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Abstract

The main purpose of this research is to study the effect of signal coordination on intersection
safety and to develop a methodology by which intersection safety could be optimized besides other
measures of effectiveness (stops and delays).

A signal simulation and optimization model (TRANSYT) was selected and calibrated for the
study area so that it simulated the observed number of stops in the field. The cost functions of the
optimization model were revised for Saudi Arabian conditions and the costs of rear-end accidents were
added as functions of stops and delays.
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DISSERTATION ABSTRACT
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TITLE OF STUDY: The Effect of Signal Coordination on Intersection
Safety
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DATE OF DEGREE: Second Semester 1993-94

Traffic accidents at urban intersections constitute about 50 percent of
all urban accidents. There are only a few research studies about the signal
coordination on intersection safety. The main purpose of this research is to
study the effect of signal coordination on intersection safety and to develop
a methodology by which intersection safety could be optimized besides other
measures of effectiveness (stops and delays).

It was hypothesized that signal coordination mainly affects stops and
that stops are mainly related to rear-end accidents. An experiment was
designed and data were collected to establish the relationship between stops
and rear accidents using the Traffic Conflict Techniques (TCT). It was
shown that there is a significant relationship between rear-end conflicts and
a significant relationship between rear-end conflicts and rear-end accidents.
Using these relationships, the direct relationship between stops and rear-end
accidents was obtained and used thereafter in the remaining parts of the
research.

A signal simulation and optimization model (TRANSYT) was selected
and calibrated for the study area so that it simulated the observed number
of stops in the field. The cost functions of the optimization model were
revised for Saudi Arabian conditions and the costs of rear-end accidents
were added as functions of stops and delays. Delays were calculated based
on the cost of delay and cost of stops. Furthermore, K values that optimize
safety as well as other costs were calculated.
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Using the calibrated program and the calculated K values, several
investigations were carried out. It was shown that signal coordination may
reduce rear-end accidents and operational costs up to 30 percent. Different
signal phasing schemes were investigated for different combinations of
volumes and intersection spacings and it seems that four phase schemes are
generally better than five phase schemes in similar conditions of the study
area. It was also shown that shorter than optimum cycle lengths may cause
sharp increases in stops, delays, rear-end accidents and operational costs;
compared to longer than optimum cycle lengths. Therefore, it is
recommended that shorter than optimum cycle lengths be avoided.

Finally practical implications and some recommendations for further
research were given.
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Chapter 1

INTRODUCTION

Traffic accidents at urban intersections are very serious
problem. They constitute about 50 percent of all urban accidents
in the U.S.A. (1). In Saudi Arabia, accident rates are four to
five times greater than those of the industrialized countries (2), a
situation that makes research in the area of traffic safety an

urgent priority.

1.1 PROBLEM STATEMENT

Traffic signal coordination is one of thn most cost effective
management tools available for traffic engincers to reduce delay,
stops, and fuel consumption. [t has been used for a long time in
the industrialized countries. However, there are only very few
research studies which have investigated the affect of traffic signal
coordination on safety in developing countries (3,4,5) and none in
Saudi Arabia. One of the reasons for traffic signal installation is
safety. Therefore, when a traffic management scheme (such as
signal coordination) is consicdered, safety should be taken into

account.

Several optimization and simmlation computer models have



been introduéed during the last three decades, e.g. TRANSYT,
PASSER, and MAXBAND (6). None of these computer models
used traffic safety as a measure of effectiveness or considered it
as a parameter to optimize when choosing the optimum plan. Most
of the computer-based models for arterial or network optimization
contain algorithms for computing signal offsets and splits that mini-
mize some combination of delay and stops in the arterial or the

network.

1.2 GOALS AND OBJECTIVES

The main goal of this researrh is to investigate the effect
of traffic signal coordination on safety and suggest a methodology
by which traffic safety could be incorporated into signal coordina-
tion. To achieve this general goal, the following specific objec-

tives are targeted: the following objectives are targetted:
1. Identify and collect data relevant for to study.

2. Investigate the relationship between signal coordination

and accidents and accident surrogale measures.

3. Calibrate the selected signal coordination and simulation

program for local conditions.

4, Using the calibrated signal coordination program,



iﬁvestigate the following:

(i) the potential effect of signal coordination on
intersection safety.

(ii) the ways of incorporating safety into the objec-
tive function of the optimization model.

(iii) recommend values of parameters needed to

incorporate safety into the optimization process.

(iv) the effect of alternative signal phasing schemes

on safety.



Chapter 2

LITERATURE REVIEW

2.1 INTERSECTION SAFETY

Intersection safety depends on the following factors: 1)
Physical Environment, 2) Traffic Parameters, and 3) Traffic Con-

trol (1).

2.1.1 Physical Environment

The geometry of an intersection affects intersection safety.
As the number of legs of the intersection increases, the conflicting
movements increase and, hence the number of accidents experi-
enced at the intersection increases. T and Y intersections usually
have less accident rates than cross intersections (7). Left turn
channelization enhances the safety of intersections because it seg-
regates different movements and different speeds (8,9). Sight
distance is a very important factor for intersection safety, espe-
cially for unsignalized intersections. An evaluation of the Federal
Highway Safety Program Project indicated thal out of 34 different
improvement types, the improvement of sight distances at intersec-

tions was the most effective (10).



A lafge portion of intersection accidents take place at
night especially at rural intersections. Previous research has
shown that the illumination of an intersection reduces night time
accidents (11,12). Skiddin is a major cause of accidents especially
during wet and icy periods. Special surface treatment within the

intersection reduces the accidents, significantly (13).
2.1.2 Traffic Parameters

The most important traffic parameters that affect intersec-
tion safety are approach speed, speed distribution and volumes
(1). Approach speed and speed distribution are believed to affect

safety in the following manner:

(a) Speed affects the driver's response time and the distance
required to stop. As the speed increases, the stopping
sight distance increases, and, hence, higher speed is an

indication of higher accident polential.

(b) Higher speed variation results with a higher potential for
accidents because of the greater interaction between vehi-

cles.

(c) Higher absolute speed may cause higher severity of acci-

dents. (2,7)

Traffic volume affects the number of accidents at intersec-



tions, by cl{anging the exposure. As the number of vehicles
entering the intersection increases, there are more chances of
vehicles being involved in accidents. For unsignalized intersec-
tions, the conflicting movements are not separated by time.
Therefore, the number of accidents is more sensitive to minor
street volumes because an increase in this volume affects the num-
ber of conflict chances more than an equal increase in the major

street volume (14).

At signalized intersections, the conflicting movements are
separated by time except those which result from rear-end and
Jlane change conflicts. As a result of this separation, the number
of accidents is a function of the total volume entering the intersec-
tion. Statistically significant correlations between accidenls and

total intersection volumes were obtained by Talani and Walker (15).
2.1.3 Traffic Control

Traffic control measures are used whenever the traffic
volumes or conflicts at intersections are sufficiently large to
require the management of the flow of indivicdual movements or
when the accident rates are relatively high. There are three
types of traffic control devices: yield signs, stop signs, and traf-

fic signals.

Yield signs are used to regulate traffic flow at low volume



Intersections and where accidents are higher than average for com-
parable intersections . Yield signs have been found to be effec-
tive at previously uncontrolled, isolated, urban, low volume inter-

sections (16).

Stop signs are used along major routes to control intersec-
tioning local or collector streets. A study in California of 150
major/local type intersections with 2 way stop control, (17) showed
that 2-way stop control is more effective for low volume on minor

streets and high volume on major streets.

Other studies showed that four-way stop controls signifi-
cantly reduce accidents at intersections where enlering traffic vol-
umes on all approaches are relatively equal. If the entering vol-
umes are not relatively equal, there will be an increase in the

traffic accidents when four-way stop control is applied (1).

The principal function of traffic signals is to permit cross-
ing streams of traffic to share the same intersection by means of
time separation. The major criterion for traffic signal installation
is traffic volumes entering the intersection and accident experience

(18).

A comprehensive review of research done in 1975 (19) led

to the following conclusions:

- Signalization leads to the reduction in right-angle



ac.:cidents and an increase in rear-end accidents.

- Higher accident rates are found in signalized intersec-
tions but the severity per accident is less, so the net
effect of signalizing intersections is a reduction in

accident cost.

Many studies have been conducted on the effect of signal
installation in the United States (1) and the results of these stud-
ies vary considerably and research has shown situations where
total accidents have decreased in some and increased in other situ-
ations. However, the above mentioned findings have been con-

firmed in most of the studies.

A study by Hakkart and Mahalel (20) showed that, at
intersections with a low number of accidents (less than 7) per 38
months, the installation of traffic signals increased the number of
accidents, and at intersections with a higher number of accidents,
the number of accidents per intersection decreased due to traffic

signal installation.

The multiphase traffic signals appear to have a lower per-
centage of serious and fatal accidents as compared to two-phase
traffic signals, as found by a Stanford sfudy in the San Francisco

Bay area (7).

Another study by the Kentucky Department of Highways in



1979 (21) also reported a decrease in the severity of accidents as a

result of using a multiphase rather than a two-phase operation.

The change interval (amber phase) is a warning for driv-
ers that the green phase is ending and the red phase is starting.
This is a very important interval because sometimes the driver has
to make a decision whether to stop quickly and take a chance of
being involved in rear-end accident or continue and take a chance
of crossing the intersection partially in the rod phase and hence

get involved in a right-angle or other types of accidents.

Engineering solutions for reducing right-angle accidents,
such as the proper design of the intergreen inferval are well
known (22). It is more difficult to eliminate rear-end accidents
because it is difficult to eliminate the option zone. One way of
reducing read-end accidents is in the case of an actuated traffic
signal, when the green phase is extended tn allow approaching

vehicles to go without yellow indication.

The rear-end accidents at signalized intersections take
place because some drivers decide to decelerate; either to stop in
response to a yellow or red indication signal, or decrease their
speed to turn right or left and the others decide to continue at
the same speed or decelerate at a slower rate than the leading
drivers. This behavior causes conflicts between vehicles that

might lead to rear-end accidents.



The .decision to stcp when the amber phase starts,
depends on the speed of the vehicle, the distance from the stop-
line and the driver behavior. In ideal conditions, the decisions of
drivers should be exact and the same for all drivers (Figure 2.1).
But in reality the decisions are not similar; and there is a prob-
ability distribution of stopping as a function of approach speed and
distance from the stop line (Figure 2.2). These probability distri-

bution curves are for United States conditions (Kentucky) (22).

