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ABSTRACT

In this thesis, the problem of sequencing and setting
interconnected traffic signals is addressed. BRoth analytical
and numerical models exist for the single intersection
problem. The objective is to improve the performance, that is

measured in terms of total delay, by incorporating the

inter-dependence of the successive signals. Hence, a method

was developed for sequencing and timing of the interconnected
signals to enable the wuse of an existing computer package,
TRANSYT—?F, designed for finding the time setting of
interconnected signals given the required sequence, The
method developed in this thesis 1lead to improving the
performance on a selected case study as well as decreasing the

required computer time while providing good solution.
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CHAPTER ONE
Introduction
1.1 Background:
Queueing theory is one of the most important fields of
applied sciences that is widely used in a variety of areas
such as computer systems, telecommunications, traffic and

transportation engineering. The importance of Queueing Theory

comes from its applicability and capability to solve real-life

problems,

In this research, queueing models have been used to solve
traffic. problems, especially delay problem. The aspect of
minimization of delay is important since it is directly
proportional to fuel consumption and pollution of environment.
When delay is minimized, more vehicles are allowed to pass a

certain point of the road in a given period of time.

1.2 Study Area:

The area under study is Prince Shaker Street. A map of
the area is shown in Fig 1.1. The principal reason for
choosing this street is the existence on it of five
inter-connected traffic signals. Because the goal of this
study is to apply operations research methods, especially, the
queueing theory and simulation, in order to schedule these
traffic signals to have a smooth traffic flow, this street is
considered suitable for case study. Other factors that affect
the selection of this corridor are:

1) This area is one of the fast developing sections in Amman.

This can be seen clearly from the large population that moved
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from other éarts of Amman to this area.

2) Because of the traffic congestion in the center of Amman,
which was a result of the increase in the number of
vehicles, it was natural for many of the businesses to move
outside the center.

3) Another characteristic of this area is the existance in it

of some centers ot attraction, such as restaurants, banks,

and governmental departments. These centers attract

traffic.
4) This area 1is considered as a major link between several
areas in Amman.

Because of all the factors listed, it is not unusual to
find that this area has a high traffic volume. For this
reason, traffic authorities, including Municipality of Greater
Amman, found it necessary to change the geometry of séveral
intersections in that area. An intersection is defined as the
general area where two or more highways or streets join or
cross each other., Within an intersection are included the
roadway and roadside facilities for traffic movements in that
area. One of the intersections in this area was previously
an at-grade intersection, at which traffic intersects at the
same level, was changed later to a multi level intersection
-the Mukhabarat interchange-. Another intersection was
up~-graded from a circle to a signalized intersection, namely,

wadi Sakra intersection.

1.3 Objective:

The objective of the selected case is to study the

All Rights Reserved - Library of lJniversity of Jordan - Center of Thesis Deposit



traffic flow at Prince Shaker Street between Mukhabarat and
Wadi Sakra Intersections, to determine how to get the traffic
flow as smooth as possible. To achieve this objective, it is
important not to have bottleneck points where ° traffic
congestion occurs. Accordingly, taking into consideration all
what has been discussed above, the problem on hand is to "SET

SIGNAL SEQUENCE AND TIMING FOR INTERCONNECTED TRAFFIC

SIGNALS". Stated differently, the problem is to schedule the

separate intersections signal timing so as to eliminate the
problem of congestion and delays in traffic flows.

Mathematical analysis and modeling, techniques of systems
and control engineering, and computer simulation, are some of
the methods that can be used in this problem. When it becomes
evident that an intersection has become a bottleneck
detrimental to the satisfactory operation of the adjacent
highway system, a detailed study of 'its physical and
operational capabilities and limitatiqns must be carried out.
Based upon the study, appropriate decisions can be made as to
the nature and degree of improvement possible and justifiable.

Signal sequencing can be achieved by modeling the system
as queues with service interruptions, whiéh is one kind of
queueing systems. Interruption at a given intersection means
that traffic signal changes to RED, and a queue starts to
build-up at the specified intersection.

Simulation is a powerful analysis and design tool. Once
a simulation model is constructed, it acts as an
experimentation laboratory in which the impacts of various

design alternatives can be carefully evaluated.
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The simulation technigque has been used in the case this
research is dealing with, and Queueing Models, which is the
heart of simulation has been applied through a computer
package known as TRANSYT-7F, which has a built-in traffic
models that wuses simulation. This research attempts to use

anew algorithm to improve utilization of TRANSYT-7f procedure.

1.4 Overview of the Thesis:

In chapter two, a review of related 1literature is
presented. Chapter three which is titled Research
Methodology, included three main parts, the collected data
that is needed in this ;esearch, the mathematical model that
was tested in order to minimize delay, and the simulation
technique used in order to find an optimal or near-optimal
solution using a computer package named TRANSYT-7F. In
chapter four, TRANSYT-7f was implemented and a new algorithm
was developed in order to reach the solution in a very shoét
time. Chapter five concluded the research and suggests some

ideas for future research topics.
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CHAPTER TWO

Literature Review

2.1 General

A number of researchers had investigated problems
associated with intersections such as delay of vehicles, and
queue at the up-stream of the intersection (the in-coming

traffic). Some of those researchers used conventional methods

to solve intersection problems like Webster and Pignataro.’

Others tryed to find some new measures that could be used and
give global solutions as Shanteau and Taylor. In the
following sections, the methods used to solve the problem of

congestion and minimizing delay.

2.2 Webster's Formula¢*-2-3»

Webster has developed the following approximate formula
for determining the optimum cycle length in terms of minimum

delay:

Co = (1.5L + 5)/(1 =7 ya) cuveennn.... (2.1)

where, Co = optimum cycle length, seconds
L = lost time, seconds
Y1 = design flow/saturation flow
The above formula is a simple approximation of a more
complicated relationship. 1In this methqd, all, or nearly all,
of the amber time is assumed to be usable for vehicle
movement . To start with, the conflicts between streams are

prevented by a separation in time for the different traffic
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movements. The proceduré by which the streams are separated
is known as Phasing the Traffic. Each phase should not have
any intersecting (conflicting) traffic. The number of phases
employed at any intersection should be kept to a minimum. In
Jordan, left-turns on red are prohibited. So, the
left-turners could not turn between gaps of the opposing
traftfic. Therefore, a special phase for left-turn movements
is to be introduced.

The capacity of approach, which is the leg of
intersection having traffic movement, is affected by two
factors, geometric and traffic factors. These two factors are
discussed below.

2.2.1 The Geometric Factor

This factor includes lane width, gradient, and radius of
turning movements. The saturation flow, which is the flow in
_vehicles per hour which would be obtained if there was an
infinite queue of vehicles and given a 100 per cent green
time, is an important factor in designing the intersection,
since it is dependent on geometric parameters. For the

unopposed traffic streams, the saturation flow is given by:

81 = (S0 - 1404.)/(1 + 1.5 £/r) cevuu..... (2.2)
where, S1= saturation flow for unopposed
streams, pcu
So= 2080 - 42d5 * G + 100 (w - 3.25)
dn= 1is 1 for nearside lanes and 0 for
non-nearside lanes

dg= is 1 for uphill entries and 0 for
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downhill entries.

f = is the proportion of turning
vehicles in the moving traffic lane

r = is the radius of curvature of
vehicle paths, meters

G = 1is the percentage gradient for the
entry lane

w = is the lane width at entry, meters

For opposing traffic streams (which is not considered in

Jordan}, saturation flow S. is given by

where, Sz= saturation flow for opposing streams
Sg= 18 the saturation flow in lanes of
opposing mixed turning _traffic
during the effective green period

{pcu/hr)
Sc= saturation flow in lanes of opposed
mixed turning traffic after the

effective green period (pcu/hr).

2.2.2 The Traffic Factor

This is the second factor that affects the approach. This is

mainly introduced by the use of weighting factors, referred to

as passenger car units ,pcu's, which is a representation of

larger vehicles, such as trucks and buses, as equivalent to a
number of passenger cars to be used in Level of Service and

capacity analysis. The magnitude of the equivalency is
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dependent upon vehicle size and weight, vehicle operating
characteristics, vehicle speeds, and rdadway characteristics,
such as gradient. Important traffic factors that affect
capacity of the approach are:

1) Determination of effective green time. This factor
indicates the number of vehicles that could cross a stop line
over the whole c¢ycle, comprising red, green, and yellow (or
amber) intervals.

2) Lost time occurs due to starting delays, while some
vehicles cross the stop line during the amber interval either
before or after the actual green phase. This measure, lost
time, is considered in design of capacity. It can be

calculated as shown in the following formula:

Effective green time= actual green interval + amber interval

—lost time.....ci ittt e e (2.4)

3) Cycle length. In order to find the optimum cycle
length, a new measure is defined. The y-value, which is the
flow on the approach divided by the saturation flow, is a
measure that gives an indication about how green time should
be split. Then, the sum of the maximum y-values for all
approaches , Y, 1is considered in finding the optimum cycle
length, Co. This is found experimentally by simulation of
flow at different traffic signals as shown in equation:

399036

Co=(1.5L +5)/(1 -¥) ............ (2.5)
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This optimum cycle length would result in minimum overall
delay when employed with fixed time signals and should result
in waiting vehicles clearing the intersection. Then, the
effective green time is divided by the phases in the ratio of
the ¥mas. Of each phase.

The effective green period could not be taken simply as
measured. It depends also, as stated earlier, on the gecmetric
factors of the approach. For example, when the width of
approach is wide, the effective green for that approach could
be recalculated taking into consideration the saturation flow,
actual flow, and approach width.

The length of gueue at any approach at the beginning of
the green period could then be found easily. Two cases are
possible:

a. Unsaturated green period: where the queue disappears

during the green period before the green signal- phase changes

to amber. The following equation finds the number of vehicles

in the queue:

where, Nu = initial queue at the beginning of

the unsaturated green period, pcu

q = flow (pcu/sec)

r

effective red (sec)

b. Saturated green period: where, the queue builds up and

does not disappear before the start of the amber interval. 1In

this case, the delay is a major element in order to find the
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length of queue that should be considered, as in the following

equation:
r qj qj
No = max { q(— + d) {1+ — ) r qr(1+ —) } (2.7)
2 av av
where,

N. = initial queue at the beginning of
a saturated green period, pcu
g and r= as defined previously

d = average delay per vehicle (sec)

o}
1]

number of lanes in queue
J = average spacing of vehicles in
gueue
v = free running speed, m/sec
As mentioned before, this method was developed mainly
under the assumption of getting minimum delay. The average
delay per vehicle on a particular intersection could be

calculated as follows:

d=cA+ (B/@) — C t.iiirrrennnannas (2.8)

where, d= minimum delay, sec
¢c= cycle length, sec
A= (1-R)2/2(1-2x)
B= x2/2(1-x%)
C= 0.65(c/g2)1/3xc2+5A ) , correction
factor

7\: proportion of cycle that is
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effectively green
x= degree of saturation "g/sA"
g= flow, pcu/sec
This average delay per vehicle is used to find the total

delay (D) for the intersection as follows:

D = j(average delay per veh.) * flow

By differentiating this total delay with respect to cycle time
C, and setting the derivative to =zero, the optimum cycle

length, Co, is then as follows:

£

oy
1]

H

]

=
1

= total lost time per cycle

o : jiyﬂ Y 4+ 1/E]-Y

F=13+
2
L{1+Y)2  y. S-
E = [4(Y-y.)2-y2(1-Y)=2]
16 n¥Ys ' -y,
Y = Ymas Over all phases, which is the

ratio of design flow to the -

saturation flow

2.3 Pignataro's Method ¢1-3)

Pignataro has suggested a method that is used widely
nowadays in the signalization of intersections. In this

method, the first step is the phasing of traffic.
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Interéections of more than four approaches may require a
division of the cycle time into more than two phases, which,
in general, should be avoided, since each additional phase
lengthens the overall cycle. This may result in increasing
delay.

