
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v’ (Average arrival rate and service rate)

Excel Sheet



&3

APPENDIX (B)

(Student's t-Distributions)

(Standard Normal Distributions)
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INTEGER
AND
FirsT Seconp DeCIMAL OF 2
Decimar
oF z | .00 01 .02 03 .04 .05 06 07 .08 .09

00 |.5000 .5040 .5080 .5120 .5160 .5199 5239 5279 5319 5359
0.1 5398 5438 5478 .3517 .5557 .5596 .5636 .5675 .5714 5753
0.2 5793 5832 5871 .5910 .5948 .5987 .6026 .6064 .6103 6141
03 .6179 6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 6517
0.4 .6554 6391 .6628 .6664 .6700 .6736 .6772 .6808 .6844 6879

05 |.6915 6950 .6985 .7019 .7054 .7088 7123 7157 .7190 .7224
0.6 |.7257 7291 .7324 7357 7389 7422 7454 7486 .7517 7549
0.7 |.75380 .7611 .7642 .7673 .7704 7734 .7764 7794 7823 7852
0.8 |.7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133
0.9 |.8159 8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389

1.0 |.8413 8438 .8461 .8485 8508 .8531 .8554 8577 .8599 8621
1.1 |.8643 8665 .8686 .8708 .8729 8749 8770 .8790 .8810 .8830
12 8849 8869 .8888 .8907 .8925 8944 8962 8980 .8997 9015
1.3 ].9032 9049 9066 9082 9099 9115 9131 9147 9162 9177
14 19192 9207 9222 9236 9251 9265 .9279 9292 9306 9319

d(z) for z=0.02 is found in the row labelled 0.0 and the column labelled .02. Thus, forz =002, d(z) =
&(0.02) = 3080. ®(z) = 1 — df—z); thus for z=—0.02, $D(—0.02)=1— P0.02)=1— 5080 = 4920_

Source: The Statistical Analysis of Data, Second Edition T.W.Anderson/S.L.Sclove
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INTEGER
AND
FirsT Seconp DeciMAL OF z
Decimal
OF = .00 01 02 .03 .04 .05 06 07 .08 .09

1.5 19332 9345 9357 .9370 .9382 9394 9406 9418 9429 9441
1.6 19452 9463 .9474 9484 9495 9505 .9515 .9525 9535 .9545
1.7 9554 9564 .9573 .9582 .9591 .9599 9608 9616 .9625 .9633
1.8 9641 9649 9656 .9664 .9671 .9678 .9686 9693 9699 0706
19 9713 9719 9726 9732 9738 9744 9750 9756 .9761 9767

20 9772 9778 9783 9788 .9793 .9798 9803 .9808 .9812 .9817
21 9821 9826 9830 .9834 .9838 .9842 9846 .9850 .9854 .9857
22 9861 9864 9868 .9871 .9875 9878 9881 9884 9887 9890
23 19893 9896 9898 9901 .9904 9906 .9909 9911 9913 9916
24 :.9918 29920 9922 9925 9927 9929 9931 9932 9934 9936
25 19938 9940 9941 9943 9945 9946 .9948 .9949 9951 9952
26 19953 9955 .9956 .9957 .9959 9960 9961 9962 9963 .9964
27 19965 9966 .9967 .9968 .9969 9970 9971 9972 9973 9974
28 19974 9975 9976 9977 9977 9978 9979 9979 9980 .9981
29 19981 .9982 .9982 .9983 .9984 .9984 .9985 9985 9986 .9986
3.0

L9987 9987 9987 9988 9988 .9989 .9989 9989 .9990 .9990

Source: The Statistical Analysis of Data, Second Edition T.W.Anderson/S.L.Sclove
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SiGNIFICANCE LEVEL FOR ONE-TAILED TEST a

f 10 05 025 01 005
1 3.078 6.314 12.706 31.821 63.657
2 1.886 2.920 4.303 6.964 9.925
3 1.638 2.353 3.182 4541 5.841
4 1.533 2132 2.776 3.747 1604
5 1.476 2015 2571 3.365 4.032
6 1.440 1.943 2.447 3.143 3.707
7 1415 1.895 2.365 2.998 3.499
8 1.397 1.860 2.306 2.89 3.355
9 1.383 1.833 2.262 2.821 3.250
10 1372 1.812 2.228 2.764 3.169
11 1.363 1.796 2.201 2.718 3.106
12 1.356 1.782 2.179 2.681 3.054
13 1.350 1.771 2.160 2.650 3.012
14 1.345 1.761 2.145 2.624 2977
15 1.341 1.753 2132 2.602 2947
16 1.337 1,746 2.120 2.584 2921
17 1.333 1.740 2.110 2.567 2.898
18 1.330 1.734 2.101 2552 2.878
19 1.328 1.729 2.093 2.540 2861
20 1.325 1.725 2.086 2528 2845
21 1.323 1.721 2.080 2518 2.831
22 1.321 1.717 2.074 2.508 2.819
23 1.320 1.714 2.069 2.500 2.807

Source: The Statistical Analysis of Data, Second Edition T.W.Anderson/S.L.Sclove
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SIGNIFICANCE LEVEL FOR ONE-TAILED TEST a

f 10 05 025 01 005
24 1.318 1.711 2.064 2.492 2797
25 1.316 1.708 2.060 2.485 2.788
26 1.315 1.706 2.056 2.479 2.779
27 1.314 1.703 2.052 2473 2771
28 1.312 1.701 2.048 2.467 2.763
29 1.311 1.699 2.045 2462 2.756
30 1.310 1.697 2.042 2457 2.750
40 1.303 1.684 2.021 2423 2.704
60 1.296 1.671 2.000 2.390 2.660
120 1.289 1.658 1.980 2.358 2.617
x 1.282 1.645 1.960 2.326 2.576

For a one-tailed test a is the significance level of the test against the alternative that the mean is
positive. For a two-tailed test refer to the column headed by 1/2 of the desired significance level; for
example, if the significance level is 5% use the percentage point in the column headed .025.