The distance from the stop line of the intersection is
divided into two zones: the dilemma zone, and the option zone.
In the dilemma zone, the driver has to make one of two dangerous
decisions: either to stop at a high deceleration rafe and take a
chance of being involved in a rear-end accident, or continue driv-
ing and take a chance of being involved in a right angle accident.
This zone is dangerous, however, a proper design of intergreen
interval will practically reduce the risk of involvement in a right
angle accident (excluding accidents that involve red signal viola-

tion) (22).

The second zone is the option 7zone, in which the driver
can either stop, or enter the intersection prior to the onset of the
red light. The presence of two legitimate options will split the
drivers' decisions whether to stop or go and this may increase the

risk of rear-end accidents.

10



PERCENT PROBABILITY OF STOPPING

Fig. 2.1 An ideal probablity function of stopping.
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The i'isk of involvement in a rear-end accident cannot be
eliminated but it can be reduced. Figure 2.3 shows the dilemma
zone and option zone for signalized intersection approaches as a
function of approach speed and distance from the stop line for two
cases: an amber phase of 3 seconds and an amber phase of 6 sec-
onds. Referring to Figure 2.3, if a driver doing 80 km/h was at a
distance of 80 m from the stopline, he would be in the dilemma
zone if the amber phase was 3 seconds. That is, he couldn't stop
at a reasonable deceleration and couldn't cross the stop line before
the onset of red because his stopping distance would be greater
than 80 m and his speed would not enable him to cross the stopline
in 3 sec. On the other hand, if the amber was 6 sec, he could
cross the stopline before the onset of the red phase. If he was
doing only 60 km/hr, and was at a distance of 80 m from the stop-
line, he would be in the option zone if the amber was 6 sec. He
could take one of two decisions: either to stop or to cross the
stopline before the onset of the red phase. The dilemma zone is
more dangerous than the option zone. The six second amber phase
eliminates the dilemma zone, but creates a larger option zone,
which is not totally safe itself. Figure 2.3 shows that the amber
phase of 3 seconds will create a dilemma zone for an approach
speed greater than 50 km/hr, but the amber phase of 6 seconds

will eliminate the dilemma zone.

Inspection of Figure 2.3 also shows that no amber period

12
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can eliminate.both dilemma and option zones simultaneously. So,
the proper design of intergreen period could eliminate the dilemma
zone, but cannot eliminate the option zone, which means that
crossing accidents can be eliminated, but rear-end accidents cannot

be eliminated.

There is also another problem with a long amber phase,
that is, after some time, the familiarized drivers tend to treat a
long amber phase as a portion of the green phase, and there will
be some shift in a driver's behavior that puts drivers at risk.
Figure 2.4 shows the results of a study (23) where the amber
phase was extended from 3 sec. to 5 sec. During the Ffirst 3
months, there was a decrease in the number of drivers running on
red, but after 18 months, there was a shift towards running on
red. Enforcement could be a solution, but it is costly and not

practical all the time.

Some intersections have an all-red period, where all the
approaches are given red period simultaneously after the termina-
tion of the yellow interval of each phase. This is done to allow
vehicles that entered the intersection during the yellow interval to
clear the intersection before the green is given to the next
approach. An all-red period proved to be effective in reducing
right angle accidents, but it seemed to increase rear-end accidents

(23). Only short intervals of all-red are needed because long

14
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intervals woufd not affect safety.

Generally, allowing right turns on red will not increase
right turn accidents as indicated by a study sponsored by FHWA
(24).

2.2 TRAFFIC SIGNAL COORDINATION

Traffic signal coordination is defined as the act of devel-
oping an optimum signal timing plan (optimum signal offsets and
splits), by which the signalized intersections in a given network or
arterial are interconnected and operated to optimize a given objec-
tive function (25). The objective function cenuld be to minimize
some combination of delay and stops, maximize green bandwidth,

minimize fuel consumption or minimize operating cost.

Traffic signal coordination has been practiced since the
1920's (26). The signalized intersections have been increasing and
as the networks get larger the traffic volumes become much heav-
ier, increasing the need for signal coordination. Traffic signal
coordination used to be done manually before the 1950's. As com-
puters and computer programs became available and practical in the
1960's, it became possible to investigate and analyze traffic prob-
lems easily, accurately and efficiently. During the last three dec-

ades, there was a rapid development in the software and hardware



of computers. Many computer mecdels for traffic signal optimization
and simulation have been developed, tested and validated. Micro-
computers have been developed and have become feasible for use

all over the world (25).
2.2.1 Advantages of Signal Coordination

Signal coordination provides significant improvement in
service, usually measured in terms of stops and delay. Minimizing
delay and stops will provide a more convenient driving environ-
ment, improve the network capacity, and reduce crxcess fuel con-

sumption and user costs (25).

A drop in fuel consumption reduces the user cost and also
reduces the air pollution inside cities, which has been a growing
concern in recent years. Ancther benefit of signal coordination is
the maintenance of a preferred speed. Slow drivers are expected
to increase their speed to catch the green and high speed drivers

are expected to slow down to avoid stopping at signals (26).

In the United States, eleven cities optimized a portion of
their street networks as part of the National Signal Timing Opti-
mization Project (25). The TRANSYT-7F Program was used to
generate signal timing plans. The estimated benefits for an aver-

age intersection (based on TRANSYT estimation) were as follows:

1. Each year, 15,470 vehicle-hours of delay were saved.
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2, 455,921 vehicle stops were eliminated.
3. 10,524 gallons of fuel were saved.
4, It was reported that driving through urban areas became

faster and easier.

Another study in the United Kingdom (26) showed that
signal coordination resulted in a 25 percent increase in effective

capacity and a 16 percent reduction in travel time.

Another study in California (Garden Grove City) concluded
that the use of signal timing plans generated by the TRANSYT
program instead of pre-existing plans, yielded a network-wide
reduction in total travel time of 5 percent, more than a 10 percent
reduction in the number of stops and stoppecd delay time, and a 6

percent reduction in fuel consumption (26).

Schlappi (26) found that there is a relationship between
the concentration of carbon rnonoxide and the number of vehicle
stops. A reduction of 10 percent in vehicle stops reduces the

concentration of carbon monoxide by 5 to 7 percent.

Intersection safety was found to be affected by signal
coordination. Section 2.3 investigates the past research on the

effect of signal coordination on safety.
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2.2.2 State-of-Art in Signal Coordination

In this section, a brief review of the state-of-the-art in
the models that have been developed for traffic signals coordination
for arterials and networks will be presented, with a critical discus-
sion of their advantages and disadvantages in meeting the need for

this research.

PASSER II-90 (Progressive Analysis and Signal System
Evaluation Routine) (27) is a macroscopic deterministic optimization
model designed to develop the optimal signal progression on a lin-
ear arterial highway. Macroscopic means that it deals with pla-
toons of vehicles not individual vehicles. Deterministic means that
it gives one solution not a set of solutions associated with prob-
abilities. It can be used for isolated infersection analysis or
arterial system analysis. For isolated intersection analysis, it can
do capacity evaluation and signal timing optimization. For arterial
analysis, it can do progression optimization, signal by signal opti-
mization and existing system evaluation. The objective of the opti-
mization process is to maximize the progression bandwicdth. Tt rec-
ommends cycle lengths, green split, offsets, and it gives the best
phase sequences for individual intersections that maximize the

overall progression bandwidth.

The disadvantage of this model, as far as this research is

concerned, is that it uses progression bandwidth as a parameter to
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optimize. The program will not give the optimum solution in terms
of stops and delay. (27) The number of stops is the parameter
that will be used for approximating safety, as will be explained

later.

MAXBAND is an optimization model similar 1o PASSER II,
in that it optimizes the progression bandwidth by varying the off-
sets. It can optimize progression of two or three intersecting
arterials, which is an advantage over PASSER II. The shortcoming
of the two models is the same, as far as this research is con-
cerned. They only optimize bandwidths not delay and stops.
Delay and stops are taken into account only when the green time is
allocated to different phases, but for the whole arierial, they do

not minimize delay and stops. (6,28)

SIGOP (Signal Optimization Program) was developed by
Peat, Marwick, Livingstone and Company Ffor the U.S. Bureau of
Public Roads (25). The latest version of the program (SIGOP III)
was developed by KLD Associates, Tnc. for the office of Research,
Federal Highway Administration. The program is a macroscopic
model that can be used for design and evaluation processes. It
consists of a traffic flow algorithm and an optimization submodel.
The objective function of SIGOP IIT is a combination of stops,
delay and excess queue length realtime to available storage capac-

ity. The major shortcoming of the program is that it cannot deal
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with intersections having more than four phases (25). The litera-
ture review does not show any significant application or validation

of the model.

TRANSYT (TRAFFIC Network Study Tool) was written by
Robertson in 1967 in the U.K. and was developed substantially
after that (25). TRANSYT-7F is an Americanized version of the
seventh British version TRANSYT/7. TRANSYT-7F has been
developed over the last decade and has been subjected to extensive
validation and calibration in many countries including Saudi Arabia
(26). The program is macroscopic and a deterministic model. It
has two main modules: a traffic simulation model and an optimiza-
tion procedure. The simulation process is based on simulating the
dispersion of platoons of vehicles as they progress along network

links (29).

The objective function of TRANSYT 7F is a linear combina-
tion of delay and stops. The optimization procedure is an iterative
gradient search (hill-climbing) technique that optimizes signal
phase lengths and offsets of a signalized network (29). The latest
version (TRANSYT-7F Release 6) has many altraclive features as

compared to other models. These fealures are:

1. The objective function, which is called the performance
index, is very flexible and can be expressed as a linear

combination of delay and stops, with a user defined weight
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of stops as compared to delay. This weight is the K coeffi-

cient in the Performance Index equation:
PI = Delay + K (stops) (2.1)

Special weights for specific links could be input into the
objective function to reflect the importance of links compared

to each other.

Fuel consumption can be used as the objective Function to

minimize instead of delay and stops.

The total operating cost can be used as the objective func-
tion instead of delay and stops. | The total operating cost is
a linear function of delay, stops, fuel consumption and user
time cost due to excessive delay. The coefficients of cost
items in the objective function can be overriden by the user.
This feature enables the user to include other cost items
such as accident cost and air pollution n~ost, if the relation
between such cost items. and delay and stops is established.
By incorporating these cost items in the objective function,

they can be optimized online rather than offline.