In this method, for the timing of traffic signals it is

extremely desirable to consider the variation in traffic flow

during the peak hour. A peak 15-minute period is considered

to be the shortest practical time to express this wvariation.
The peak hour factor (PHF) is defined as the ratio of vehicles
entering the intersection during the peak hour to four times
the number of vehicles entering during' the peak 15-minute
period. Left turning vehicles and commercial vehicles require
more green time than do straight or through passenger cars.
One method of addressing this problem is treated in the
following paragraph. —

The procedure used in this method to account for the

determination of commercial vehicles, and turning movements on

the time of start up, or average headway, in the determination’

of cycle time, is to convert the demand volume, given in mixed
vehicles per hour with percentage of commercial vehicles and
left-turns (which is not considered here in Jordan), to an
equivelent volume in straight passenger cars. This procedure
develops passenger car equivelent (pce) for all demand volume.

Under this procedure, each non-left turning passenger car is
equal to 1 pce each. Buses and trucks are assumed to be each
equal to 1.5 pce. This is based on the finding that each

left-turn movement consumes 1.3 seconds of additional time.
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Since the minimum departure headway is 2.1 seconds, it can be

shown that:

1 left-turn = (2.1 + 1.3)/2.1 = 1.6 pce

Vehicle clearance interval, which is the required

sufficient time for vehicles to clear the intersection before

cross traffic starts to move, is a very important measure that

is considered in the sense it incorporates a safe stopping
distance. The Traffic Engineering Handbook(®’® recommends the

following formula:

where, Y= clearance intérval, in sec
t= perception-reaction time, in sec,
suggested value = 1.0
V= approach speed of c¢learing vehicle,
in ft/sec
a= deceleration rate of clearing
vehicle, in ft/sec?, suggested value
= 15
w= intersection width in ft
1= length of vehicles in ft, suggested =
20
This formula is based on a coefficient of anti-skid friction
of about 0.5.

The goal of Pignataro's method is finding the appropriate
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cycle length. 1In general, the calculated minimum cycle length

will be checked against the following requirements:

Ya
Cmin = 4»»0-(2.12)
1 — [ N.S./3600(PHF)]

where, Cmin= minimum cycle length, seconds
Ni= c¢ritical lane volume, the number of
vehicles in a single lane entering
the intersection during the peak
hour, pce.
Si= approximat average headway between
vehicles entering the intersection
Y.= vehicle clearance interval in sec

PHF= peak hour factor

This minimum length is split between the different phases
in proportion to the relative critical lane volumes. The
green time for each apprcach is checked. Cycle failure is
addressed indirectly by regqguiring that the peak 15-minute
volume for each leg be accomodated in the green time available
to that leg in the peak 15-minutes; that is, it is required

that, for all approaches,

N.S, 900

< Gi it (2.13)

4(PHF) C

where, N, and S.= as defined previously
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PHF

peak hour factor

C = cycle length, seconds

Gi= available green time for phase i
constant 900= number of seconds in

15 minutes.

2.4 Shanteau's Method¢*’

Shanteau developed a new method for measuring the

saturation flow and lost time. This method depends mainly on
constructing some curves. The importance of the saturation
flow comes from the fact that the number of vehicles that
cross the intersection in the green phase is dependent upon
green interval. Previously, the number of vehicles were

calculated using the following equation:

N(t) = s (£t ~La ) .ceeveiieinnannn. (2.14)
where, s = saturation flow, vph
t = time that allows vehicles cross

the intersection, seconds
L.= starting lost time, seconds

The new method presented by Shanteau assumes that the

number of vehicles to enter the intersection in one phase is
not simply N(G), where G is the green time, because vehicles
continue to enter for some time after light turns yellow. The
amount of yellow time (Y) that is effectively unused is the
ending lost time Lo, s¢ the number of vehicles to enter in one

saturated phase of length G+Y is:

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



17
N(G+Y) = s ( G+ Y - La - La } .....(2.15)
and, if the total lost timelis La+Ls = L, then
N(G+Y) = s ( G+ ¥ - L) ....cou.... (2.16)
By célculating the number of vehicles which have cleared
the intersection, the number of vehicles that are still in the

queue at the signalised intersection can be determined.

2.5 Taylor, et al Approach ¢S?

In their paper titled 'Queue volume: a measure of
congestion', Taylor, et al used a new approach for identifying
the traffic performance. This approach mainly uses the
traffic detector data to identify the congested situations.
The new measure is named the ''degree of congestion'. In some
previous work, the queue length was considered. It seeks to
minimize the sum of the queue lengths on each arm o¢f an
intersection or over a network. 1In another work, the "free
capacity'" on the link , which is the difference between the
link length and the gueue length, was considered as a measure
of traffic congestion. The new measure of congestion
developea by Taylor is the "Queue Volume'. This measure is
based on the level of gqueueing, and on the length of time a
queue persists. The advantage of this measure is that it
provides a time dimension reflecting the proportion of the
cycle for which a given queue was at or close to the maximum.

This means that when the maximum queue is equal to the link
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length, queue volume continues to increase. However, queue
volume is a better estimator than maximum queue length,
particularly at periods of high delay. This measure was
tested against traffic density and vehicle time-of-occcupancy,
and high a correlation was found. As a result of this study,
and because this measure gives a time dimension to the queue

length, it represents the true behaviour of traffic flow more

accurately than the existing methods using queue 1length.

Finally, queue volume should be considered in improving the

operation of vehicle-responsive signal control.

2.6 Lin's et al Findings¢®?

Lin et al pointed out the three basic¢ requirements that
should be satisfied by a queue dissipation model developed for
simulation analysis of signal operations. First, the model
should provide a realistic representation of the probabilistic
characteristics of queue discharge times or headways. Second,
after the green onset, queued vehicles will enter and occupy a
specified space in the approach lane for different lengths of
time. The model should provide a realistic representation of
the probabilistic characteristics of such dwell times. And,
finally, the model should be sufficiently flexible that it can
be conveniently calibrated for varying conditiqns.

In his study, Lin used a simple car-following model to
reproduce queue dissipation characteristics. In this model,
the followiné assumptions are made:

(1) A driver would assume that at any instant the vehicle

immediately ahead has the possibiltity of decelerating at a
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rate E and coming to a stop.

(2) a driver would adjust the vehicle speed continuocusly so
that an acceptable deceleration rate KE can be applied to
achieve a safe stop if the vehicle ahead decelerates at the
expected rate E and comes to a stop.

Based on these assumptions, the driver behaviour can be

represented as:

where, B= constant rate of speed change of

following vehicle

V== speed of the following vehicle E =
decelefation rate of vehicle 1, < 0

K = a positive constant repreégnting the
degree of risk a driver is willing to
take

h = a small time interval

The inputs to the simulation model include the following
traffic charateristics: vehicle length, vehicle type, driver
reaction time in response to the green onset, speed, and
spacing between stopped vehicles. This study concluded that
the driver reaction time can assume a constant value. The
length of each vehicle does not have to be treated separately.

Instead, the average length of each wvehicle type (passenge
cars, trucks, busses, etc) could be taken to represent the

lengths of individual vehicles. The spacing between stopped
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vehicles can be represented by a constant wvalue, The
probabilistic nature of steady state speeds and the variations
of tﬁe K factor due to behavioral differences among drivers

should be considered well.

2.7 Srikar and Vinod's Method¢??

Srikar and Vinod constructed a closed gueueing network

performance model at American Airlines to evaluate the’

performance of large complex flow shops. This model, which
was named ONET, estimated the performance and capacity of Jjob
shops using a network of queues models. The reason of using
these queues models is three-fold: (1) extensive data for
simulation is needed, (2) violation of thecoritical
assumptions, though queueing networks proved to be good tools
to deal with such situations, (3) simulation models are time
consuming, so, gueueing models proved to be ideal.

ONET model, although it is built mainly to £ind the
capacity and performance of a landing gear shop, it can be
applied in the traffic modeling for the following reasons:

1. the model consists of a closed queueing network with a
finite number M of work stations (traffic signals are
considered as work stations)

2. first-come-first-served (FCFS) or infinite-server
(INFS) gueue disciplines can be simulated ( FCFS,
could simulate the queue before the traffic signal if
the signal is red. INFS, could simulate the transit
time on the road between two traffic signals)

3. each work station i may have one or more identical
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machines, ci, with a service time distribution that is
exponentially distributed (each intersection has four
legs -approaches-, and each approach has three
movements, through, 1left, and right turn. Each
movement could be considered as a machine cy)

4, jobs that have distinct process plan are classified as

a distinct job class. R job classes with distinct

work-in-process (WIP) 1levels are considered in this

model {(each vehicle type -bus, car, truck ...ete-
could be considered as a job class. Clearance time of
the wvehicle -time to cross the intersection while the
signal is green- could be considered as the WIP time)

5. the needed data to process each job is and
(variance and mean)

6. concerning memory requirements, QNET was tested and
found accurate for large problems, M=50 and R=200
(maximum of 50 traffic signals and 200 of vehicle
types)

7. breakdown and repair of unreliable work stations are
allowed in this model (breakdown represents a red
signal, and service represents a green signal)

The output of ONET model is very important in so many
ways. It echoes the input data: the work station summary, the
process plans and work load summary by part type. The
performance characteristics about the system are provided
also. These performance characteristics are:

1. average gqueve length. This measure could point the

minimum total delay concerning the intersection
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average waiting time (including service)
utilizatione.which can give a¥clear-—idea about the usage
of green siééals

identify bottleneck stations, where this can point the

intersections that are considered as a bottlenecks.
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CHAPTER THREE
Research Methodology
The mathematical model which is represented by Webster's
equation has been investigated in order to figure out if it
can be applied on the case of Prince Shaker street. Then, a
simulation and optimization tool has been used to describe the

flow of traffic as a function of signal phasing and then find

an optimal or near-optimal solution to the case we are dealing'

with. Data for the current flow in Prince Shaker Street has

been collected.

The following reasearch stages have been done:

3.1) Data Collection:

Traffic data were collected at the different

intersections considered in this research as shown in Fig 1.1.

Data consisted of the traffic counts for each direction an
for each movement, i.e. left and right turns and through
traffic. Data collected consist also of the existing signal
phasing for the different periods. The distance between each
intersection, and the average running speed of vehicles are
known (see Fig 3.1).

Traffic data were taken from the Municipality of Greater
Amman. It includes the traffic counts at each single
intersection. These data were taken each 15-minute period.
Counts were taken for the morning peak from 7:30 until 9:30
a.m. Data were also taken for the off-peak period where the
traffic was counted from 12:00 until 2:30 in the afternoon.

For a third period, which is the evening peak, traffic was
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counted from 4:00 until 6:00 p.m.

The collected data were not considerd sufficient. So,
further counts were made in order to find the turning
movements, which are of great importance, since they affect
the phasing and timing of each signal, and also, they affect
delay, which is an important issue in finding the optimal

cycle length. All data are shown in Appendix C.

3.2) Mathematical Model:¢1-2>

As can be seen from the literature review, many
researchers discussed the issue of traffic flow under certain
conditions such as vehicle delay, formation of queues,
non-smoothness of flow, and congestion.

The delay model that was developed by Webster has been
tested in order to find delay, which is the major factor that
affects the cycle length. In Webster's model, the optimum
cycle length Co would result in minimum overall delay when
employed with fixed time signals, such as in the case we are

dealing with. The average delay per vehicle on a particular

arm is given by:

c{1 ___A)z xz' c \1/3
d = + - 0.65—-— L ox =2 + 53
2(1 - Ax) 2q(1 - x) q=

where, d = average delay per vehicle, sec¢

O
]

cycle time, sec

>0
i

proportion of the cycle that is
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effectively green for the phase under
consideration, g/c¢

g = flow, veh/sec

s = saturation flow, veh/sec

X = degree of saturation, which is the ratio
of actual flow to the possible flow
"effeciency" it equals to g/s?)

3.2.1 Calcualtion of Delay:*

Using the above equation, and using the signals phasing
of Prince Shaker Street that is introduced from the
Municipality of Greater Amman, delay was found. The following
tables present the results achieved.