Source: The Statistical Analysis of Data, Second Edition T.W.Anderson/S.L.Sclove
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(TORA Output)

Programs Sheet
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(TORA Procedures)
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TORA INSTALLATION AND EXECUTION
The TORA software is written for the IBM/PC/XT/AT and true
compatible. It requires 512K RAM and MS-DOS 3.2 or higher. The
software uses the notation and procedures developed in:TAHA, H.,
OPERATIONS RESEARCH: AN INTRODUCTION, 6/e, Prentice Hall,
1979
TORA can be executed from the floppy drive (a: or b:) or from the
hard disk (c:). A hard disk is recommended.
INSTALLATION ON HARD DISK
Make a separate directory named TORA (or any other name of your
choice) and copy all the contents of this diskette into the created directory.
STEP-BY-STEP HARD DISK INSTALLATION:
1. Turn on the computer.
2. Copy the software folder to your computer
3. The installation is now complete.

4. Open the TORA folder and double click on this icon

Tora.exe

5. TORA is running now and the following windows appear
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B3 D:\TRANSP~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA.EXE

Uersion 2.8, Jan 1997

Computer Algorithms for
H. Taha, OFERATIONS RESEHRGH AN INTRODUCTION. &6th ed.. 1997
Prentice Hall, Inc.
Upper Saddle River, New Jersey B745H8
—

Copyright <c> 1989-27 Hamdy A. Taha. All rights reserved. This
software iz furnizhed under a licenszing agreement and may be
used andsor copied only in accordance with that agreement. It
iz against the law to copy this software on tape, disk, or any
other medium without written permiszszion from the publizher.

Press any key to continue

6. Press enter to next stage and the following windows appear

B D:\TRANSP~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA.EXE

~[gx]

MAIN
Transportation model
Network models
Integer programming
Queweing analysis
Hiztogram-Forecast
Inventory models

eszage Area

<F1>*Main Menu <F?>Exit TORA

7. From the windows shown in step 6 you can and using down arrow

choose queuing analysis then press enter by this way the following

window appears
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B D:\TRANSP-~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA. EXE -0 ﬂ

MAIN
Linear programming
Transportation model
Metwork models

Integer programming
Queueing analusis

SELECT QUEUEING MODEL a DATA ENTRY
s |Read an existing data file
Pollaczek—-Khintchine (P-K) model =

Use T or 1 then =1 Use Tt or | then 4=

ezzage Area

{F1>Main Menu <F?3Exit TORA

8. choose enter new problem then follow the instruction appear in the
screen as follows;
e enter problem title and number of scenarios as shown in the

following window then press enter

B3 D:\TRANSP-~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA.EXE -3 ﬂ

Use or then *
:Edit cell. :Goto preceding cell, :Go UpsDn. tExit cell

Prohlem Title
Nbr of Scenarios

essage Area

{F1>Main Menu <F8XDone?! <F?3Exit TORA

e After filling problem title and number of scenarios the

following window appears
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B3 D:\TRANSP~1\Master\Thesis\Ramadan'\ZAHER\TORA\TORA. EXE | ﬂ

Use or then *
tEdit cell. :Goto preceding cell. :Go UpsDn. tExit cell

Problem Title Masret Thesis
Nbr of Ecenarios 5

Lamhda Hu nhr sprurs Sys lim Source lim

Scenario #1: inf inf

Input data format for:
Pure hirth: Lambda=t a a inf inf
Pure death: a Hu*t 1 N N

eszage Area

<{F1>Main Menu <{FB>Done* <F?>Exit TORA

e Fill all required variables such as Lamda and Mu, you can
discursiveness between the variables by clicking Enter key.
e When finishing all required variable press F8 then the

following window appears

B3 D:\TRANSP~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA.EXE -|a ﬂ

Do you wiszh to save this (new or modified? set of data (ysn)?




94

e From the above step you can choose Yes or No by writing Y
or N from the key board, choosing Y recommended. Then the
following widow appears

BN D:\TRANSP-~1\Master\Thesis\Ramadan\ZAHER\TORA\TORA.EXE i m| ﬂ

QUEUEING ANALYSIS

QUEUEING OUTPUT RESULTS
Print output of one scenario
View measures of all scenarios
Print measures of all scenarios

ezzage Area

<F1>Main Menu <{F%?>Exit TORA

e You can see you output or print it in to file or to the printer
directly by clicking Enter on any choose
e If you choose print output in to file, TORA directly saved you

output file in the same folder mentioned in step 2.
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