The program can be for:ed to give good progression along a
given arterial by constraining the solution so that it provides

a given bandwidth (29).
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One of the shortcomings of TRANSYT 7F is that it cannot
optimize phase sequence online, but it can be done offline by try-
ing different phase sequences and choosing the one that gives the
least performance index. Furthermore, the hill-climbing technique
does not always give the global minimum performance index, but
generally, the solution obtained by TRANSYT 7F usually gives a

good signal timing plan (29).

2.3 TRAFFIC SIGNAL COORDINATION AND SAFETY

Very few studies have been conducted to evaluate traffic
signal coordination from a safety point of view. Most of the pro-
grams that have been developed for signal coor:lination try to mini-
mize delay and stops (e.g. TRANSYT 7F) or maximize band width
(e.g. PASSER II). So, most of the evaluation studies investigate
the success of the programs in optimizing these objectives in the

field (25,26).

In 1972, Camkin, H.L. from the New South Wales Depart-
ment of Motor Transport, Australia (3), presonted some accident
statistics relating to sections of arterial roads controlled by coordi-
nated traffic signals. The accident statistics showecd significant

decreases in accidents as a result of signal coordination.

The author showed the effect of signal coordination on the
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accidents at intersections previously controlled by signals for all
systems (Table 2.1). All types of accidents showed reductions due
to signal coordination, but only the rear-end type was significant
at a level of 5 percent. Table 2.2 shows the statistics of accidents
at intersections that were not previously controlled by signals.
The effect on accidents shown in this table is a combined effect of
signal installation and signal coordination and cannot give any reli-

able indication about the effect of signal coordination alone.

Berg, W.D. investigated the effect of signal coordination
on rear-end accidents (4). He hypothesized that rear-end acci-
dents correlate with the number of stops. He used the accident
data available about a high volume urban arterial. He used the
TRANSYT model to develop optimized timing plans for a hypotheti-
cal time-of-day signal control system. Detailed performance data
for both the existing conditions and proposed coordinated signal
system were generated using the NETSIM model because there were

traffic actuated signals that cannot be simulatnd using TRANSYT.

Accident records were then analyzed and correlated with
the estimated frequency of vehicular stops under existing condi-
tions. An accident prediction model was then used to estimate the

safety impacts of the proposed signal coordination.

The output of the analysis showed that there was a small

decrease in rear-end accidents due to a decrease in the number of
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Table 2.1: The Effect of Signal Coordination on Acci-
dents at Intersections Previously Controlled
by Signals

All Reported Accidents: Before After Change %
Pedestrian-involved 9 8 -11
Right-angle 25 17 -32
Rear-end 54 42 -22%
Right-turning 58 56 -4
Other 31 31 -0
Total 177 154 -13*
Injury Accidents 42 1 -2

* Significant @ 5% level on Municipal Control.

Source: Ref. 3.
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Table 2.2:

26

The Effect of Signal Coordination on Acci-
dents at Intersections Now But Not Previ-
ously Controlled by Signals

All Reported Accidents: Before After Change %
Pedestrian-involved 17 9 - 47*
Right-angle 90 15 - 83*
Rear-end 44 55 + 25
Right-turning 14 29 +107
Other 11 23 +109
Total 176 131 - 26%
Injury Accidents 11 28 - 32

* Significant @ 5% level on Municipal Control.

Source: Ref. 3.



stops. The ' prediction model showed significant relationship
between number of stops predicted by the NETSIM, which is a
microscopic simulation model, model and the accident data. The
correlation factor was 0.32, which the author thinks sufficient for
such research. The small reduction in the number of stops
(instead of a relatively large reduction) may be due to the large
distances between the intersections in the study. The effect of
coordination decreases due to huge dispersion of platoons, as the

distance between intersections increases.

Schlabback, (5) investigated pulsating green wave, which
is a control method that varies split, cycle time and offset by a
modified gap/density control within a coordinated signal system
network. He investigated this coordination system in a study area
which had 10 junctions. The results of the experiment showed
significant increase in journey speeds, improved journey times for
buses, decrease in queue lengths and improvements in traffic

safety (especially opposed turns and rear-end collisions).

2.4. THE CONCEPT OF ACCIDENT EXPOSURE

The exposure was defined by Carol et. al. as, "the fre-

quency of traffic events which create the risk of accidents" (30).

The fundamental process of accident occurrence was
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described as follows (31):

where:

>
"

A = PE

The expected number of accidents of a certain type
over a specified time period.

Exposure or number of opportunities.

Probability or propensity of an accident given a unit of

exposure.

In order to reduce the number of accidents, at a given

intersection

(1)

(ii)

, the following methods could be followed (30):

reduce the accident propensity or rate through

improved design, new legislation, etc.

reduce the exposure to accidents by rerouting traffic
flows; physically separating the conflicting movements
(e.g. channelization) or separating them by time (e.g.

signalization).
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Chapter 3

METHODOLOGY

In this section first, the research hypothesis about how
the traffic signal coordination affects the intersection safety is
presented. Then, the research steps are explained and data col-

lection is described in general.

3.1 RESEARCH HYPOTHESIS

The key step in this research is to understand and estab-
lish the relationship between signal coordination and intersection
safety. Signal coordination is believed to affect the exposure to,
and propensity of, certain types of accidents. Tt is hypothesized
that traffic signal coordination reduces first, the exposure to all
rear-end and pedestrian accidents and second, the accident pro-
pensity of slow vehicle, lane change and pedestrian accidents.
The author believes that signal coordination does not affect expo-
sure and accident propensity of right-angle (or cross) accidents.
These hypotheses are also supported in the literature cited above
(3, 4 and 5). The scope of this research was limited to vehicular
accidents. Pedestrian accidents were not studied because of lack

of data and resources. The following paragraphs explain how



these hypothesis were reached.

3.2 DEVELOPMENT OF HYPOTHESIS

Exposure to rear-end accident exposure is defined as the
number of pairs of vehicles travelling in the same direction which
are too in a given lane and both vehicles are within the intersec-

tion at the same time (31).

Under this definition of exposure, we can explain the
effect of signalizing an intersection on rear-end accidents. The
literature review showed that when signals arve introduced at
unsignalized intersections, an increase in rear-end accidents takes
place. This can be explained by the increase in axposure to the
rear-end accidents because there will be more vehicles that come to
complete stops (or slows down to a very low speed) within the

intersection area.

Signal coordination creates progressive movements of pla-
toon, where a smaller number of vehicles come to a complete stop
or decrease their speed within the intersection area. This
decrease in the number of stops is expected 1o reduce exposure to

rear-end accidents and, hence, to reduce rear-end accidents.

For left turns and right turn movements, the exposure to

rear-end accidents is expected to be lowered with proper
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coordination for intersections with left turn lanes. This is
expected because a lower number of stops is expected. Lane
change exposure is expected to decrease because, the vehicles are
travelling at a constant speed and with less obstruction at the
intersection that might cause lane change actions. The accident
propensity is expected to decrease for slow vehicles and lane
change rear-end type accideats because less speed variance is

expected.

So, in general, it is expected that a net decrease in all
rear-end accidents occurs due to signal coordination and this is

attributed to the reduction in the number of stops.

Cross (or right-angle) accidents include those between two
vehicles in crossing streams. Most of the previous studies show
that signal installation reduces cross accidents especially with mul-
tiphase signals, (1) which is the case in Saudi Arabia. This
reduction is due to the separation of conflicting movements by

time.

These types of accidents could be reduced further with
proper design of intergreen interval. This will eliminate the effect
of the dilemma zone problem. Cross accidents are usually caused
by the dilemma zone and the violation of the red signal. Dilemma
zone problem can be eliminated by proper design of the intergreen

interval while violation of red signal can be eliminated only by
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education and enforcement, assuming reasonable cycle lengths.

The signal coordination is expected to have no influence
on exposure to cross accidents because the exposure to cross acci-
dents depends on the number of vehicles crossing the intersection
and the presence of vehicles in the cross apprnaches. This is not
expected to change considerably by signal coordination. With all
other variables affecting cross accident propensity being constant,
for both a coordinated and an uncoordinated situation, cross acci-

dents are not expected to change with signal coordination.

The exposure to pedestrian accidents is expected to
decrease by signal coordination cdue to less time per vehicle being
spent at each intersection. The propensity is also expected to
decrease because the pedestrian would not dare to cross the street

when a dense platoon is approaching the intersection

Table 3.1 shows the research hypothesis regarding the
effect of signal coordination on accidents at urban signalized inter-

sections.

So, in summary, the expected net effecet of signal coordi-
nation on intersection safety is believed to be a reduction in rear-
end and pedestrian accidents. This hypothesis was tested for the
local conditions in the first stage of the research. This was done

by establishing and testing the significance of the relationship
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Table 3.1: Research Hypothesis for the Expected Effects

of Signal Coordination on Accidents At Urban

Intersections*
Type of Accident Diagram Exposure Propensity |Net Effect
REAR-END
Left Turn ——.—J (-) No ()
Same Direction
Right Turn — -) No )
Same Direction
Slow Vehicle ——— ) -) )
Lane Change —y- (-) (-) (-)
CROSS No No No
Accidents
PEDESTRIAN () ) )

(+) Increase

(-) Decrease

(No) No Effect

* Urban intersections on major multilane divided arterial
with multiphase signals and left turn lanes and large
turning radial.




between the number of stops and number of accidents (or con-

flicts).

Cross accidents were not investigated because they are
believed to be functions of intergreen interval, rather than signal
coordination. There is strong support for this in the literature

(3,4,5).

The first step in this research was to establish the rela-
tionship between the number of stops and number of rear-end acci-
dents (conflicts) at signalized intersections. Establishing this

relationship served two purposes:

(i) It provided further support to the assertion that signal coor-
dination reduces rear-end accidents through the reduction of
stops. This is also an indirect test of the resecarch hypothe-
sis. It must be pointed out that there is support for this
hypothesis in the literature (3,1). However, this effort may

provide further support especially for local conditions.

(ii) The established relationship was used in incorporating safety

into obtaining an optimal solution for signal coordination.
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3.3 RESEARCH STEPS

The research consists of three stages as shown in the Fig-

ure 3.1.

3.3.1 Establishing the Relationship Between Number of Stops and

Rear-End Accident (Phase 1)

This stage was important for the research because, by
establishing this relationship, the effect of signal coordination on
safety could be assessed simply by simulating the signal coordina-
tion scheme and from the number of stops, the number of rear-end
accidents could be estimated. Furthermore, fhis provided a means

for testing the research hypothesis as explained above.

To establish this relationship, two methods were consid-
ered as shown in Figure 3.1. The first method was to find the
relationship between the number of stops and the number of rear-
end accidents directly. The second method was to use Traffic

Conflict Technique (TCT) to establish this relationship.