Table 3.1 Tabulation of data taken from Municipality of
Amman for Prince Shaker Street, seconds.

SIGNAL |ACTUAL|AMBER |AMBER ALL EFFECTIVE| RED
GREEN RED RED GREEN —

1 12 1 3 1 16 83
2 33 1 3 1 37 62
3 13 1 3 1 27 72
4 22 1 3 1 26 73
5 56 1 3 1 60 39
6 23 1 3 1 27 72
7 34 1 3 1 38 61
8 28 1 3 1 32 67
9 43 1 3 1 52 47
10 19 1 3 1 23 76
11 43 1 3 1 52 47
12 23 1 3 1 . 27 72

* Appendix B contains a program that calculates delay using
Webster's method
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Table 3.2 Calculations of the different variables of delay

equation
Signal |Width| S s |Flow q g | A |2s X
( m ) |veh/H|Veh/Siveh/H|Veh/S|sec| g/c
1 3.6 {1900 |0.528| 340 |0.094|16 {0.16]0.0841.118
2 4 (1950 |0.542(1193 |0.331(37 [0.37!0.200{1.653
3 3.4 (1880 {0.522| 321 |0.089|27 [0.27]|0.141[0.632
4 4.6 |2250 (0.625§ 637 [0.177{26 |0.26(0.163(1.089
5 4.3 [2075 [0.576| 854 |0.237|60 | 0.6/0.346(0.686
6 2 |1100 (0.306( 360 (0.100(|27 ]0.27|0.083(|1.212
7 4.8 (2420 (0.672| 819 [0.228|38 |0.38|0.255|0.891
8 4.5 (2215 |0.615| 475 |0.132|32 {0.32]0.197(0.670
g 4.4 |2150 {0.597]1402 (0.389|52 |0.52({0.31111.254
10 2 (1100 |0.306] 307 |0.085/23 [0.23]|0.070(1.213
11 4.4 |2150 |0.597| 877 (0.244|52 (0.52]|0.311(0.784
12 4 11950 |0.542| 517 {(0.144|27 |0.27(0.146|0.982

Table 3.3 Delay for each approach using Webster's equation,
seconds '

Signal Uniform Random Empirical Delay
- 1 42.96 ~-56.34 19.940 -33.32
2 51.009 -6.32 43.650 1.039

3 32.13 6.09 3.230 34.99

4 38.19 ~37.64 12.670 -12.12

5 13.59 3.16 1.190 15.56

6 39.61 -34.64 26.650 ~21.68

7 29.05 15.97 5.150 39.87

8 29.42 5.15 . 2,750 31.82

9 33.11 -7.95 16.030 9.13

10 41,12 -40.63 28.660 -28.17
11 19.45 5.83 2.520 22.76
12 36.26 186.02 10.330 211.95

3.2.2 Total Delay of the Intersection:

In this section, total delay will be calculated using the
method described in Road Research Technical Paper 39. The

total delay for the intersection is given by:
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D = 3 (average delay/vehicle) * flow
So, wusing this equation, and using the aforementioned data,
total delay for each intersection is found to be as follows:

Dwanws = =1.79 *

Driving = 14.81

Dcaraena = 36.17 - :

From the previous tables, it can be seen that there are
some delay values that have negative signs. In order to
understand this situation, Webster's equation will be
analyzed.

As it was stated befére, delay "d" depends mainly on the
effective green and saturation flow, considering constant
cycle time and flow. Saturation flow, s, of the approach, is
the uniform departure of traffic in a specific lane depending
mainly on many factors. Some of these factors are: lane
width, grade of the approach, existence of a parking lane, a
bus stop, and pedestrian crossings. On the other hand,
effective green time of an approach depends mainly on the
traffic flow on that approach. Also, it depends on the
y-value, i.e. the ratio between design flow and saturation
flow, which in turn depends on saturation flow. The term
"degree of saturation', which is dependent on flow, saturation
flow, effective green, and eycie length, should not exceed
unity. This is because it represents effeciency. In our
case, it was found that some approaches have a degree of
saturation, x, greater than unity. This can be explained in
many ways. First, since as stated before, saturation flow

depends on lane width, more than one vehicle occupy that
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width. This means that this lane releases more vehicles than
it was designed for. Second, the green of the signal at such
an approach is not phased adequately. In other words, green
time is not enough to clear that specific approach. Finally,
the traffic behaviour which the equation considered is not the
same in Jordan. S0, a new equation, or a correction factor

needs to be added in order to suit existing traffic behaviour.

Another way of tackling the case is the Simulation

technique. This has been wused. A full description is

presented in the next section.

3.3) Simulation Technique:(8-2.19)

As it can be seen from the mathematical model that had
been tested, calculations of delay using Webster's model
showed wunreasonable values since there were some negative
values. Webster's model is plotted in Fig 3.2.

It can be seen that, as the degree of saturation
approaches and then, exceeds 100%, the model is not
applicable. In common uses, the model is only considered
valid for a degree of saturation up to about 95%.

There are many factors that affect delay; among them are:

1} Physical factors, such as the number of lanes, grades,
approach width, access control, channelization and transit
(bus) stops.

2) Traffic factors, such as volume on each approach, turning
movements,. vehicle c¢lassification, driver characteristics,
approach speed, parking and number of pedestrians.

3) Traffic controls, such as types and timing of signals,
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stop or yield signs, and turn and parking controls.

Usaful Range

Of Application \

L~ Delay
— —
~ Uniform
Dalay
-
Degrae Of Saturation 100%

*
L]
1

|
|
|

Fig 3.2 Webster's delay model

(Source: TRANSYT-7F, User's Manual, Rel. 6, 1988)

As it was stated before, the objective of this research
is to "Set Signal Sequence and Timing for Interconnected
Traffic Signals'. This means that there should be a cycle
length that gives a 9good performance to the system, and
though, minimum delay, which is the most important factor that
affects driver behaviour in terms of respecting traffic
control, and in terms of comfort of driver. This can be
achieved in different ways. Among these, vehicle can travel
and cross different intersections with either no or minimum
stops. So, a perfect progression, which allows no stops, is
the case which provides largely non stop operation, with flow

rates approaching 2000 passenger cars per hour of green per
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lane. This type of operation can be attained where there are
relatively few turning movements, with all signal cycles being
very close to fully loaded, and with no mid-block frictional
elements. It is succeptible to abrupt breakdown whenever any
abnormality in the traffic flow develops.

In order to reach a smooth traffic flow in the system,

and because delay is a major issue that affects the smoothness

of flow, and because the factors that affect delay are too

complicated, especially when the saturation flow exceeds 95%,
where Webster's Model c¢annot handle the problem, it can be
seen that the most appropriate method to deal with the
existing situation we are studying (Prince Shaker Case) by the
use of SIMULATION.

Two existing computer packages have been tested in order
to find the most suitable one that can handle the case. These
packages are GPSS-PC, and TRANSYT-7F. A brief description of
each of these packages would be of great importance in the

selection of the most suitable package.

3.3.1 GPSS-PC¢11-15)

GPSS is a simulation programming language, used to build
computer models for discrete-event simulations. GPSS contains
special features for reproducing the dynamic behaviour of
systems which operate in time, and in which changes of state
occur at discrete points in time. GPSS needs the analyst to
build his/her own model using the blocks and statements
built-in this language. This package had been tested on a

small case. When it was compared with TRANSYT-7F (will be
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discussed later), it was found that TRANSYT-7F would be much
more useful since it has the option of simulation and
optimization, and was tested in many  placed and found

sufficient.

3.3.2 TRANSYT-7F¢8.12)

TRANSYT-T7F is one of the most popular traffic flow

analysis and signal timing programs. This program optimizes‘

the signal settings to reduce fuel consumption, delay and
vehicle stops. This program, TRANSYT-7F, has two major
functions, Simulation of traffic flow and Optimization of
traffic signal timing plans.

1) The first major function, simulation of flow of traffic
in a signalized network, is an analytical process that
attempts to represent real world events. The traffic flow
model in TRANSYT is among the most realistic models in many
ways. This model considers platoons of vehicles rather than
individual wvehicles. Also, its representation of traffic is
more detailed than other models because it simulates traffic
in small time increments. This model utilizes a platoon
dispersion algorithm that simulates the normal dispersion of
platoons as they travel downstream. Another important
consideration is that it considers traffic delay, stops, fuel
consumption, travel time and traffic signal timing plans.

2) The second major function ‘of TRANSYT-7F, is the
development of an optimized traffic signal timing plan.
TRANSYT optimizes phase length. To determine the best cycle

length, an evaluation of a specified range of c¢ycle lengths
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may also be made. When optimizing, TRANSYT-7F minimizes an
‘objective function called Performance Index (PI). The PI is
either a linear combination of delay (where TRANSYT-7F
bypasses the problem of degree of saturation when it exceeds
100% as shown in Fig 3.3), stops, and (optionally) excessive

maximum back of queue, or excess operating cost.

TRANSYT.7F
Model -

Saturation
= v
9 S S eE— ”
< e
> 0 e
H r4 -
w7
&
l /
I / \ Webster's
|/ Mods!
|/
|/
}
|
!

!
Fig 3.3 TRANSYT-7F estimate of delay

(Source: TRANSYT-7F, User's Manual, Rel. 6, 1988)
The delay/stops PI is defined as follows:
PI = Z{(wd:l. ds + EWaa Si) + ui(wd1_1 di_" + KWwai- 51—1)

+ Bj_ (Wq [qi - C1]2)}

where, di. = delay on link i in vehicle-hour (and
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i-1)

K = a user input coefficient to express

the importance of stops relative to
delay

Ss = stops on link i (and i-1) in stops/sec

Wwi1 = link specified weighting factors for
delay (d) and stops (S) for 1link i
(and i-1)

By, Ua = binary variable associated with
card type 34 (used by TRANSYT)

Wq = network-wide penalty applied to the
excess queue '"spillover"

Ci =maximum back of queue ''capacity" for
link i

From the previous discussion, it was concluded that

TRANSYT-7F program is the most suitable package to use for
this study.

3.4 Methodology of TRANSYT-7F:¢®>

As it can be seen from the previous section, TRANSYT-T7F
appears to be a good tool that could be used to analyze the
case we are dealing with. In this case, three intersections

are located apart, in an area that shows some sort of

congestion as shown in Fig 1.1. In the peak times, and in
many cases, the signal timing plan cannot clear the
intersection.

In order to analyze the case and to find an optimum

solution, the'following requirements are of great importance
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1) General requirements before starting the analysis
2) Data collection requirements

3) Optimization requirements

3.4.1) General Reguiremenets:¢18.20)

As it was stated in the main objective, the goal of this

study is to set a signal timing plan and a phase sequence.

This implies two-fold criteria, first is to find the plan that

gives a minimum system-wide operational delay and fixed delay.

Operational delay can be defined as that delay caused by
interference between components of traffic, that is, delay due
to influences of other traffic. One type of operational delay
is caused by other traffic movements that interfere with the
stream of flow (side frictions). This includes parking or
unparking vehicles, pedestrians, stalled vehicles, double
parking, and cross traffic. A second type of operational
delay is caused by interferences within the traffic stream
(internal friction). This includes congestion due to high
volumes, lack of roadway capacity, and merging or weaving
maneuvers.

Fixed delay, which is the second type of delay that
affects the system, is the delay caused by traffic control
devices. It 1is the delay to which a vehicle is subjected
regardless of the amount of traffic volume and interference
present, and it occurs primarily at intersections. It may be
caused by traffic signals, stop signs, yield signs, and any
other control device.

| The second point of the criteria is the cycle length
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constraints. These constraints are very important since they

are very much related to the signal plan. The following are

some of these constraints:

a) the cycle length must be long enough to provide sufficient
minimum times for all phases conéidering both vehicle and

pedestrian requirements.

b} the cycle length should be sufficiently long to ensure

that no movement is saturated, if possible. That is, the

degree of saturation should be less than 100% for all
approaches, at all intersections. This constraint results
in a higher value for cycle length than does the previous
one,

¢} the cycle length should not be so long as to cause
unacceptably high delays. In some studies, the maximum
cycle 1length at which the user starts not to respect the
signal was shown to be 120 seconds. —

d) in a progressive system, the cycle length should be chosen

to facilitate traffic progression.

3.4.2) Data Requirements:

The data required for running TRANSYT-7F is shown in
Table(3.4).

Traffic data which concern the volumes and timing plan
are taken from the records of the Municipality of Greater
Amman. -Turning movements, on the other hand, were not
included. Therefore, 15-min counts were conducted in order

to figure the different movements on each approach.
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Table 3.4 Summary of input data requirements to run model

Major Category Data Types

Network Data - Nodes (intersections)
- Links {(streets)
- .Link distances (stopline
to stopline)
- Turning restrictions

Timing Data - Existing cye¢le lengths
- Existing offsets
- Existing interval
durations and phase

lengths
Saturation Flow - Saturation flow
Speed Data - Cruise speed on links
Volume Data - Total volume counts

- Turning movement counts
- Link-to-link movements

(Source: TRANSYT-TF, User's Manual, Rel. 6, 1988}

This short count is justified as Pignataro states:  "in
many cases, manpower, time, and financial limitations may rule
out the feasibility of taking long counts. Manual counts have
an advantage over machine counts in that the manual counts
give classification and turning movements. The short count
method involves counting for periods of 5,6,10, or 12 minutes
at each location or intersection."

Input Data; (®)

Data required to run TRANSYT-7F can be summarized in the
following steps:
1) Each intersection is represented as a node, and each
movement at this node is considered as a link as shown in
Fig 3.4. Each node in the network is given a number, and

the same thing is done with links.
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N
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Intersection
Fig 3.4 Representation of a node

2) Saturation flow for each 1link is figured out. The

following table shows the effect of approach width on

saturation flow

w (ft) 10 11 12 13 14 13 16 17

s{pcu/h) 1850 1875 1900 1950 2075 2250 2475 2700

Values in this table are given by the following equation:
s = 160 w pcu/hr
There are some correction factors that affect saturation
flow, but we are not interested in them because .non of
them applies to the case we are dealing with.

3) The link length, which is the length between stop lines of
two following intersectins is measured.

4) Timing plan and sequence for each intersection is figured
out. These data are referred to the existing (installed)
plan. The timing plan should add-up to the cycle 1length
that is installed.

5} Average speed could be found by spot speed studies. 1In
the case we are dealing with, the average speed is
considered to be 35 EKm/hr, since the design of the
progression system that is installed assumes this value of

Speed.
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6} Traffic counts for each intersection were taken each 15

7}

8)

minutes. The period that we are interested in for the
study is the morning peak hour, between 7:30 a.m. and 8:30
a.m,

Because the turning movements are an important issue in
the analysis, and since the available counts do not

include all the movements, additional counts were made to

find out the percentages of turning movements to the total

volume. Approach volumes are split into their components:
through, right turn, and left turn movements.

Design hourly volume is found by figuring out the maximum
half-hour volume of each approach multiplied by two.
Components of volume of each link are found ~i.e., the
link volumes of the preceeding intersection that compose a

link in the intersection being considered are found. An

s 100
574 110

- 476
206 -

Fig 3.5 Representation of componenets of link volumes

example is shown in Fig 3.5

In this example, 1link 110 is composed of traffic coming
from links 202 and 206. Of course, the volume of these
links might not add-up to the volume of .the 1link
considered, because these links are coming from different

phases.
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9) All of the previous points are combined together to form a
schematic node/link diagram on which every single point of
data is represented. This diagram is shown in Fig 3.6.
Full details of the required data are presented 1in

Appendix E,.

3.4.3) Optimization in TRANSYT-7F:

TRANSYT-7F is used in this research fo help in finding

the optimal solution that minimizes delay. In order to reach

an optimal solution for a particular case, the procedure

presented in Table 3.5 is used.

Table 3.5 Recommended procedure for applying TRANSYT-7F

Step Description Run

1 Run TRANSYT-7F with the existing Sim.
timing plan.

2 Run TRANSYT-7F with a nominal Opt.
cycle length number of times to
determine the best phase sequence

3 Run TRANSYT-7F with the phase Opt.
sequence detemined to evaluate a ,
range of cycle lengths

4 Get the cycle length that gives Opt.
minimum PI and run the model

(Source: TRANSYT-7F, User's Manual, Rel. §, 1988)

In the following subsections, the method of optimization
will be discussed.
A) Input to the Model:

The cycle length selection, which is an important issue
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since it affects delay in the system, can be accomplished
automatically in TRANSYT-7F. The user inputs a minimum ;nd a
maximum c¢ycle lengths, and a cycle length increment.
TRANSYT-7F optimizes phase length for every cycle length
between the minimum and the maximum at the input increment.

The best cycle length is the one that results in the lowest

performance index (P.I.) after phase lengths have been

optimized. This process accounts for not only the effects of

volume and capacity at individual intersections, but also for
the effects of traffic flow patterns in the network and
spacing between signals. Other methods such as Webster's

formula, only account for volume relationships at individual

intersections.

B) Optimization Technique:

The optimization téchnique used in TRANSYT-7F is based on
the gradient search technique¢?%?, which requires extensive
numerical computations by the computer. The féllowing steps
explain the procedure

Step 1 The initial signal timing plan is simulated by the
traffic model, and an initial PI (performance index) is
calculated. Simply, the PI is a linear combination of
delay and stops.

Step 2 The offset, which is the time difference in seconds
between the system time base and the start of a specified
interval, is increased. Then Step 1 is repeated.

Step 3 Comparison between the new PI and the previous one 1is
carried out. If the new value of PI is less, then the

program continues to increase the offset, otherwise when
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the PI starts to increase, the program will decrease the
offset till PI becomes the minimum. Then the model goes

to the next signal in the system. This procedure is shown

in Fig 3.7

Simulate Signal Find Increase
Timing Plan for ™ PX > Offset “
Signal i, find PI

Find
New PI

h 4

Decrease Compare
Qffset

Y

is Pliaw < PIprev

No

h

Yes

No

No Further Improv.

No

Last
Node

Yes
5
( STOP )

Fig 3.7 Optimization procedure used in TRANSYT-7F
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On the other hand, and in order to find the optimal

solution (minimum PI) for the system, this could be done by

altering the phase Sequence along an arterial route. The

procedure is shown in Fig 3.8

Generate a Find
Sequence PI
k
No
r
All Record
Combinations Check Value
Done
Yes

Y

Pick Optimal
Minimum »- Solution
PI Value _;ﬂ,/”'#-_J

Fig 3.8 Procedure for detemination of system optimal solution

C) Optimization Methodology :

The methododlogy of finding optimal solution is by

generating all the possible sequences for all nodes, then

running all these combinations in order to find the optimal

solution.

In the case of Prince Shaker Street, the possible

combinations are 864 cases. This can be illustrated by the

following steps
ay 24 sequences for node 1 (Cs)} since there are four
approaches
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b) 6 sequences for node 2 {(Caj)

c) 6 sequences for node 3 (Cs)

d) total combinations Cea * C3 * 4

1l

(4%3%2)*(3%2)*(3*%2) = B64 cases.
In order to run all the combinations (phase sequences) to
find the one that results in minimum PX, it will require huge

computer time. The Central Processing Unit (CPU) time needed

to run one combination, and to make a cycle evaluation over a’

range of cycle lengths is approximated in Table 3.6

Table 3.6 CPU time (in the average) required
to optimize

Processor PC-XT PC-AT
Time/Run™ (sec) 1726.1 962.5
Time/Run™~(sec) 21200 9594 .6
Total Time™ (hrs) 414.3 231

* Corresponds to One Cycle Length
** Correspordds to Cycle Evaluation Over a Range 90-130 sec

From Table 3.6, it can be shown the amount of time and
work needed to find an optimal sequence that develops a
minimum performance index. A claim is set in order to
minimize the work needed.

Heuristic: The combination of minimum delay sequence for

each node results in the sequence of minimum delay for the

system.

It is difficult to prove this heuristic analytically,

however, the procedure claimed in the heuristic is to be

tested on a smaller problem to check its correctness. TIf the
procedure works on the problem, one can have higher confidence

that it will result in a minimum or near minimum delay for the
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system.

Test Problem: Choose node 2 and node 3 of Fig 3.6. The

possible sequences are 36. By comparing the
combination that is c¢laimed previously to other
combinations, it was not possible to decrease delay.

When Nodes 2 and 3 of the network are chosen, and all the

possible combinations were solved (36 phase sequences), the

resulting PI's are shown in Table 3.7

These PI values shown in Table 3.7 are plotted versus the

phase sequence in Fig 3.9, The sequence corresponding to

minimum PI for each node is selected.
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Fig 3.9 PI values plotted against phase sequence
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Table 3.7 Resulting PI's for all possible phase sequences
of Nodes 2 and 3

Node Node

Phase _— System Phase System
Sequence 2 3 Wide Sequence 2 3 Wide
1, 1 33.5 160.1 193.64 4 , 1 37.71 159.6 196.75
1, 2 33.6 174 207.56 4 , 2 36.8 173.7 210.55
1, 3 33.9 163.5 197.37 4 , 3 37 164.2 201.28
1, 4 33.3 169.2 202.49 4 , 4 36.8 163.2 199.99
1, 5 33.3 167 200.24 4 , 5 36.8 167 203.78
1, 6 33.7 158.7 182.46 4 , 6 37 159.6 196.6
2,1 36 159.9 195.88 5, 1 33.5 159.4 192.9
2, 2 35.9 174.,8 210.72 5, 2 33.1 173.4 206.49
2 , 3 36.5 163.2 199,69 5, 3 33.5 164.2 197.69
2, 4 40 168.3 208.32 5, 4 33.3 163.4 196,68
2, 5 35.7 166.6 202.32 5, 5 33.4 166.8 200.25
2, 6 36.4 158.6 194.99 5, 6 33.4 159.6 192.9
3,1 33.5 159.6 193.12 6 , 1 33.5 160.1 193.64
3, 2 33.2 173.7 206.92 6 , 2 33.2 175.2 208.4
3, 3 36.1 164.3 200.35 6 , 3 34.4 163.3 197.1
3, 4 35.7 163.6 199.26 6 , 4 33.3 169.2 202.49
3, 5 35.8 167 202.78 6 , 5 33.3 166.6 200.12
3, 6 36.1 159.8 195.89 6 , 6 33.7 159.4 193.13

Another run has been carried out using the timing plan of
the selected sequenceé as shown in Table 3.8. The system wide
PI wvalue of this run is compared to values which resulted
from all the combinations under study. It was found that this
value is the minimum among all other values corresponding to
the different combinations. Hence, as expected, the procedure
can result in the optimal solution for the system.
Consequently, the procedure will be used in solving the case
under study in this research.

Table 3.8 PI values for the best sequence combination

Node

System
Sequence 2 3 ~Wide

5, 6 33.4 159.6 192.9

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



48

CHAPTER FOUR
Implementation and Results
4.1 Introduction:
The major objectives of signal timing are the
minimization of delay and congestion at intersectionsg and
within block lengths and series of block lengths between

intersections, and the increase in safety for all road users.

Full utilization of traffic control signals is realized only

when they are operated so as to satisfy, as nearly as
possible, actual traffic requirements.

In this chapter, and in order to have a feeling about the
difference between solving the problem using the convintional
methods such as Webster's, Pignataro's and others, and the
other advanced methods using queuing models as TRANSYT-7F, the
case of Prince Shaker Street was solved using the two
approaches. 1In the next section, British method has been used
to solve the first intersection (Wahbi Tamari) in order to

find the signal timing plan.

4.2 Using the Webster's Method to Solve Wahbi Tamari:¢("-2.3>

In the case of this intersection, Wahbi Tamari, because
the traffic volumes are heavy, and it has four approaches, it
requires a longer cycle length than those intersections of
lighter traffic volumes and fewer approaches. 1In general,
cycle lengths range from a minimum of 30 sec to a maximum of
120 sec., depending on traffic volumes, approaches, and
movements .