Due to the fact that there was no reoliable and complete
accident data available for the study area, the traffic conflicts
were used as proxy variables for accidents. First, the relationship
between the number of stops and number of rear-end conflicts was

established. Second, the relationship between the number of stops
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and number of rear-end accidents was established using data from
another local study (2). And finally, a direct relationship between
the stops and accidents was obtained using the first two relation-

ships.

To establish the relationship between accidents and the

number of stops using TCT, the following steps were followed:

1. The traffic conflict data was collected For the intersection
approaches selected for the study; together with the number
of stops and traffic volumes. Graduate students were

trained to collect this data.

2. The following equation was used to determine the required
duration of study (h) which would add precision to the col-

lected data (32).

2 o2
h =12
VA% La
where,
- Y
L P/100

and Y is the hourly mean value of conflicts and 0’2 is the

hourly variance, Z is the statistics that can be obtained from
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the norial distribution defined by u.

For this study, the hourly mean value of total rear-end acci-
dents is the parameter that is needed. Al-Isa, Ergun and
Al-Senan (2) conducted a study on traffic conflicts at signal-
ized intersections in the study area in 1988. The 20 minute
average rear-end conflict was 2.650 and the variance was
1.442. So, for one hour, assuming that three 20 min periods

are independent:

Y = 3 x 2.650 = 7.95 conflicts/hr.

and

62 = 3 x 1.442 = 4.326 conflicts/hr.

So, the number of hours needad to estimate hourly average
rear-end conflict within a range of 1 50% with confidence

interval of 95% equals

1.96% * 4.3262 + (7.95%/0.5%)

-2
It

1.05 hour.

At least, one hour of data collection is needed during day
time for each approach. More detail about the collection of

this data is presented in Chapter 4.
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3. The relation between rear-end conflicts and rear-end acci-
dents for signalized intersections was established using the
data collected by Al-Isa et al. in 1988 (2). So, this rela-
tion was used to relate accidents to number of stops. More

detail about this relation is presented in Chapter 4.

3.3.2 Calibrating the Optimization Model (Phase II)

TRANSYT 7F release 6 was used as a simulation and opti-
mization model for this research. Besides the attractive features
that were discussed in the literature review part, TRANSYT 7F
was subjected to validation and calibration studies in several coun-

tries including Saudi Arabia (25).

Starting with the parameters and constants obtained by
Ratrout, (25) in his study to calibrate TRANSYT Model for the cit-
ies of Al-Khobar and Dammam, it was possible to calibrate the
model so that it gives satisfactory results in simulating number of
stops as explained in detail in Chapter 5.

3.3.3 Investigation of the Effects of Signal Coordination on Safety
(Phase III)

After calibrating the simulation model, it was used to sim-
ulate traffic in order to investigate the tasks specified in phase III

of Figure 3.1. These tasks included the following:

1) Sensitivity analysis of stops and delays to K in the
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2)

3)

4)

5)

6)

7)

8)

9)

10)

performance index.

Sensitivity analysis of stops and delays to

length.

Revision of cost function.

Calculation of K value.

Suggested K values for different speeds.

Sensitivity of K value to accident cost.

Sensitivity of total cost to K.

40
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The effect of signal coordination on safety and cost.

The effect of signal phasing on operational cost.

The effect of safety inclusion on signal timing plans.

These tasks are explained in detail in Chapter 6.



Chapter 4

ESTABLISHING THE RELATIONSHIP
BETWEEN STOPS AND ACCIDENTS

4.1 INTRODUCTION

The relationship between stops and accidents has to be
investigated and established in order to study the effect of signal
coordination on safety. In the previous chapter, the theoretical
relationship between signal ccorclination, stops and accidents was
discussed and it was concluded that rear-end accidents were
expected to be correlated to the number of stops at the intersec-
tion approaches. The aim of this chapter is to establish the rela-
tionship between stops and accidents by studying stops and acci-
dents in the field through the proper experimental design, data

collection and statistical analysis.

4.2 METHODOLOGY

Two methods were suggested earlier in this research to
establish this relationship. The first method was to establish the
relationship directly between stops and accidents; through the col-
lection of data about stops, at the selected intersections through

field study and about accidents that took place at the same sites



during the recent two years from police files. This method was
excluded because of the difficulties faced in the collection of aceci-
dent data from the police accident form. These accident forms
were found unclassified by time, had missing forms and there were
difficulties in reading and recognizing the accident sites. Another
difficulty was that the accident forms of all the accidents that took
place in Eastern Province were stored unclassified in one room.
The process of going through more than 100,000 forms with incom-
plete data and missing forms was not feasible because of lack of
resources. Furthermore, a large part of accident reports was
missing due to the transfer of the reports between the municipality
and the police headquarteps. The extracted data would have been

incomplete and unreliable.

The second method was tc use the traffic conflict tech-
nique (TCT) to establish the relationship indirectly between stops
and accidents. The TCT was used first, to establish the relation-
ship between stops and conflicts and second, tn establish the rela-
tionship between accidents and conflicts. These two steps are

explained in the following sections.
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4.3 ESTABLISHING THE RELATIONSHIP BETWEEN STOPS AND
CONFLICTS

The goal of this step was to investigate and establish the
relationship between stops and rear-end conflicts at signalized

intersections. The objectives of this step include the following:

1. Prepare the experimental design.

2. Train the graduate students on TCT and stops data col-
lection.

3. Collect data about rear-end conflicts and number of stops
at the selected intersections.

4. Establish the relationship between rear end conflicts and
stops using appropriate technicques and assess the rela-

tionship through statistical tests.

4.3.1 Experimental Design and Data Collection

This part of data collection was concducted in the summer
of 1992. The first step was to make an inventory survey of all
signalized intersections in Khobar, Thoghah, Agrabiyah and Dam-

mam cities having the following characteristics:

1. The approach must be on a cross type signalized inter-

section.

2. The approach must be separated from the opposing

approach by a raised median with at least two lanes.

43



3. The approach must have left turn lanes.

The size of the sample was calculated so that it gives a
margin of error not greater than +1.5 conflicts according to the

following equation (32).

2,2
_ Cop) Y
g2
where E = error
V = variance of conflicts per hour {obtained

from Al-Isa, et. al. Study (2)}
n = sample size

z = Normal Random Variable
o/2

Allowable error was chosen to be + 1.5 conflict per hour, which is

about + 18 percent.

2 2
2 _ Cos2) © _ 1.96%(4.326)°
E? E

_1.96%(4.326)°
(1.5)%

n
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Thirty eight (38) approaches was considered large enough

and would give a margin of error of +1.375.

The approaches of all intersections satisfying the criteria
listed above were numbered and 38 approaches were selected ran-
domly. The numbers were written on small pieces of paper and
were put in a box and drawn randomly. After each draw the box
was shaken to insure an equal chance for each approach to be
selected. This random selection resulted in the following number

of approaches:

No. of Lanes

2 3"
Combined Movement 0 9 21
Phase (CMP)
1 0 8

The Combined Movement Phase (CMP) means that there are
two movements on the approach (e.g. green signal for through
traffic and red signal for left turning movement). The dummy
variable of CMP can take the value of 0 or 1. CMP = 0 means that
the approach has one signal at a time for all movements, while CMP
= 1 means that the approach may have more than one signal for the

different movements. This dummy variable is used in regression
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analysis later. Most of the observations were in the cell of 3*
lanes with CMP = O because most of the major arterials that are
candidates for signal coordination were in this category. The
fourth cell of 2 lanes with CMP = 1 had zero observation because

there were no such cases in the approach population.

The conflict and stop data were collected by trained per-
sonnel who were given written information about definitions of con-
flicts and stops. Then they were trained in the field to collect
such data. The definition of a stop is: "Any vehicle that comes
to a complete stop within the intersection area due to red signal or
obstruction by a queue of vehicles still discharging at the begin-
ning of a green signal". Drivers who atlempt to avoid stopping by
slowing down to a very low speed (less than 10 km/hr) while they
are approaching the signal or a queue were considered stopped
because the data collector would have missed counting other vehi-
cles should he watch these slow vehicles and determine whether
they come to a complete step or not. Those slowing vehicles
encounter relatively long delays and the 'TRANSYT model simulates
them coming to a complete stop. So it was justified to count them

as stopped vehicles.

A simple test was done in the field where the two students
and the researcher counted stopped vehicles fer 15 minutes on the

same approach. The results were as follows:
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Observer 1 : 236
Observer 2 : 243
Observer 3 : 237

These results show good agreement between the three data
collectors and this indicates that the definition of stops is well
established and understood. The nonstop vehicles were counted

by the same person in the same form.

A similar test was done to assess the reliability of conflict
data collection. Two observers (Abed and Khalaf) watched eight
15 minute periods at different approaches. Table 4.1 shows the
results of this test. Since there were only twn observers, it was
not possible to run the formal reliability test suggested by
NCHRPR 219 (33). The correlation between the two observers,
which is a measure of reliability, was (0.959), which the author
considered satisfactory. Abed collected conflicts data of all
approaches. Khalid and Khalaf collected the stops data. Data
about each intersection were collected by the researcher, such as

number of lanes, phases, etc.
4.3.2 Analysis

The means and standard deviations of conflicts per
stopped vehicle and conflicts per vehicle are listed in Table 4.2.

Now a simple statistical test can be done to see if there are statis-
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Table 4.1: Test Data for Conflicts

Period Number of
Intersection {min) Conflicts
Abed Khalaf
King Abdulaziz by 10th Street 15 2 2
King Abdulaziz by 18th Street 15 0 0
King Abdulaziz by 18th Street 15 1 1
Dhahran by 4th Street 15 1 1
Dhahran by 4th Street 15 2 2
Dhahran by 4th Street 15 0 0
King Abdulaziz by 28th Street 15 0 0
Dhahran Street by Prince 15 2 3
Homoud Street
Dhahran Street by Prince 15 2 2
Homoud Street
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Table 4.2: Means and Standard Deviations of Rates of Conflicts

Number of Lanes

Variable 2 3+

Conflict

Stops 0.0141(0.00793) 0.01167(0.00526)

CMp Conflict

Volume 0.00876(0.00389) 1.00788(0.00351)

Conflict *
~ e 0. 0.
Stops 01052(0.00665)

Conflict +

Volume 0.00546(0.00237)

1. Combined Movement Phase




tical differences among the rates of conflicts among different cells.
The t-test given by the following formula was used for this test

{see (32) for the explanation of the test}.