In this section, the intersection will be designed using
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one of the conventional methods, The British Method, in order
to have a feeling of how the design will be done. The design
is concerned with the morning peak hour from 7:30 to 8:30 a.m.

As mentioned before, this method is mainly concerned with
minimizing delay of the intersection. Also, peak-hour-factor
(PHF) and saturation flow are the major factors that affect

cycle time splitting.

4.2.1 Traffic Flow Data: ™

Table 4.1 Traffic flow data for each approach in the a.m.
. peak hour

N B S B EB W B
TIME TOTAL
AN [P~ =
7:30 - 7:45| 22 78 23 62 40 {120 60 1235 640

7:45 8:00] 26 71 28 64 46 116 |125 [206 682
8:00 - 8:15} 22 56 30 68 38 (171 84 (197 666

8:15 -~ 8:30| 18 47 15 31 7 99 75 1211 503
TOTAL 88 (252 96 {225 |131 [506 [344 |849 2491
Total flow in 1 Hr 2491
PHF = = —_—
4 (Max flow of 15 min) 4*%682
= 0.913

4.2.2 Splitting Effective Green Times:

The effective green times are splitted in proportion of

the yi to ¥. A complete computation is found in Appendix D,

* A complete solution using Webster 's Method is found in
Appendix D
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Since the summation

50

Y = ZTy. = 1.431

y1 > 1, then set the equation to the

maximum cycle length that can be used, Co = 120 seconds. (29

0.713 * 75.472

Yai
gas =
Y
0.199
Oy =
1.431
gs = 0.189
ge = 0.330
9w =
Then,
seconds,

{(Co -~ L)

(120 - 12) = 15.0

* 75.472

* 75.472

14
24,

53.

actual green

ds

J=

15
14
24

51
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9

8

secC.

sec

sSeC

s5ec.

times,

are as follows (Fig 4.1):

using

cycle

length Co=120
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Phase Diagram
(Wahbi Tamari Intersection)
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4.3 Analysis Using TRANSYT-7F:

4.3.1) Statistical Analysis of Traffic Datat¢13.74)

-The most important aspect of the simulation of traffic
travelling along signalized streets is the manner in which the
traffic flow is distributed and modeled. Although TRANSYT
models the dispersion of the platoons of vehicles as they
progress along a link, determining the distribution of
traffic flow in the area of study gives some feeling about the
behaviour of traffic in that area. The hypothesis testing
technique will be used to test the flow, and what distribution
does thg traffic data follow. The data used are those of the
flow at wahbi Tamari Intersection as an example. It has four
legs, and the traffic data is collected. The data of the
south bound leg is shown in the following table:

Table 4.2 Statistical results to test distribution of traffic

TIME PERYIOD |INTERVAL OBSERVED EXPECTED (0 - E)=
{sec) (veh/15 min) | (veh/15 min)
7:30 - 7:45 S00 85 54 961
7T:45 - 8:00 900 92 54 1444
8:00 - 8:15 900 98 54 1936
8:15 - 8:30 900 48 54 64
8:30 - 8:45 900 29 54 625
8:45 - 9:00 900 29 54 625
§9:00 - 9:15 800 19 54 1225
9:15 - 9:30 900 36 54 324
TOTAL 434 7204

- O means Observed, E means Expected.

In this test, in order to verify if the distribution is

Poisson, arrival rate, which is the total traffic in a given

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



53

time calculated in Veh/Sec., ié to be calculated. The other
thing to do is to test the '"goodness'" of fit using the

Chi-Square test, according to the following hypothesis:

Ho : Traffic flow follows Poisson distribution
Hy : Traffic flow does not follow Poisson Dist.
434

q = —————— = 0.06 Veh/Sec.
2 * 3600

E = g * time interval = 0.06 * 900 = 54 veh/15-min

(E - 0)= 7204
L
xcomp = Z =
E 434

16.676

XE.OE,G = 12.592

3 2
Hence, Xcomp > Xo.o0s.s

where, g = arrival rate in veh/sec

E = expected flow rate in
veh/15-min
O = observed flow rate in
veh/15-min
Thus, there is no significant difference between observed
and theoritical distribution, S0 the distribution is

' considered as POISSON DISTRIBUTION.
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4,3.2) Calculations of the Case

As presented in Table 3.2, the first step is to run the
model wusing the existing signal timing plan. This plan is
shown in Fig 4.2. As it can be seen from the summary of this

run, the PI value is 387.70 (Fig 4.3).

Nodle 2

Phases E Plhoses

Diagram Mo {Min Tiagram  INo

in

fu
o
~J
M
Mo

o

ml
M
(X

1 3 his 3 as I EY
ﬁ 4 38 X A
Fig 4.2 Installed signal timing plan

and phase sequence
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Another run was carried out using the existing signal
timing plan and phase sequénce, but in the optimization mode.
A summary of this run is shown in Fig 4.4. The PI value is
348.83.

It can be seen clearly that changing the phase lengths
for the different movements, i.e. the portion of the cycle

length given to a certain movement, even by keeping the same

phase sequences may result in better performance. Fig 4.5

shows some comparison.

In order to have a feeling about &he best c¢ycle length
that produces a minimum performance index, while keeping the
same phase sequence, an optimization run has been done’over a
range of c¢ycle lengths from 90-130 seconds. It has been
determined that by using the existing phase sequences for the
three intersections we deal with, the best cycle length was
found
to be 125 seconds,-which gives a PI value of 341.07. This
result is shown in Fig 4.6.

In order to reach a good solution (optimal or
near-optimal), an algorithm has been developed. In the next

section, the algorithm and its implementation are presented.
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4.4 Developed Algorithm:

There are three parameters that affect the solution in
TRANSYT. These are cycle length C, sequence 5, and timiné
plan T. The logical way that leads to a good solution is
presented in Fig4.7. Using the Hierarchical Decomposition

will lead to understand better how to reach the scolution.

C,S,T (parameters)
Layer 1 C @*t ===> min PI
b
Layer 2 8 =Pt : (Heuristic)
h
Layer 3 T =et : (TRANSYT)

Fig 4.7 Hierarchical decomposition

The procedure of each layer is described below.

Layer 1: the user starts by inserting a nominal cycle length,
and preferably, the installed one.

Layer 2: using the Heuristic described before (p. 41), we
find the best sequence for each node.

Layer 3: then, the sequence found in layer 2 is used to find
the best timing plan and cycle 1length for that
specific sequence,

The iterations continue between Layer 2 and Layer 3

(regenerate new sequence using the resulting cycle length by

applying Heuristic) until we reach a steady-state. This means

that, the resulting sequence and timing plan and c¢ycle length
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are optimal or near-optimal. The resulting cycle length from
Layefs 2 and 3 is the best that can be obtained.

Taking into consideration the way that the decomposition
works, the new algorithm has been.developed. The procedure
for this algorithm is shown in Fig 4.8. Also, the flow chart

of the procedure is shown in Fig 4.9,
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STEYX 1

Find sequence for each node such that:

Plamin = Miny ming ming (PI)ixm

STEP 2

Find optimal c¢ycle length for system with combination of

sequence found in STEP 1,

STEF 3

If cycle length is the same as used in STEP 1, STOP.

Otherwise, Go to STEP 4.

STEERP 4

Repeat STEP 1 with cycle length found in STEP 2.

GO TO STEP 2.

Fig 4.8 Algorithm to find an optimal or near optimal solution
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START
input Crnom

STEP 1
Find sequence for
each node
such that:
Plman = ming mine minm {(PI) iicm

Find optimal cycle
(cycle evaluation)
Ccpt

Set Compare
c“cm = Ccpt

k

If Copt = Cncm

‘ STOP )

Fig 4.9 Flow chart presenting the procedure of algorithm

4.4.1) Implementation of Algorithm:

The algorithm shown in Fig 4.8 has been implemented.
TRANSYT has been run with several iterations as it can be seen
in the following pages. These iterations cover all the
possible phase sequences for each node. In other words, 24
sequences for node 1, 6 sequences for node 2, and 6 sequences

for node 3.
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ITERATION : 1

Input Cycle Length: 100 seconds

Resulting Sequence: 19,5,1

Resulting PI Value: 346.93
Best Cycle Length Over Range: 120 seconds
Resulting PI Value: 349.14

Reference: Table 4.3, Fig 4.10, Fig 4.11
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Table 4.3 Resulting PI's for cycle length of 100 sec.

Node

Phase System

Sequence 1 2 3 Wide
1,1,1 165 28.2 155.5 348.65
2,2,2 163.9 29.8 166.7 360.38
3,3,3 164.3 30.4 153.2 347.97
4,4,4 163.5 31.1 161.5 356.16
5,5,5 167.4 27.3 157.3 352.02
6,6,6 i64.5 28.7 158.1 351.21
7,6, 166.1 30 154 350.03
8,1,2 165.3 28.6 168.5 362.38 .
9,2,3 166.2 30.1 151.7 348.05
10,3,4 163.3 30.6 161.7 355.6
11,4,5 164.2 31.1 159.9 355.23
12,5,6 164.8 28.9 154.7 348.43
13,6,1 167.5 28.6 151.4 347.55
14,5,2 163.3 29.3 166.6 349.25
15,4,3 166.1 30.9 153.9 350.91
16,3,4 164.5 30.5 163.5 358.52
17,2,5 167.3 29.8 159.3 356.44
18,6,1 164.7 28.2 151.4 344,24
19,5,2 162.8 30.4 166.7 359.95
20,1,6 164.4 29.4 152.7 346.53
21,2,1 164.3 30.4 152.9 347.65
22,3,2 164.1 31.3 166.6 361.97
23,4,3 165.8 32.3 154.2 352.31
24,5,4 164.6 28.4 161.4 354.37
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TTERATION : 2

Input Cycle Length: 120 seconds

Resulting Sequencg: 6,4,3
Resulting PI Value: 341.53
Best Cycle Length Over Range: 125 seconds
Resulting PI Value: 342.84

Refexence: Table 4.4, Fig 4.12, Fig 4.13
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Table 4.4 Resulting PI's for cycle length of 120 sec

, Node

Phase System
Sequence 1 2 3 Wide
1,1,1 164.2 30.4 176.8 371.49
2,2,2 161.4 32.4 161.9 355.7
3,3,3+ 164.7 36.6 149.2 350.57
4,4,4 163.1 29.1 149.8 341.99
5,5,5 162.4 33.2 146.4 342,07
6,6,6 161.2 33.1 147.6 341.91
7,6,1 167.6 34.1 174 375.65
8,1,2 169.5 29.3 162.3 361.05
9,2,3 175.9 32.7 150 358.58
10,3,4 ° 177.8 36.3 149 363.1
11,4,5 165.6 28.9 150.1 344.63
12,5,6 167.8 34.7 151 353.51
13,6,1 179.2 33 168.6 380.75
- 14,5,2 164.4 32 161.2 357.5
15,4,3 171 28.3 145.9 345.27
16,3,4 165.1 37.1 152.9 355.14
17,2,5 163.7 36.3 148.1 348.03
18,6,1 163.6 32.5 168.8 364.96
19,5,2 161.4 33.1 161.8 356,21
20,1,6 171.6 29.5 148.3 349.47
21,2,1 163 35.8 171 369.8
22,3,2 162.2 33.4 162.1 357.65
23,4,3 167.9 28.6 147.3 343.72
24,5,4 177 33.2 148.4 358.67
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Phase System Wide
Seguence FI
6,4,3 341,53
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ITERATION : 3

Input Cycle Length: 125 seconds

Resulting Sequence: 2,1,3

Resulting PI Value: 339.53

Best Cycle Length Qver Range: 125 seconds

Resulting PI Value: 337.22

Reference: Table 4.5, Fig 4.14, Fig 4.15

72

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Table 4.5 Resulting PI's for cycle length of 125 sec

Node

Phase System
Sequence 1 2 3 Wide
1,1,1 165.7 28.2 176.6 370.42
2,2,2 161.4 31.6 159.9 352.88
3,3,3 170.1 38.3 149.3 357.78
4,4,4 162.6 31.4 148 342,05
5,5,5 167.6 31.8 150.5 349.78
6,6,6 163.3 31.3 147.5 342.03
7,6,1 167 36.6 177.8 381.5
8,1,2 167.5 27.6 167 362.16
9,2,3 182.2 32 148.3 362.59
10,3,4 178.3 45.1 147.2 370.64
11,4,5 164.9 30.7 147.7 343.34
12,5,6 167.6 35.6 152 355.27
13,6,1 185.1 30.9 171.2 387.22
14,5,2 170 33.7 158.3 362
15,4,3 172.7 29.5 145.5 347.8
16,3,4 164.3 38.5 152.4 355.23
17,2,5 166.3 38.3 148.4 353.04
18,6,1 163.7 34.9 173 371.61
19,5,2 162.5 34.6 160 357.17
20,1,6 177.2 29.8 147.6 354.54
21,21 163.9 35 174.7 373.58
22,3,2 162.1 35.1 164.3 361.55
23,4,3 171.5 29.8 145.3 346.69
24,5,4 177.9 33.6 145.7 357.24
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Phase
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System Wide
PI
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({ Check Iteration)

ITERATION : 4 (to test the algorithm)

Input Cycle Length: 115 seconds

Resulting Sequence: 19,1,3

Resulting PI Value: 339.35

Best Cycle Length Over Range: 125 seconds

Resulting PI Value: 337.84 (greater than iteration 3)

Reference: Table 4.6, Fig 4.16, Fig 4.17
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Table 4.6 Resulting PI's for cycle length of 115 sec

Node
Phase System
Sequence 1 2 3 Wide
1,1,1 165 28 168.7 361.69
2,2,2 162.2 33.2 165 360.42
3,3,3 166.2 35 150.7 351.89
4,4,4 163.5 29.2 151.3 343.96
5,5,5 165.1 29.9 150.4 345.37
6,6,6 167.1 371.1 148.5 340.63
7,6,1 167.2 32 168.2 367.45
8,1,2 166.6 27.5 168.6 362.68
9,2,3 170 33.5 149.6 353.13
10,3,4 172.6 32.4 152 357
11,4,5 164 29.7 151.1 344.15
12,5,6 166.4 32.4 151.4 350.17
13,6,1 172.9 31.2° 165.5 369,61
14,5,2 165 31.6 163.9 360.6
15,4,3 168.7 29.9 148.8 346.39
16,3,4 164 35 155 354.01
17,2,5 162.7 36.8 150 349.45
18,6,1 162.8 30.6 166.6 359.98
19,5,2 161.1 32.7 165 358.71
20,1,6 170.7 28.5 151.3 350.44
21,2,1 1617.7 33.5 168.2 363.34
22,3,2 161.9 33.9 165.4 361.12
23,4,3 166.9 28.7 148.1 343.72
24,5,4 170.6 30.3 151 351.92
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{ Check Iteration)

ITERATION : 5 (to test the algorithm)

Input Cycle Length: 110 seconds

Resulting Sequence: 19,5,6

Resulting PI Value: 345.57

Best Cycle Length Over Range: 125 seconds .
Resulting PI Value: 344.82 (greater than iteration 3)
Reference: Table 4.7, Fig 4.18, Fig 4.19
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Table 4.7 Resulting PI's for cycle length of 110 sec

Node
Phase System
Sequence 1 2 3 Wide
1,1,1 163.6 27.8 164.2 355.50
2,2,2 161.8 30.7 169.3 361.75
3,3,3 163.2 33.8 152.4 349.29
4,4,4 163.4 29.0 154.0 346.45
5,5,5 166.9 27.4 151.6 345.93
6,6,6 162.1 28.3 149.5 339.92
7,6,1 167.9 30.0 166.9 364.67
8,1,2 165.9 27.5 166.5 359.88
9,2,3 171.2 31.3 152.0 354.57
10,3,4 167.3 33.7 154.9 355.81
11,4,5 162.8 28.8 153.5 345.11
12,5,6 164.5 30.9 151.0 346.46
13,6,1 173.6 29.0 -162.4 365...
14,5,2 162.3 30.6 162.7 355.52
15,4,3 165.6 28.4 149.0 343.03
16,3,4 165.17 31.5 157.4 354.08
17.2,5 163.7 34.4 151.3 349.42
18,6,1 163.1 28.3 163.1 354,51
19,5,2 161.1 31.0 169.5 361.58
20,1,6 164.0 28.0 147.4 339.40
21,2,1 161.9 31.3 164.5 357.63
22,3,2 163.3 32.5 163.4 359.29
23,4,3 164.9 27.8 148.7 341.37
24,5,4 165.7 28.7 153.8 348.29

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Perforamree [rkss

Per fuermirge Trades

B W E B H 9

WU

BN

g

Bl
[ =4

g

3 /
PR

4
ET7TBZIOHIRINIZIBIBIFIG D2 2230
Sezrmce

H

23
o
Hg.n
d

forfornoce Lk

82

Fim 4.18 FI values versus phase sequences for each nade

(110 secg)

Phase System Wide
Sequence PI
19,5,6 345.57
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{ Check Iteration)

ITERATION : 6 (to test the algorithm)

Input Cycle Length: 105 seconds

Resulting Sequence: 3,5,6

Resulting PI Value: 345.23

Best Cycle Length Over Range: 115 seconds
Resulting PI Value: 343.91 (greater than iteratign 3)

Reference: Table 4.8, Fig 4.20, Fig 4.21
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Table 4.8 Resulting PI's for cycle length of 105 sec

Node

Phase System
Sequence 1 2 3 Wide
1,1,1 164.7 27.5 155.,2 347.37
2,2,2 163.5 31.8 167.3 362.59
3,3,3 162.3 34,2 154.0 350.50
4,4,4 163.2 29.9 157.4 350.55
5,5,5 166.5 27.1 153.7 347.37
6,6,6 162.5 27.3 150.8 340.63
7,6,1 167.6 27.9 158.1 353.57
8,1,2 165.5 27.4 170.1 362.94
9,2,3 167.¢ 32.2 151.7 350.86
10,3,4 166.5 31.5 157.9 355.81
11,4,5 163.8 30.7 155.9 349.83
12,5,6 164.7 29.7 153.0 347.43
13,6,1 171.0 27.1 154.9 353.05
14,5,2 167.5 27.8 167.8 363.08
15,4,3 165.5 29.0 153.9 348.42
16,3,4 165.6 32.1 160.7 358.40
17,2,5 164.4 32.1 157.3 353.68
18,6,1 163.4 27.3 155.5 346.20
19,5,2 162.5 30.7 1867.0 360.17
20,1,6 164.3 28.0 149.8 342.12
21,2,1 162.5 32.3 156.9 351.76
22,3,2 162.6 32.6 168.0 363.15
23,4,3 165.3 28B.8 153.6 347.867
'24,5,4 166.4 27.7 158.5 352.53
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4.4.2 Results of Research:

Results of algorithm iterations are shown in Table 4.9.
This table summarizes different steps of the algorithm that

has been developed in order to get a good soclution.

Table 4.9 Summary of iterations done to reach solution

Input Resulting Cutput
Iteration|Cycle Cycle PI
Length PI Sequence |Length
1 100 |346.93 19,5,1 120 |349.14
2 120 [(341.53 6,4,3 125 |342.84
3 125 [(339.53 2,1,3 125 |337.22

Ckeck, 4 115 [(339.35 19,1,3 125 |337.84

Ckeck, 5 110 |[343.57 19,5,6 125 |[344.82

Ckeck, 6 105 |345.23 3,5,6 115 |343.91

Table 4.9 is reproduced in a plot-form as shown in Fig
4.22. The convergance of algorithm was at 125 seconds cycle
length. At that length, the resulting performance index PI
was the minimum among the other values. Also, the resulting
cycle length was the same as the input cycle length (125
seconds) .

A summary of results of this research are shown in Table
4.10. The summary shows all the PI values segquences that had
been found and tested. This table is plotted as shown in Fig
4.23. The curve that represents phase sequence 2,1,3 has the
least PI values among all other phase sequences tested.

Improvement in the system has been calculated considering

different parameters of the system as performance index, fuel
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Fig 4.22 Summary of iterations done to reach solution

consumption, total delay, average delay, operating cost, ‘and
total travel time. The comparison was between the installed
setting and phase sequence, and the recommended solution that

was found (phase sequence 2,1,3). This comparison and the

improvement are shown in Table 4.11.
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Table 4.11 Improvement in System (Prince Shaker Street)

Installed| Recomm. %
Parame¢ter Setting [Solution Improv.
1 176.2 162.6 7.72
P N
e o] 2 36 28.7 20.28
r d
£ I e 3 175.6 145.9 16.91
o] n
r d S.W. 387.7 337.22 13.02
m e
a X R Up 170 92.2 45.76
n o]
c u |Down 48.9 22.8 53.37
e t
e |Tot. 218.82 114.9 47.49
C 1 769.4 718.14 6.66
(o} N
n o 2 254,89 227.41 10.78
F s d
u u e 3 781.13 668.8 14,38
e m
1 P S.W. 1805.42 1614.,34 10.58
t
i R Up 749.55 455,01 39.30
o o
n u {Down 250. 31 151.5 39.48
t -
(Li/Hr) e |Tot. 999,86 779.62 22.03
Total S.W. 504.87 439,97 12.85
Delay
(veh-H/H) | Route 285.39 145.77 48.92
Average S5.W 195.9 170.71 12.86
belay
{sec/H) Route 203.93 104.17 48.92
Operating S.W 2335.82 2095.22 10.30
Cost Route 1260.32 779.62 38.14
Total S.W 590.06 525.15 11.00
Travel
{Veh-H/H) | Route 328.4 188.78- 42 .52
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4.5 Conclusions:

In the matter of time needed to reach the solution, i.e.
the optimum cycle length, it can be seen clearly from Table
4.9 that the best performance index PI was reached after three
iterations. The number of computer runs per iteration was 24
plus one run to make a cycle evaluation. This makes the total
.number of runs needed to reach the solution equal to 75. The
check iteration also needed 25 computer runs. This adds up
to a total of 100 computer runs needed for the solution.

On the - other hand, in order to find the best solution
using the method described in TRANSYT, the number of runs
needed are 864 plus one cycle evaluation, which adds up to a
total of 865 computer runs. .

As it was expected, the developed algoritﬁm shows a rapid
convergance. In the case of Prince Shaker Street we _dealt
with, the convergance took about 12% of the time needed for
using the method of TRANSYT-7F (100 runs using algorithm
versus 865 runs using method of TRANSYT-7F).

In the matter of improvement in the system, it can be
seen clearly from the summary of results (Table 4.10) that the
best phase sequence (2,1,3) that resulted has the minimum
system and route performance index (PI). Aalso, and as shown
in Table{4.11), the recommended solution has improved the
system by 6.6% in fuel consumption at node 1 and 14.4% at node
3. Furthermore, the system has been improved in the total and
in the average delay by about 49%. Also, the total travel has

been improved by a very good percentage in the sense that it
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has increased by about 43% on the main street. Based on these
.results, the developed algorithm has been shown to be a good
tool to be applied in order to reach a good solution with a
high confidence level.

Concerning the best cycle length @ound, there are some
factors that affect the selection of cycle length greater than

120 seconds. Among these factors are the existance of more

than four approaches for the intersection, more than four

phases for the timing plan, and high traffic volumes which
cause high congestion at the intersection. Because of these
reasons, the author recommends the installation of 115 second

cycle length since it ranked second in PI values {table 4.9).
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Chapter Five
Summary and Recbmmendations
for Future Research
5.1 Summary:
The objective of this thesis was to Set an Effecient
Signal Sequence and Timing for Interconnected Traffic Signals.

This problem was solved by developing an algorithm that was

implemented on TRANSYT-7F. That algorithm had resulted in an

optimal or near optimal solution with a high confidence level,
The developed algorithm showed a very good time saving in the
computer run time. 1In the case we dealt with, the reduction
in time was about 80% when using a PC~AT {without
math-coprocessor).