The null hypothesis: Ho upo= o,
HA Dy =,
¢ = X, - X, _
s v i1 . L
P n, n,
2 _ _ 2 T
Sp = (n1 1n S1 + (n n 82
v=n +n, - 2
where N is the true mean of conflict/stop and conflict/volume

for the two tested cells.

Xi is the sample mean of the ith cell.

Szi is the sample variance of the ith cell.

n is the sample size
v is the degree of freedom.

Table (4.3) shows the results of the f test.
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Table 4.3: Test of Differences Among Cells

Tested
Differences*

Tcal(Ttable at o

= 0.05)

Conflict/Stops

Conflict/Volume

Between Cells
1 and 2

0.4896 (1.703)
(Difference is not
significant)

Between Cell
2 and 3

0.904 (1.701)
(Difference is not
significant)

Between Cells
1 and 3

0.751 (1.753)
(Difference is not
significant)

* Cells are
1: CMP
2: CMP
3: CMP

shown in page 45

0, No. of lanes

it

0, No. of lanes

1, No. of lanes

" "
w -]
+

3+

1.790 (1.703)
Difference is
significant

0.6097 (1.701)
(Difference is not
significant)

1.559 (1.753)
(Difference is not
significant)




The rates of conflict per stop show no significant differ-
ence among the cells at @ = 0.05. The rate of conflict per vehicle
shows no significant difference between three cells for a« = 0.05,
except between cell 1 and 2 which are only significantly different
at a = 0.10. Therefore, the data from the three cells can be

lumped together.

In order to establish the relationship between the conflicts
and stops, various regression models were calibrated. Regression
model is a technique which expresses a dependent variable as a
linear function of various independent variables. An explanation

of the technique can be found in Walpole and Mayers(32).

For the regression models, number of conflicts was used
as the dependent variable. The independent variables were as fol-

lows:

Stops
Volume
No. of Lanes

Overlapping phase (OLP) (0-1 variable)

Before running the rasgression models, correlations among
all the variables were obtained, as shown in Table 1.4, using the
SAS program (34). The table shows that there is a high correla-

tion between stops and volume (0.85). Since these are both inde-
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Table 4.4: Pearson Correlation Coefficients N = 38
Conflicts Stops Volume No.of Lanes | Signal Over
lapping
(OLP)
Conflicts| 1.00000* 0.79624 0.70771 0.29861 -0.10011
0.0 0.0001 0.0001 0.0686 0.5498
Stops 0.79624 1.00000 0.84889 0.43794 0.02700
0.0001 0.0 0.0001 0.0060 0.8722
Volume 0.70771 0.84889 1.00000 0.53977 0.13556
0.0001 0.0001 0.0 0.0005 0.4171
No. of 0.29861 0.43794 0.53977 1.00000 0.28768
Lanes 0.0686 0.0060 0.0005 0.0 0.0799
CMP -0.10011 0.02700 0.13556 0.28768 1.00000
0.5498 0.5498 0.8722 0.4171 0.0

* The figure on top is correlation and the figure at the bottom is the
significance of the correlation.




pendent variables, they should not both be used in the same model
because using both would causes multicollinearily. The other inde-
pendent variables have low correlation between each other and can
be used in the same model. The table also shows that stops has
the highest correlation with the «cependent variable (conflict)
(0.796). Volume also has a high correlation with conflict (0.71).
It is expected that the regression models include either of these
independent variables to have significant relationship, but stops

are expected to have stronger relationship.

The SAS program was used to build various regression
models with the dependent variable as the number of conflicts per
hour. Table 4.5 shows a summary of these morlels. The first five
models included number of lanes and overlapping phasing as inde-
pendent variables beside other independent variables. However,
neither number of lanes nor overlapping phasing proved to be sig-
nificant in any models. Therefore, they were discarded from the

subsequent analysis. Model #3, Model #5, Model #! and Model #4
have RZ of 0.664,0.659. 0.649 and 0.628 respeclively. Model #2

has a lower R? of 0.542. Model #5 includes both volumes and
stops, despite their high correlation and shows that volume doesn't

add significantly to the explanation of variance in conflicts if

added to stops in the model. Model #3 and #1 include stops2 and

stops * volume as independent variables respectively, but they add
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little to R® and F value of Model #1. It was decided that Model #1
without number of lanes or CMP would be adequate for this
research since it constitutes a logical relationship between stops
and conflicts in view of the exposure concept explained in Chapter
2. Stops in this case could be exposure or number of chances of
conflicts and they ﬁre expected to be related linearly with con-
flicts. Removing number of lanes and CMP from Model #1 gives

Model #6, which is a linear relationship between conflicts and stops

with R of 0.634 and F value of 62.36. The change in R? due to
removing the two variables was very small. The intercept of Model
#6 was not significantly different than zero and Model #7 shows a
linear relationship between conflicts and stops that passes through
the origin. The estimate of the coefficient changes very slightly

from 0.0114 to 0.115 as a result of the removal of the intercept.
R? is higher for no intercept model, not because the model fits the
data better than the model with intercept, but because R? is cal-

culated differently (36). For the model with intercept, R.2 is the
proportion of the variability measured by the sum of squares about

the mean § accounted by the regression, while for the model with-

out intercept, R? measures the proportion of variability in y about
the origin, explained by regression. For this reason, F value for

the no intercept model is much higher than the intercept model.
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2 and F are not good statistics to compare the two rmodels, but

R
since the intercept is very small (0.0844) and the change in b is
also very small, the no intercept model is expected to have a com-

parable fit to the intercept model.

The following relationship between conflict and stops will

be used in the following stages of the research:

CONFLICT = 0.01154 Stops (4.1)

4.4 ESTABLISHING RELATIONSHIP BETWEEN ACCIDENTS AND
CONFLICTS
The relationship between accidentis and conflicts is needed
in this research as an intermediate step in the development of the
relationship between stops and accidents, which is the main goal of

the first stage of this research.
4.4.1 Data

Before 1987, Al-Khobar traffic police department used to
collect accident data for Al-Khobar and Thoghbah cities that pro-
vided the required information, namely, location, date and type of
accident. Al-Isa et. al. (2) extracted information from these
reports about accidents at signalized intersections in 1405H and

1406H (1985-6G). This information, which also included the colli-
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sion diagrams, was available for this research. It is assumed that
the relationship between the conflicts and accidents at that period

is still the same for the present time.

There were seven signalized intersections about which data

were collected. These intersections were:

1. King Abdulaziz Street (major) by 28th street (major) in
Al-Khobar.

2. King Abdulaziz Street (major) by Dhahran street (major)
in Al-Khobar.

3. Makkah Street (major) by 20th street in Al-Khobar.

4. Twenty-eighth (major) by Prince ifomood Street in Al-
Khobar,

5. King Abdulaziz Street (major) by 22nd sireet in Al-Kho-
bar.

6. King Abdulaziz Street (major) by 10th street in Al-Kho-
bar.

7. Dhahran Street (major) by Makkah Street (major) in

Thogbah.

Dhahran Street by Makkah Street underwent some geome-
tric and traffic changes in the years 1405H and 11060 (1985-6G)
where the north approach was closed and the traffic was directed
through the adjacent approach. These changes caused distur-

bances in the traffic flow and could have affected the accidents.
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It was decided to exclude this intersection because the accident
data doesn't reflect the safety of this intersection. It was also
decided to include approaches that are on major streets only in
order to get homogeneous data. Table 4.6 shows the data that will
be used to establish the relationship between accidents and con-
flicts. It includes the rear-end conflicts collected by Al-Isa et.
al. (2) for 40 min. in morning peak and 40 min. in afternoon

peak.

4.4.2 Analysis and Results

The conflict data were multiplied by 0.75 to convert them
into conflicts per hour. Means, standard deviations, minimum and
maximum of the rear end accident and rear-end conflicts are shown
in Table 4.7. Figure 4.1 is a scatter plot between conflicts and
accidents. It shows that a reasonable relation between conflicts

and accidents is either quadratic or linear,

Various regression models were calibrated between the
accidents and conflicts as shown in Table 4.8, using the SAS pro-
gram. As mentioned before, the model with intercepts cannot be
compared to the models without intercepts by comparing R2 and F
value because these parameters are calculated differently. How-
ever, Mean Squares of Errors (MSE) can be compared. Model 4
seems to be the best fit because it has the highest R2 and lowest

MSE. Furthermore, the curve is passing through the origin which
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Rear-end
Conflicts

- (80 min)

Table 4.6: ;\lc():ident Vs Conflict Data (Source: Al-Isa et

Rear-end
Intersection* Approach Accidents
(2 years)

1 E 5

1 N 19

1 w 5

1 S 17

2 E 16

2 N 19

2 w 9

2 S 11

3 N 10

3 S 3

4 E 2

4 w 0

5 N 7

5 S 6

6 N 7

6 S 7

D Ut DO

King Abdulaziz Street by 28th Street (Al-Khobar)

King Abdulaziz Street by Dhahran Street (Al-Khobar)
Makkah Street by 20th Street (Thogbah)
Prince Homoud Street by 28th Street (Al-Khobar)
King Abdulaziz Street by 22nd Street (Al-Khobar)
King Abdulaziz Street by 16th Street (Al-Khobar)
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Table 4.7: Simple Statistics for Rear-End Accidents
and Conflicts
Variable N Mean Standard Minimum Maximum
Deviation
Rear-end 16 8.94 5.98 0 19
Accident
Rear-end 16 4.125 1.35 2.25 6.75
Conflicts
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is also logical because when there are no conflicts there should be

no accidents. So the best model is given below:
Accident = 0.47 (Conflict)? (4.2)

On the other hand, assuming a linear relationship between
accident and conflicts which is Model #2, would facilitate the incor-
poration of safety into a TRANSYT model. Because there is not
much difference between Model #2 and Model #1 in terms of their
R2 and MSE values, Model #2, which is given below, will be used

in this research.

(Accident/2 years) = 2.309 (Conflict/hour) (4.3)

4.5 RELATIONSHIP BETWEEN ACCIDENTS AND STOPS

The relationship between stops and accidents can now be
derived easily from the two relationships developed above and

given below again:

Conflict 0.01154 stops (4.1)

and Accident/2 years 2.3N9 conflicts/hour (4.3)

Substituting Eq. 4.1 into Eq. 4.3:

2.309 * 0.01154 stops

Accidents
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Accident _ ) j9pes _St}:)fs

2 years (4.4)

The accidents are per two years and the stops are per
peak hour. The next stage is to make the relation per hour for
both variables. In other words, the relationship should be inde-
pendent of time. In order to do so, the stops per hour should be
expanded to stops per two years. [t is very difficult, if not
impossible to count number of stops for two years continuously for

so many approaches.