_The recommended solution of the phase sequences and
signal timing plans for the three intersections studied showed
significant improvements. These improvements in the different
parameters were summarized in Table 4.11.

Delay, which was the major parameter in the study that we
attempted to minimize, had been reduced by about 48% in the
main street. Also, fuel consumption was decreased by about
22% for the same route. Overall, the recommended solution has

proved to introduce a significant improvement.

5.2 Recommendations for Future Research:
- In coducting the research for this thesis, some ideas
were contemplated but, due to time limitations, could not be
tried. Among these are:

1) Left-turn movements are allowed at Wahbi Tamari. (necde 1)

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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and Flying Carpet (node 2) intersections. But, these

movements are protected. In other words, they have
separate phase. They <¢an only move on the green arrow
{they have their own right-of-way). A study could be

conducted on the effect of unprotected left-turn
movements, which has no exclusive right-of way and, must
only rely on gaps in the opposing traffic to find how this
solution can affect delay.

In this study, no constructional changes were assumed. In
other words, for example, no approach widening was done.
So, a study could be made in order to find the effect of
approach widening on delay and other traffic parameters
and, how this change could affect the behaviour of the

flow of traffic.
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Appendix
Appendix
Appendix

appendix

Appendix

Appendix

Aprendices

Glossary

. Webster's Formula, Program calculating delay .

. Traffic Data at Each Intersection

Solution of Wahbi Tamari's intersection Using
Webster's Model
Input Data to TRANSYT-7F

Complete Sample Output
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Bound: The direction at which the traffic is comming from.

Capacit&: Maximum number of vehicles that can pass over a
given section of a lane or roadway during a given
time period, under prevailing roadway and traffic
conditions.

Clearance Interval: The interval from the end of the yellow
period associated with one phase to the beginning of
a conflicting phase.

Cycle Length: The time reguired for one complete sequence of
signal indications.

Degree of Saturation: The ratio of the flow to the maximum

possible flow under the given settings of the

Ssignals.

Delay: Time lost while traffic is impeded by some element
over which the driver has no control, such as
traffic signal.

External Link: A link entering the network, having no
upstream input in the network.

Flow: The volume of traffic, normally in vehicles per hour
(vph).

Fuel Consumption: The estimate of the amount of fuel consumed
by all vehicles in a network in liters.

Link: The unidirectional roadway between two signalized
locations.

Lost Time: The unproductive time during the cycle for moving

vehicles.
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Node: The representation of an intersection of two or more
streets. ’

Offset: In a signal system, the time difference in seconds
between system time base and the start of a
specified interval.

Peak Hour Factor (PHF): The ratio of vehicles entering the
intersection during the peak hour to four times the
number of vehicles ehtering during the peak
15-minutes period.

Peak Period: The period of day when traffic demands are
typically the highest.

Performance Index: The optimization objective function of
TRANSYT-7F, a linear combination of delay (veh-hr)
and stops (veh-sec) or total operating cost.

Phase: A portion of a signal cycle during which the
right-of-way is made to given traffic movements.

Phase Sequence: The order in which the traffic movements are
given the right-of-way in a signal cycle,

Queue Length: The number of vehicles which are stopped or
moving in a line where the movement of each vehicle
is constrained by that of .the lead wvehicle.

Saturation Flow: The flow in vehicles per hour which would be
obtained if there was a continueous queue of
vehicles, and they were given a 100 percent green
time.

Traffic Volume: The actual passage of traffic past a
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particular point of a roadway during a given period

of time. Measured in vehicles per hour.
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APPENDIX B
Webstexr's Formula
(Program calculates delay)



10

30

50

70

90

110
130
150
170
190
210
230
250
270
290
310
330
350
370
390

410

PR AR K AR R KRR A KRR A AR AR KA R RERAIRA KK AR ATAIK KR I TRRRKK KK

'This program calculates the DELAY using WEBSTER's method
'that was represented in Road Research Technical Paper 39
'This method calculates the Average Delay per Vehicle on a
'particular intersection arm.

B Rt s e s e L R T L N L Rt Lt L L g R L LT LT

INPUT "Lambda =",L

INPUT "Degree of Saturation 'x' =",X
INPUT "Flow 'q' =",Q

INPUT '"Cycle Length 'c¢' =",CY

MX = 1-X

MLAM = 1-L

DEN = (1-L*X)

A = (CYX(MLAMZ))/(2*DEN)
B = (X*)/(2%Q*MX)

TL = 2+5%*L

CcQ = CY/Q*

C = .65%(CQ-3333)%(xT™)
DELAY = A+B-C
PRINT "A= '",A: PRINT "B= ",B: PRINT "C= ",C

PRINT "Delay =",DELAY
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TRAFFIC COUN!S:

o e ——

.-
7.30 - 7.a5 AU o9 1 3¢l 23 1 62| 41 | 220|203 ) ub|su3| u¢ | 201| g0
J-¢45 -~ 8.00 Dl 26 |41 | 28 |64 |97 | 200l 200|133 38| (30 23c |13
g.00 - 6.15 V5080 | 2aise | 30] 08 | p3 |20 |213] 00| 3sv 0 1239 62
515 - .30 (D55 18 4] 157 31 | #9 1208 191] A6 |324{ ! (201 | 4
8.30 - .45 |PLI0L 1613l td |15 | Byl fef| sy 1213207 88 yise| Yo
8.45 - 9.00 |UKIBEL] 1 | yy|s3 |10 |ua |fof 158|253 183 |169] 35
9.00 - 9.15 1 1o 2 g 110 |ee | 73001191 ael282]93 [203(33
.15 - 9.30 820 i a3 ] 2 | 19 ] 2 |teg] 120] 101226134 178 ] 306
9.30 - 9.45

9.45 - 10.00| )

Sub total

TOTAL

Iw{-wr.ﬁ-‘-;nm 1 508, 906, 907
29/s/1989

Doy Uu.csd'aj
WeaHen Qbﬁﬂﬁsk:f E;uwu@j
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Wahbi Tamari Intersection

PERIOD

- — — — ¥ — ¥ — — — ]

7:45 - B:00
8:00 - B:15
8:45 - 9:00

7:30 - 7:45
8:15 - B:30
9:00 - 9:15

8:30 - 8:45
9:15 - 9:30

TOTALS

Flying Carpet Intersection

PERIOD

b e — o —

7:45 - B8:00

8§:00 - B8:15
8:15 - 8:30

8:30 — B:45
8:45 - 9:00

9:00 - 9:15
9:15 - 9:30

949

!

1400

624

1419 |

TOTALS

Gardens Intersection

11 12

10

i

PERIOD

7:45 - 8:00
8:15 - 8:30

1sodedsiseyl Jo BWaD - uepior Jo AYiseAIUN JO Akeld!T - peAesSY SIUDI ||V

860

1582

451

2488

TOTALS

l




APPENDIX D

Solution of Wahbi Tamari Intersection
Using Webster's Equation
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Wahbi Tamari's Intersection
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Traffic flow data for each approach in the a.m. peak

_||||-
—
54
0o
()

N

b e o —

- — 3 —

. e b —

— 0 MO e
hiNr—r—m
=, OO
NN —
SMNOYMe— M \O
HTOOWOoOr~I~ -
WD WO IS <<

e me— m—— = ———— —

60
125
84

- — — e e e —————

b ——————— ]

= e — e ————— ]

00

7:30 - 7:45
8:00 ~ 8:15
8:15 - 8:30
8:30 - 8:45
B:45 - 9:00
9:00 - 9:15
9:15 - 9:30

7:45 - 8

e — — e _—————

the maximum cummulative wvolume

As it can be seen from table,

this period

Though,

corresponds to the period from 7:30-8:30.

will be considered in computations.

- — — —— ]

- — — — — 4

22
26
22
18

- ——— ]

I I
1252 | 96 1225 [131 |506 [344 [84% | 2491

88

TOTAL




252 88

Lg.'— ‘4:Sh—————— 506
" ___J . (— 131

Volumes:

849 ‘l >
—_ 96 225
| Saturation
Approach | Flow
y
East Bound | 2250
West Bound | 7950
North Bound | 1800
South Bound | 1880
Total flow in 1 Hr 2491
PHF = - = —
4 (Max flow of 15 min) 4%p82

0.913

1l
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" VOLUME ADJUSTMENT WORKSHEET

506

DIk

562

o|@ [ ] @ & ® ] @ & o [i]
Appr.| ML \::L m r::u Lane Ht:*k:: :nmtbn Lane ra& n:?
upn'T !-m:r -. haind Group I:rm | Factor v |LTefT
PHE "&Jp v, u Srph) L
[ (vph) ‘Table ¥4 »ip
w | (31 0.9 146
] Jog | 2 |05 1744

SENEER

252

0.9

2801

4%_

34y 109 | 382 _ |
ws | _ 13261 2 | 105 {1391
8491031 343 -
o) 88 |e9)| 98

3784110 37|

AEI TS R I R ‘
| + 353 | Lo |357 ,
12250911250 1.1 4 : -

Solwration flow, & [payserger car unily per Rawr)

5000 ﬁ

4000

000

2000

1000

/

No porhed vehicies
No rigm-turnng trofhc
Ho two-wheeled vehicles

0

20

kL a0

Approach wetth, w [ieel)

Effect of approach width on saturation Aow
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Optimum Signal Time Phasing:

y=a/s

In this case,

recommended cycle length

N S E W
378 357 744 1391
1800 1880 2250 1850
0.199 0.189 0.33 0.713
Y =0.199 + 0.189 + 0.330 + 0.713
= 1.431
since Y=7y > 1.0 theﬁ, use the maximum

120 seconds.

Splitting Effective Green Times:

gs =
gm =

Gw =

Ya

“Zi- (Co - L)

0
0
0

.189 * 75,472
.330 * 75.472

L7133 * 75.472

{120 - 12)

= 15.

14.3
24.9

53.8

0
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Then, actual
O
gs
I

Ow

green times (Refer to figure on next page)

N

15
14
24
51

sec

sec

5ecC

secC.
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West

Phase Diagram
(Wahbi Tamari Iniersection)

L |
L |
L |
L
-

s

! //a‘ ///,:f:/j///” ‘{//”"/:’/I’Z/;/,-;,/‘Z/,,/I/
¥ ///,/} % .//’ f '4 o)
i / //////,//,f;,{,/f//// b *fé»

.

s “ih /'/:/ ,-r;'

-\.
{ 3-',-'»}& !

2y

l 1 1 1 1l A1 1 I L .\ 1 J 1l L 1 I 1 Fl 1 l 1 1 1 l
& i 40 ;- ”n b )

R3] mep YELLOW

7707 GREEN E— YELLOW / RED

Phcsz diagram of Wahbi Tamari Interssction
in the . peak hour
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TRANSYT-7F

NODE/LINK INVENTORY WORKSHEET =
arv__Amman nevwork _Prince Shoker St.
SYSTEM .

CONDITION(S) PERIOD
DEVELQPED BY. -~ DATE
INVENTORY

| NODE! LINK | LINK SAT. COMMENTS/SPECIAL ACTIONS
| INTERSECTION | NODE( LINK | LAR rw | FLow

ik 4 Tspr | 20011900 | Fxternol  Primary
" Tomori 200 - « . Secondary

. | /03| 200 k. &
04 | 200 17880 | Fxlernal , Peimary
? /o5 | 200 «_ . Seconcory
. Jos | 200 e . I3 -
o |
! o7 | 400 11950 | External., Furne.
/08 \ %00 | - « . Secondary
109 | 400 s «
I —
o 1426 12250 Frimary
(21 1426 | | Secopdary
! /72 1426 | P :

 SHEET___.OF __
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TRANSYT-7F

NODE/LINK INVENTORY WORKSHEET ~
CITY _ﬂmnw@ NETWORK [22LE S}{aﬁ’er S{r-
SYSTEM

CONDITION(S) PERIOD

DEVELOPED BY

DATE

INVENTORY

I NTERSECTION |NODE[ LINK | LINK SAT.