However, since there is a high correlation between stops
and volumes, the ratio between the peak hour stops to total yearly
stops will be assumed to be the same as the similar volumes ratio.
To obtain the volume ratio, traffic counters were used to collect
daily traffic statistics on ten different major approach lanes in
King Abdulaziz Street in Al-Khobar. These lanes included Thru,
Right and Left lanes. The traffic counters produced volume histo-
grams that shows the volume every 20 or 25 minutes. From these
counts, the volumes during the periods (7:00 - 9:30 A.M. and 4:00
- 6:30 P.M.) and the average hourly volume were calculated. The
average hour volume was then divided by the total daily traffic
volume to get the percentage of hourly volume from the total daily

traffic. Table 4.9 shows the data extracted from the histograms.
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Table 4.9: Estimation of Percentage of Average Morning and
Afternoon Peak Hour from Daily Traffic Volume
Obs. 16:00-18:30 7:00-9:30 Day Average Ratio
Volume Vol/hr

1 714 425 3660 228.0 6.22
2 291 96 1254 77.4 6.17
3 1092 735 6383 365.4 5.72
4 804 456 3863 252.0 6.52
5 840 537 4698 295.0 6.29
6 765 687 4756 290.0 6.11
7 468 328 2763 159.0 5.76
8 1041 921 5852 392.4 6.88
9 372 309 2175 136.0 6.26
10 564 360 2788 145.0 6.63




The average ratio between the hourly volume and the daily volume
was 6.236% with a standard deviation of 0.325 3. The results show
that the ratio is fairly stable and doesn't change much from lane to
lane and from approach to approach. The factor to expand one
hour's volume (or stops) to daily volume (or stops) can be calcu-

lated as follows:

l__ _ 16.04

Daily Volume Factor = 006236

Assuming that volume remains the same throughout the
year, the factor to convert one day's volume to two years' volume

will be as follows:
Two years factor = 354 * 2 = 708 days
where the 354 is the number of days in one Hijri year.

To convert one hour's volume to two years' volume the

factor will be 16.04 * 708 = 11,353.

The relationship between number of stops and accident will

be as follows:

0.0265

0.0265 0.
11353 ~OPS

Accident =

Accident = 2.347 * 10 ° * stops (4.5)
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4.6 SUMMARY OF RESULTS
The results of this chapter can be summarized as follows:
1. Relationship between rear-end conflicts and stops:
Rear-end conflicts = 0.01154 * stops

2. Relationship between rear-end accidents in 2 years and

rear-end conflicts in the peak hour:
Rear-end accidents = 2.309 * conflicts.

3. The relationship between accidents and stops was calcu-

lated as follows:

Rear end accidents = 2.347 * 10 = = stops
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Chapter 5
CALIBRATION OF TRANSYT MODEL
5.1 INTRODUCTION

Before using the model to simulate the traffic flow, it has
to be calibrated so that it gives a good estimate of the number of
stops. Ratrout (25) calibrated a TRANSYT model for the study
area (Khobar and Dammam). He showed that the model simulates
the real platoon dispersion behavior; and suggested the platoon
dispersion factors for different kinds of links in the study area.
The number of stops were not checked against Field stops in Ratr-
out's study because it was beyond the scope of his work. For this
study, the number of stops is the most important measure of effec-
tiveness (MOE) because it was found to be directly proportional to
the number of accidents. In ordar to estimalte the number of aceci-
dents correctly, the model should be able to astimate the number

of stops correctly.

The TRANSYT model assumes that every delayed vehicle is
stopped. In reality, this is not true because some vehicles avoid
stopping by slowing down. Figure 5.1 shows the time space dia-
gram of the vehicles approaching the inlersection. The vehicles

that are delayed for a relatively long period of iime are forced to



Distance

Stop
Stops and Slowdown

- Time

-

==TANN\IN\\\

Figure: 5,1 Stop vs Slowdown
Source: TRANSYT Manual (Ref. 29)
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stop, while the vehicles that are delayed for a short period of time
actually avoid stopping by slowing down before reaching the back

of the queue.

Since the model usually overestimates the actual number of
stops, a filtering algorithm is used by the model to reduce the
stops as a function of length of delay. Figure 5.2 shows the
curve used in the TRANSYT program to reduce stops as a function
of delay. For example, if a group of vehicles is delayed for 4
seconds, about 80% of them are expected to come to a complete stop
while the other 20% are expected to avoid stopping. This relation-
ship was obtained from empirical studies by Transport and Road
Research Laboratory (TRRL) in the United Kingdom (29). How-
ever, this relationship represents a behavioral relationship and

could be different from country to country.

In order to calibrate the model, the traffic conditions were
simulated using the TRANSYT model and the percentage of stops
obtained from the model is compared to the percentage of stops
obtained from field studies. If the model did not simulate the real
condition, the stop reduction algorithm was revised until a good

simulation of stops was obtained.

The study area that was chosen, (King Abdulaziz Street in

Al-Khobar City, in the Eastern Province of Saudi Arabia), to
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calibrate the model, was the same study area chosen by Ratrout in
1988 to calibrate his model. Ratrout concluded that the model sim-
ulates the flow profile and the platoon dispersion correctly. He
suggested some measured model parameters (e.g. saturation flow
and Platoon Dispersion Factor (PDF) for each link in the study
area), that ensured correct simulation. These parameters are
assumed not to have changed significantly and were used in this

study.

5.2 DATA COLLECTION FOR CALIBRATION

The data required for the simulation are grouped into four

general categories:

1. Physical Description of the Arterial
2. Volume Data at each Intersection
3. Signal Timing Plan

4. Driver Performance Characteristics data.

5.2.1 Physical Descrtiption of the Arterial

This category of data includes number of lanes and link
lengths. The physical features of the arterial have not changed
since 1988. Figure 5.3 shows the physical layout of the arterial

links and intersections. It is a divided arterial with three lanes in
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each direction and left turn lanes and short right turn lanes along
the major arterial. There are four signalized intersections with
crossing streets ranging from six lane divided arterial to two lane
undivided collector streets. The arterial is a mixed commercial and
residential area, with parking allowed along the arterial except
near the intersections, where the parking lanes change to right
turn lane. The intersections have good sight distances, where
drivers can see the signal long before the intersection. The num-
ber of lanes will be estimated using the model by dividing the sat-
uration flow of the link by {he nominal lane saturation flow and

rounding to an integer number.

5.2.2 Volume and Speed Data

The volumes at each intersection classified by movement
and any midblock source of traffic greater than 10 percent of the
total link volumes are needed for the model. ‘These cdata were col-
lected by four graduate students and technicians who were trained
to use manual tally boards. The time that was chosen for data
collection was between 09:30 to 11:40 of a weekday morning. Dur-
ing this time none of the intersections were saturated and volume/
capacity (V/C) ratios were all less than 0.95. Oversaturated peri-
ods were avoided intentionally because the TRANSYT model is not

reliable when intersections are near saturation.



The link-to-link volumes were estimaterd using a procedure
explained in the TRANSYT Manual (29). This procedure is
explained by the example, using the =section of an arterial shown in
Figure 5.4, where there is an upstream and downstream node.
There are three links on the south bound approach between the
two nodes: the south bound thru movement, the right turn move-
ment at the downstream node and the left turn at the downstream
node. The link-to-link volumes denote the source of the volumes
at the downstream movement Ffrom the upstream node. Aé sug-
gested by TRANSYT manual (29), the turning movement volumes at
the downstream node is assumed are assumod to be from the
upstream thru movement only, while the thru movement at the
downstream node to be from the upstream turning movements.
Figure 5.4 explains this idea graphically. The turning lanes on
the main arterial are considered to be separate links while the
three through lanes are considered to be one link. Figure 5.5
shows the coding scheme that was used in the TRANSYT model.
Two sets of data for two consecutive hours were collected. Tables

5.1 and 5.2 show the volume data for the two hours.

The speed along the links was collected using the floating
car technique suggested in the TRANSYT Manual. The car was
driven along the links ten times and then the maximum speed

attained in each run was recorded and the ten wvalues were
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averaged. The car should be in the middle of the platoon and
should float with the traffic flow keeping a speed near the platoon
average speed. Table 5.3 shows the speed data. The outside
links which include every link connecting a node on the arterial to
another node outside the arterial listed nodes, were assumed to

have a speed of 60 km/hr.

The percentages of stops were collected by five graduate
students who were informed in the field about the required data.
They were first, asked to collect the percentage of stops on the
same approach for 20 minutes. The resulting clata shown in Table
5.4 indicates that they all measured stops consistently. The
arterial has 16 approaches out of which, five were chosen to collect
data at. The number was limited to five because there were only
five graduate students to collect percentage of stops data. The
five approaches which were chosen along the arterial and external
links were avoided, because the wvehicle arrivals are assumed to be
random along these links, which might not be true, and therefore,
the simulation ability of the model could not be assessed. The

chosen approaches were as follows:

1) Node number 1 south-bound approach
2) Node number 2 south and north approaches

3) Node number 3 south and north approaches
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Table 5.3: Summary of Speed Data

Link Average Speed
203 57.3
303 47.4
403 54.1
301 59.2
201 56.1
101 57.4

* Number of runs = 10



Table 5.4: Test Data for Stops and Non-Stops

Observer Stops
1 281
2 288
3 284
4 278
5 282

Non-Stops

130
133
131
135

120

83



Tables 5.5 and 5.6 show the data of stops and nonstops at these

approaches for the two hour periods.

5.2.3 Signal Timing Plan

The data about the signal timing plan were collected imme-
diately after the volume data collection. Each intersection has four
unidirectional phases. That is, the green phase is given to one
approach at a time. All intersections had a common cycle length of
two minutes. After each phase. there is a three second yellow
phase and two seconds all red period. The remaining 100 second,
outside the yellow and all-red periods, are divided into four green
phases; 30 seconds for the approaches on the arterial and 20 sec-
onds for the cross street approaches, except for intersection num-
ber 4, where the green time is equal for all approaches; which is
25 seconds. The offset, between the start of the green phases of
the north-bound approaches were 20 seconds, 58 seconds and 97

seconds. Figure 5.6 shows the signal timing plan.

5.2.4 Driver Performance Characteristics Data

The driver performance characteristics data include the
saturation flow, start-up lost time, green extension time, average
vehicle spacing and platoon dispersion facters. These data depend

on the behavior of drivers in the study area. Ratrout (25) col-
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Table 5.5:

Percentage of

Stops Between 8:30 AM

and 9:30 AM
Approach* Stops Non-Stops % Stops
10th Street 530 944 36
16th Street 934 952 36
16th Street 588 800 42
22nd Street 632 713 48
22nd Street 644 688 18

* The approaches are on King Abdulaziz Street
and identified by the crossing streets and
direction.
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Table 5.6: Percentage of Stops Between 9:35 AM
and 10:35 AM

Approach* Stops Non-Stops % Stops
10th Street 531 936 36

16th Street 520 963 35.1
16th Street 731 832 46.8
22nd Street 654 748 46.6
22nd Street 696 740 48.5

* The approaches are on King Abdulaziz Street
and identified by the crossing streets and

direction.
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lected these data in 1988 in the same study area. In this research
it is assumed that the drivers' performance characteristics have not
changed significantly during the last few years. Hence, the data
from Ratrout's study were used in this study. Tables 5.7 and 5.8

show summaries of these data.

5.3 CALIBRATION RESULTS

The data collected in the first hour were entered into the
TRANSYT model and the simulation model was run. The output of
the model was checked and the measures of effectiveness were
studied. The comparison between the field percentage of stops on
the five approaches and the simulated percentage of stops, as pre-
sented in the second row of Table 5.9, shows that the model almost
always overestimates the percentage of stops with the TRANSYT
default stop reduction curve, (4 out of 5 approaches). Inspection
of the stop reduction curve suggested and used by the TRANSYT
model (Figure 5.2) shows that short delays were considered as
partial stops (e.g. 4 seconds delay is considered 78% stops).
Inspection of the drivers' behavior in the Ffield showed that drivers
often try to avoid stopping by reducing their speed Jong before
they reach the intersection when they see the rad light or the

queue back. This slowing down over a long distance causes delays
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Table 5.7: Average Vehicle Spacing and

Exten-

sion of Effective Green in the Study Area

The Study Area

a
Extension of Average Vehicle
effective Spacing (dm)
green (sec)

Source: Ratrout (25)
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without stopping.

In order to improve the simulation of stops, the stop
reduction curve was modified until the model simulated the percent-
age of the stops seen in the field. This process was done by trial
and error; by using curves that are similar to, but flatter than,
the original curve in the shape. These curves reduced the per-
centage of short delayed vehicles that are considered stops on the
original curve. The short delays form a large percentage of the
total flow when the arterial has some coordination, which is the
case in the King Abdulaziz arterial. This is because during good
coordination the platoon arrives at the beginning of the green
phase and short delays are caused by the platoon discharging at
the intersection. The change of the stop reduction curve will not
affect uncoordinated links because rmost of the vehicles will be
delayed for longer periods and will be considered complete stops,
which is the real case in the field. Therefore, the curve that can
simulate the number of stops on a coordinated arterial will be able

to simulate the number of stops on an uncoordinated arterial.

Figure 5.7, which is obtained from Table 5.9, shows the
series of graphs that were used in comparing the actual field val-
ues and the model percentage of stops using these curves. Curve

4 gave the best simulation of the number of stops very close to
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field values.

The second set of data (the second hour of study between
9:35 and 10:35 AM) was also entered into the program and was run
using the above mentioned curves. Table 5.11 shows that curve 4
was again the best curve. This result confirms that curve 4 gives

the best simulation of stops, as observed in the Ffield.

In order to prove that the difference between the simu-
lated percentages of stops and the field percentages are not statis-

tically different the following { test was conducted:

where d1 is the mean of the differences befween percent stops of

curve (4) and the field percent stops. For the Ffirst set of simu-
lated data, the mean of the differences was 0.100% with a standard

deviation of 3.928. Now we can calculate t-statistic as follows:

d -0
t = -1 where n is the number of approaches,

o/J/n

O'L‘_g = 0.056
3.928/./5
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ttable = 2.776

t is less than ttable’ therefore, the difference is not signifi-

cantly different than zero. So, simulation using curve 4 gives
acceptable results that do not significantly differ from the field

values.

Conducting the same t-test on the second set of data is as

follows:

d, = -0.72 6, = 3.54

t = 2972 -0 _ 445
3.54/J5

tiaple = 2-776

t is less than ttable’ therefore, the differences are not signifi-
cantly different from zero.
For the remaining part of this research curve 4 which

gives the best simulation of the field values of stops will be

used. This curve is presented in Figure 5.7 given above.



Chapter 6

INCORPORATION OF SAFETY INTO
THE OPTIMIZATION MODEL

6.1 INTRODUCTION

In this chapter, various tasks were performed for the
purpose of incorporation of a safety aspect into the optimization
model. First, sensitivity analysis of stops and delays to K in the
performance index and to cycle length are investigated to show the
magnitude of the effect of changing K and ecycle length on stops
and delays; which are the main contributors to the total costs.
Then the TRANSYT cost function was revised to represent Saudi
Arabian conditions. Accident costs were investigated using
available data so that they could be added to total costs. This
investigation included the severily percentages and the estimation
of each severity category costs. It also included the costs due to
excess delays and stops resulting from blockage of intersections
when an accident takes place. Given these costs it was possible to
calculate K values that would optimize safety as well as other cost
items. The effect of different accident severities on K values was
assessed through a sensitivity analysis. Similar analysis was
performed to assess the effect of K value on total costs. The

effect of signal coordination on safety and rosts was investigated



by proposing' different signal timing plans and comparing their
impact on safety and costs. Similar analysis was performed to
assess the impact of different phasing on total costs. Finally, the
effect of safety inclusion on signal timing plans was investigated
by using K value that optimized safety and compared the resulting
signal timing plans with plans that were obtained using a K value

that doesn't optimize safety.

6.2 SENSITIVITY OF STOPS AND DELAYS TO K IN THE
PERFORMANCE INDEX

The aim of this chapter is to investigate the effect of
changing K on delays and stops, which are the main items
affecting costs. K is the weight of stops compared to delay, as
shown in equation 2.1 in Chapter 2. A value of 100 means that one
stop is equivalent to 100 seconds of delay. In this analysis, delay
and stops will be optimized using a set of K values that range from

zero to 250.

The K values start from zero and then are increased by 5
to 100, and then by 20 to 200 and by 50 to 250. The increment of
5 was chosen in the first range to see the exact behavior of stops
and delay, and fuel consumption in this range which is suggested
by the TRANSYT Manual. Then the increment is increased to 20

and 50 to cover the ranges from 100 to 200 and 200 to 250,
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respectively to give us an approximate idea about the behavior in

this range that might occur after the inclusion of safety cost.

The results of simulation run in terms of three measures
of effectiveness values (MOE's) of stops. delay and fuel
consumption with different values of K which are presented in

Figures 6.1, 6.2 and 6.3 respectively.

Figure 6.1 shows that stops decrease significantly up to a
K value of 55-60 but after that they don't change much. An
inspection of Figure 6.2 reveals that a significant increase in
delays occurs at this value but delays are constant before this
value. Figure 6.3 shows that fuel consumption reduces
significantly from K values of 5 to 20 but then it remains more or
less the same up to very large values of 180-200. Therefore, fuel
consumption is not very sensitive to K values between 15 to 200.
Hence the minimum stops, delays and fuel consumption can be

obtained by using K values around 55-60.

6.3 SENSITIVITY OF STOPS AND DELAY TO CYCLE LENGTH

The aim of this analysis is to study the effect of cycle
length on stops, delay and eventually fuel consumption. The
model will be optimizing splits and offsets for different cycle

lengths ranging from 80 seconds to 160 seconds. The results can

100



S€
ot
T4
oc
St
oL
S

0

oov8

/.I._\_.,,/ .

0098

00.8

0088

0068

0006

......... R R IRRT T T PR FRSRREPY FRRpU: S NE NN SUDIDVIN SRS SU S RERN Wi oo Pm

A sA sdols : L'9-ainbiy

sdoig



102

A
N N - -d -— —t —
(2] o Q [o2] P N o [{=} [{o] o] [o] ~J ~J 22} (2] o o £ P (%] (2] N N - -
o o o o (o] o o (3] o (4] (o] [$)] o (3] o o o (3] o (3] (] (8] o o o
............. \l . L ] ] L ] L ] " —8 »
............ (I PN . - [ Je——" - - » [ . .
NN

N SA Aejeq : Z-9 einbiy

oci

tct

ecl

- EC1

vel

T4 !

9z1

Lzl

8¢l

621

otgl

(S1H) Aepeg



103

(0114
00z
081
o9t
ovt
oci
00l
6
06
g8
08
Ss
072
S9
09
SS
0s
St
ov
=1
(01
5S¢
oc
Si
]
§

0801

801

9801

- 8801

0601

- ¥601

JE% SRR SRRRUY PR SO PR -+ 9601

JRSUSURN SHRUDU VRPN SRR SN JROVRURPU U wmo—

[RIRRIRY SO S JPONNS RIS SR SR oo— —

% sA uopdwnsuo) |an4: g'9 aunbiy

{ssaz)) j9n4



not be generalized because they depend on the network and
volumes, but they give a good idea about the importance of
choosing the proper cycle length. The K value and speed were

kept constant throughout the analysis (K = 35, speed = 60 kph).

Figures 6.4, 6.5 and 6.6 show the effect of cycle length
on stops, delays and fuel consumption, respectively. It seems that
the cycle lengths of 100-110 seconds give the lowes! delays, stops
and fuel consumption. There is a very sharp increase in all the
three MOE's for cycle lengths shorter than the optimum values of
100-110 seconds. Obviously short cycle lengths, especially with

four phase signalling, are not good for coordinated arterials.

6.4 REVISION OF TRANSYT COST FUNCTION

The TRANSYT model has a cost function as presented in
Appendix (A). 1In this section the cost items of road users
included in this cost function will be revised to represent Saudi
Arabian conditions. Furthermore, the accident costs will be
estimated for Saudi Arabia and included in the analysis of the
effects of signal coordination on safety. The cetailed calculations
are presented in Appendix B, while the main assumptions are listed

below:

In order to estimate the cost of passenger and vehicle
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delay, the following assumptions are:

a. Fifty percent of the population are in the work force,

while most drivers and passengers are in the work force.

b. The income per capital is 7060 US dollars for Saudi

Arabia in 1990 (37).

c. The vehicle delay cost in Saudi Arabia is the same as the
cost suggested by the TRANSYT Manual inflated to 1990

in Riyals.

d. The inflation factor is the ratio between the consumer

index in 1990 and 1937 (103.1 and 99.1 respectively).

e. The vehicle occupancy is 1.2 passengers/vehicle (29).