1

NO. LENGTH | FLOW

COMMENTS/SPECIAL ACTIONS

NO. i
201 1400 12420

202 | 400 1200

Externol . ,
External . Permitted right

(Elying Curpe

|

urn. _[foo % __Qreelt

204 | 426 12075

Primory.

— 206 (426 |i/00

Primend—

206 I-?? 2215

Frimery,

207 | \¥T |i200

Permittecl right Zarn

00X Qréeell -

SHEET __ OF __
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TRANSYT-7F
NODE/LINK INVENTORY WORKSHEET

CITY_LJQW/ NETWORK-/O. S re ér-
SYSTEM ‘
CONDITION(S) PERIOD
DEVELOPED BY DATE
INVENTORY
j mTERSECTioM':‘%?E LINK té?’u‘é;m SAT.  COMMENTS/SPECIAL ACTIONS - l
Gardens | 3 1301 1300 11950 |£xternal / Frimer, |
] 1302 300 1200 | Permi/tted. 1
‘ 1303 1300 £vternol ,Seconc{axg '_
| 5 ] - 1
| |04 | 600 | /100 |£xternals Frimary |
: 305 1600 | v - Seconelory |
[ - 306 |00 o o
; 307 | 131 12/50 Pmmqe 1
1. 308 | 177 1 SE’COH@(GJ;L;{ i
l __ : "
1308 | 3001|2150 | faternal r Frmaryd
310 | 300 | | ¢ . Secondard

l
|
|
| i
l
|
|
|
|
|

CSHEET__OF .
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TRANSYT-7F
DATA COLLECTION SHEET - PRETIMED SIGNAL - TIMING PLAN

cITY u‘?/?z/;wxz. NETWORK /?‘}fffe. S’&u‘(ﬁr‘ Q&

WTERsecTion _Wohbi Tamars NODE 1

CONTROLLER '

COLLECTED BY 'SDURCE . DATE

DIAL NUMBER

INTERVAL - ; . ; PHASES

NAME no.Jsec] 4 |rinisec] % (PN [sec] % [PIN DIAGRAM InoTmiN
N\ Grtuol greet) | 112 | '
Yellow /Red| & 11 | ! J J L { T
Lmbeq 13 |3 | sSec
Al Red 14 1! —t !
Setoal Green| 5 122 | e ‘
Yellow/Red| 6 | 1 | " 2 2%
I\ hmben. | 7|3 I Sec
Kl /Red 18 |1 | | Yy

riel Gren| 8 13 1 .
Yellow/Red Vo | 1] L 318
Amben. 11 |3 ] [ 1 ] ] Sec!
ALl/Red 1211 | | |
| fetsoltreen! 13 133 | | J .
Yellow/Red | 141 { 4 128!
AU [Reel | I6] ! | 3 |
CYCLE LENGTHS | J00 SeC. COMMENTS I
OFFSETS 1 1 i

2 | |
3 |

TIMES/DIAL SHEET___ OF

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



TRANSYT-7F
DATA COLLECTION SHEET - PRETIMED SIGNAL - TIMING PLAN

CITY HAmman NETWORK Zunce. Shalbes Si.
INTERSECTION & Let g CM@':F NODE 2
R — -
CONTROLLER :
COLLECTED BY - SOURCE DATE
DIAL NUMBER
INTERVAL - PHASES
B 2 3
NAME nolsec! % {pin(sec| % [pinisee] % [Pin DIAGRAM _ |NOJ MIN
Betodl Gceen| | 128 .
f[.&n)f Ld 12 |1 “~— | 3533_
2l Led 14 1}
ebual G| 5123
N/ XY/ AT - J ) 28
. : S
}ngéﬂb 713 | - e«
\ Az bl (8|} |
\Actual Grenl 3| 3Y |
Ny Lo [ B 110 | | | -
Awbin, 1113 || 3 |
L Led 11211 |
|
CYCLE LENGTHS | 100 Geg COMMENTS
OEFSETS 1
2
3
TIMES/DIAL SHEET _oF
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CITY J 2niell.

TRANSYT.7F
DATA COLLECTION SHEET - PRETIMED SIGNAL - TIMING PLAN

INTERSECTION
CONTROLLER

COLLECTED BY

Gordens

SOURCE

DATE

NETWORK &LSLMLS"'

NODE _3

INFERVAL

DIAL NUMBER

2

3

PHASES

NAME

NO.

SEC| %

PIN

SEC| % |PIN

SEC

% [PIN

DIAGRAM

INO.

MIN

J?Cﬁ'la’l &r.

Ye/low /Red

ﬁméeﬂ. !

I

AU (Red

T

-

Aetvol Gr. |

Yellow/Red

Hmbez

Al JRed

L

Getuvol Gr.

Yellow/Red

Amben. |

S fRed |

CYCLE LENGTHS

el

COMMENTS

QFFSETS

1

2

3

TIMES/DIAL

SHEET___OF

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



m-mnruc cuums cwaf 7 130+ 3130 . e

q;ra,._ g _/_%‘6 m-...

7.00 - 7.15

7.20 ~ 7.45 "qo% A2 3812362 | 4| 220203 | 146|343 14| 20!| 80

r.a5 - 8.00 WL 50 |1 | 28 | 64 | 9 | 222l 210133 [33e] 132] 2se |12
6.00 - 8.15 | P50 2alst | 30] ¢8 | p3 [2041 2021 00| 353140 [239 | 62
815 - 8.30 P55 | 18 | 4a| 157131 | ¥9 1206 191] b | 320d 91 |20 | 4§
.30 - 6.5 (WO 101 32| 1 | is | B itet] /ey 18 3ac] 88 |ise|do
.45 - 9,00 \WHEIBEE ) 1 yyly3 [ib fua | (o |sse M zss (83 169 35
9.00 - .15 WGI%) 1o 21| 9110 ¢ [130])19] Q)82 95 j203| 33
5.5 - 9.30 W00 15 | 22| 12 | 19| | (eo| 20| 01 |226|34 198 | 36
9.30 - 9,45

7.45 - 10.00

Sub total
TOTAL : -

Ih“-WCC‘L{lnh': 05, 306, So7
ok : 29[s/1989

Doy + Juesday

Weathon Comdihong : S iy
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A [F]

1900

101

{0

102

270 _‘i’l

bl

Syy

e

™

32

NUDE 1

Wakhhki
Toamari

£29)

b

28 [208]

1ib

too [29Z]

[252]
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gy 2%}

18B6

264 }

0

104
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2] 253
el 9
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208
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TRANSYT.7F
DATA COLLECTION SHEET - TOTAL VOLUME COUNT STUDY

CITY __Hramain, ‘ NeTwoRK _Prunce. Shado S

LocaTION 4 Abl Tinard

NODES IN INFLUENCE AREA 4

COLLECTED 8Y

COMPLETED BY —_ " DATE
COMMENTS
. DAY% DAY/DATE OF COUNTS
TIME MON. | TUES. | WED. ITHURS! FR1. !
PERIOD ' %E'I:E:;_ lAVERAGE 2&%?—4%5%?0[3
v Es L, H !00 : |
1 7:30-7°45 ] ! : t Hr Peak
- T:Ys- 800 | 97 '
'8:0p- BiI5 | 78 !
g , - .
! B:s- 8:30 65 : i
'-"ia:so*a:ws- yg | :
1@y 300 |55
'9:ipp- 915 | 31 “ i
S - 9:30 Y2 : 5
| "
e i i
i
1 | .
| 730-2:5 153 -. iyt Rak
L 2:¥5-8:00 16} i
2 B.op-9:is (5! : !
- p i Be_S:20 i20 i |
\ﬁ 8,20 5:Y¢ 100 1
Ey¢-Grop 58 . '
| 9:00-9:/5 T6 " i
P 9. 9:3p | ! 90 " '
' i |
i
T i
: : '

SHEET___. OF

———
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LOCATION

TRANSYT.7F

DATA COLLECTION SHEET - TOTAL VOLUME COUNT STUDY

CITY _ _Luaman,

Wadid;  Tpmant,

ENETWOH kBouince Shabon S

NODES IN INFLUENCE AREA

COLLECTEDBY

4

COMPLETED BY

DATE
COMMENTS
. DAY% DAY/DATE OF COUNTS
: |
TIME MON. | TUES.| WED. [THURS] FRI] "] DESIGN PER|
PERIOD TOTAL AVERAGEH AND?-!%UEFSS oe
' 7130745 160 _
"r 7:Y4c 8B:p0 ' 162 : I/zHr P(.ﬂ-ﬁ
‘B:00- 815 | 209 |
G L8:l5- i30T 106 f ;
Wi | §:30e8:ys 14 ' :
i i
(8:4y5 3:00 | _féY
‘9pp-8:t5 | | 158
25 - 9i30. 196 '_ |
: | f
! | :
. j .
{ 7:3p-2:¢5 | 295 ;- |y, He Pead
Ne-Phoe 23} :
B.op-8:ic & ;
L lBis 8 286 :
g [ B30 .8:Y¢ 257 -E
3 BiNC-9:00 prey f
i 9:00-9:/ 5" 263 i |
. 9 _9:3p 244 : F

I
'
[

"SHEET.___ OF
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R I FPC

TRANSYT7F

DATA COLLECTION SHEET : TOTAL VOLUME GOUNT STUDY

NODES IN INFLUENCE AREA

COLLECTED BY

Caroet

‘NETWOBK Brsace Shade S,

/

1

COMPLETED BY DATE
COMMENTS ?
.| DAY% DAY/DATE OF COUNTS
MON. | TUES.! WED. {THURS!| FRLI. ‘
| e PR v bvensod 26800
57.»30-74;- 203 ! ll/& He Fal
i2:YC-8:00 212
(8100~ 55 23 T
18 jo-8:30 191 ;' —
S 830 -85 184
Z |g:¥5- 9:00 158
3:00-9:i5 119
9:y¢-9:30] 120
2:3p- 7:Y¢| 196 | 1% Hr Pk
7:¥s5- & o0 133
|00 - Bil5 ] (o0 ’
-+ i&-‘f}'—ﬁ-’b’oji 96
| 8:30-8:4S | 128 _ I ]
\$: Y- 9:p0 (49
L9:00-35 36 il |
' 9:0§-9:30 lol _ i
7:3p-2:45 30 IJ" Hr Pead
9. v 8100 214G I - 2
B 00-Biis 287 | T i
+ Gus.8:30 293 ' ‘.
§ 58:30—8:5'5': 253 | |
Yo 9oo 143 | |
3:00 - 3i45° 196 ! |
9:i5= 9:30 2331 ] I' |

SHEET—_ OF
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4
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TRANSYT.7F

DATA COLLECTION SHEET - TOTAL VOLUME COUNT STUDY

CITY . Auambes
LOCATION
NODES IN INFLUENCE AREA

COLLECTED BY

G andens

}NETwoéx Priace Shoden Sh

—

SHEET__ OF

COMPLETED BY - DATE
" COMMENTS _
.E DAY% DAY/DATE OF’COUI'\{TS
MON. | TUES.| WED. [THURS] FRL. !
g b e
2:30-2:4C [y ‘ | |
' 2:¥5-8:00 17 '
5100 B f‘:‘% | -IV& Hr Penk
_Jg's : 5 8:30 91 : :
8:30 -8 Ys g8
Z|g:y¢- 900 83
g:00-9: IS 93
35 3:30! 13
7:3p- 7045 80 In/;_ Hr Pead
7:¥s. H: o0 1137
'5 o0 - 15| 62 : '
Jlpuc-g:30 48
Ai8:30=8:45 4o
1BiYe- 200 35
Cg:0p -85 33 u‘
-g:15-9:30 36 : :
- 7:20-7°45 343 20{ | i
| 2:Ys-B:00 378 236 e |
o Bi00-BIC 355 239 |
%,9-’.’?-83?0:‘ 326 20/ |
i 8:3o-piyc 325 155
8 Yo 900 453 63 .
W g:p0 - 915 282 203 |
9is- 93 226 178
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