The vehicle occupancy takes place on one of the arterial
approaches, excess delay, stops and fuel consumption are expected
due to the interruption of traffic flow. This was not considered in

previous research but was estimated for this work.

For this, the simulation model (TRANSYT-7F) was used to
simulate the increases in delay, stops and fuel consumption due to

accidents. The following assumptions are made for this:

1. One lane is closed due to the accident.

2. The average time fo remove the vehicles involved in
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accidents is one hour.

3. The effect of accidents is measured at all major

approaches.

4. The average excess cost is the average of the excess
costs of all rear-end accidents on the major approaches.
The expected number of accidents on each approach is
assumed to be proportional to the number of stops on

each approach.

The cost of accidents as a function of stops using the
Human Capital Cost (HK) approach and willingness to pay adjusted
Human Capital (WTP/HK) approach explained in Apendix B were

calculated and found as follows:

Cost of Accident, (using Human Capital Cost) = 0.0467 SR

per stop.

Cost of Accident, (using Adjusted WTP/HK) = 0.0467 SR

per stop.

6.5 CALCULATION OF K VALUE

The original intention was to add the accident cost to the
operation cost model and, then use the operation cost function as

an objective function to optimize. This would result in a signal
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timing plan that minimizes operation cost. Unfortunately, this
could not be done because the built-in coefficients of the operation
cost model can be overriden within a specific format that cannot be
changed (e.g. one coefficient must be negative and cannot be
written positive). Due to this difficulty, it was decided to use K
in the original performance index (PI) as a parameter to reflect the
changes due to accident cost and other revised cost items. K is
defined as the stop penalty, which is the amount of delay in
seconds equivalent to one stop. [t is possible to calculate this
amount given the cost of one stop and the cost of one second of
delay. If the costs of stops include the cost due to accidents,
then the model will optimize safety as well as other costs based on
economical measure. It will give the best signal timing plan that

minimizes the overall cost including accident cost.

In order to calculate the optimum K that minimizes the cost
with and without accident cost, the cost of »one stop has to be
divided by the cost of one second of delay. This ratio by
definition is the K value used in the objective function of the

TRANSYT optimization model.

The cost of one stop (w/o accident cost) = vehicle cost +
Excess fuel cost (See Appendix B)

= 0.0986 + 0.01035 = 0.10895 SR/Stop

The cost of one second of delay = (vehicle and passenger
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delay cost + E xcess fuel cost) +3600 sec/hr
= (7.41 + 0.88716) + 3600

= 0.002305 SR/Second of delay

_ 0.10895 _
K= 0.002305 47.2

47

This value falls within the range of K suggested by the
TRANSYT Manual (20-50) not considering the cost of accident. It
is also very near to the optimum value (50-55) found in Section 6.2

above.

In order to incorporate safety into the optimization process
of the TRANSYT model, the cost of rear-end accidents should be
introduced to the objective function. The way to do that is by
recalculating the K wvalue and including the cost of rear-end
accidents. The cost of a stop due to accidents should be added to
the numerator of the K formula mentioned above. Two K wvalues
are calculated below, one for the Human Capital Cost and one for

the Adjusted WTP/HK Cost.

The Human Capital Technique is a method of estimating
cost of death in which lost income and benefits due to a lost life
are estimated, while the Willingness to Pay Human Capital

Technique is a method that includes an estimate of value of lives
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on top of lost income and benefits.

0.10895 + 0.0467

K (Human Capital) 0.002305

67.52 = 68

0.10895 + 0.0809
0.002305

K (Adjusted WTP/HK)

82.34 = 82

Using the new K values should theoretically optimize safety
as well as other cost items. Higher values of K would reduce the

number of stops at the expense of more delay.

6.6 SUGGESTED K VALUES FOR DIFFERENT SPEEDS

Notice that all the abnve mentioned calculations were done
on the assumption that the speed is 60 k/hr (37.29 mph). A small
basic program was written to repeat all the calculations for a range
of common speeds on urban arterials (40 kph - 85 kph). This
program was used to do the sensitivity analysis of accident cost.
The output of the program was the K values for each speed. The
outcome of the above mentionerd basic program that calculates K for
different speeds is listed in Table 6.1 . Notice that for Ilow
speeds, K is small because the cost of vehicle and fuel suggested

by the TRANSYT cost function, which are directly proportional to



Table 6.1 : K Values for Different Speeds for HK and
Adjusted HK/WTP Cost Approaches

Speed K(w/o Accident K(HK costs) K(HK/WTP
(kph) Costs) Costs)
40 21 42 56
45 26 47 62
50 33 53 68
55 40 60 75
60 47 68 82
65 56 76 91
70 65 86 100
75 75 96 111
80 87 107 122
85 99 119 134
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speed, are lower than the costs at higher speeds.

6.7 SENSITIVITY ANALYSIS OF K TO ACCIDENT COST AND
SPEEDS

As mentioned in the previous chapter, the percentage of
fatal accidents wasn't very reliable. It was decided to conduct a
sensitivity analysis to see the effect of different percentages of
fatal accidents on the value of K. The effect of changing the
percentage of fatal and serious accidents on the average accident
cost due to one stop is shown in Tables 6.2 and 6.3. Table 6.4
shows the sensitivity of K to accident cost for Human Capital
approach (HK) and Willingness-to-Pay Adjusted Human Capital
(WTP) as well as to changes in speed. Inspection of Table 6.4
shows that K is more sensitive to speeds than Ffor severity
percentages. K increases by 10 when the fatal accidents increase
from 1% to 3% of Human Capital cost, while K increases by 18 when
fatal accidents increase from 1% to 1% of Willingness-to-Pay cost.
On the other hand, K increases by more than 60 when the speed
increases from 40 km/hr to 80 km/hr for both estimation
approaches. It is therefore more important to estimate the cruising
speed on the arterial links than to estimate the percentages of

severities.
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Table 6.2: Accident Costs for Different Accident Severi-
ties (HK)
Average Cost per
% Fatal % Injury % POD Accident 1000

Cost Stops
0.0 8.5 91.5 4325 10.15
0.5 8.0 91.5 8755 10.55
1.0 7.5 91.5 13186 30.95
1.5 7.0 91.5 17617 41.35
2.0 6.5 91.5 22047 51.74
2.5 6.0 91.5 26478 62.14
3.0 5.5 91.5 30908 72.54
3.4 5.1 91.5 34453 80.86




Table 6.3: Accident Costs for Different Accident Severities

(WTP/HK)

Average

% Fatal % Injury % POD Accident
Cost
0.0 8.5 91.5 4325
0.5 8.0 91.5 6642
1.0 7.5 91.5 8960
1.5 7.0 91.5 11278
2.0 6.5 91.5 13595
2.5 6.0 91.5 15913
3.0 5.5 91.5 18231
3.4 5.1 91.5 20085

Cost per
1000
Stops
10.15
15.59
21.03
26.47
31.91
37.35
42.79
47.14

116



117

Table 6.4: Sensitivity of K to Changes in the Percent-
age of the Severity

Severity Percentage
Method of Cost Speed Fatal %/Injury %
Estimation km/hr
3.0/5.5 2.0/6.5 1.0/7.5
With Human 40 40 35 30
Capital Cost 60 66 61 56
HK 80 105 100 96
With Willingness 40 53 4 34
to pay Adjusted
Human Capital 60 79 70 62
WTP/HK 80 118 109 100
_




6.8 SENSITIVITY OF TOTAL COST TO K

Cost items can be calculated as functions of stops and
delay. Knowing the behavior of stops and delay as a function of
K, the behavior of cost functions vs K can be calculated. From
the previous chapter, we know that as K increases, delay
increases and stops decrease (Figs. 6.1 and 6.2). The total
costs associated with delay are increasing gradually as K
increases, while costs associated with stops decrease as K
increases. The total cost for the cases of no accident cost, Human
Capital accident cost and Willingness-to-Pay accident costs were
calculated for different values of K by optimizing signal timing
plans using different values of K and, then, using stops and
delays to calculate total cost in the same way presented in Section
6.4. Figure 6.7 shows a presentation of the output of these
calculations of costs vs K. <Comparing the tatal costs, with and
without accident costs for both HK and WTP/HK, it can be noticed
that, in general, the cost of accidents constitntes a large portion
of total cost. For example, when the speed cn the arterial is 60
kph, the road user costs, without accident costs are SR 1956,
while they increase to SR 2369 and SR 2658 including HK and
WTP/HK accident cost respectively. This is an increase of 11.2%
and 35.8% for HK and WTP/HK accident cost respectively. This is
a large increase in operation cost and it would affect the feasibility

study of any traffic management plans.
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Figufe 6.7 shows that the costs are minimal in a wide
range of K (20-95). However, a close inspection reveals that the
minimum costs are found at different values of K. If the accident
costs were not considered, the lowest total cost would be at K =
45. [If the accident costs were ronsidered, the lowest total would
be at K = 95 for both HK and WTP/HK adjusted accident cost.
Therefore, if accident costs were ignored, the user would choose a
K value that does not give the best signal timing plan in terms of
total cost. The difference between the plan with and without

accident cost consideration would be as follows:
Difference in total cost = 2653 - 2647 = 6 SR per hour

If the user used the default value suggested by the TRANSYT
Manual (20-50) and he chose 35 as a median value the difference

would be as follows:
Difference = 3658 - 2647 = 11 SR per hour

Calculating the saving for one year and for 25 arterial the saving

would be as follows:

Total saving in one year =11 % 16 * 365 * 25

H

SR 1,606,000 per year.

The savings due to choosing the right K value constitute a

small portion of the total cost for the case of one arterial with four
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signalized intersections. However, the saving might be larger for
large networks, and for different speeds. TFurthermore, the use of
the right K is a very simple procedure for TRANSYT users and
the saving in total costs justifies the process of choosing the right

K.

The total costs for the existing signal phasing sequence
happened to be less sensitive to K value. However, other types of
signal phase sequence (e.g. TLEW presented in Section 6.11) are
more sensitive to K values and the potential for saving is expected

to be more.

6.9 THE EFFECT OF SIGNAL COORDINATION ON SAFETY AND
COST

In this section, the potential improvements in safety and
saving in operation cost due to signal coordination were
investigated. This was done by simulating the traffic conditions
on the study arterial for different signal timing plans. The first
signal timing plan was the existing signal timing plan, but the
offsets will be random. The second signal timing plan was chosen
as it had the best splits generated by the TRANSYT optimization
model but with random offsets. Rancdom offsets were chosen from

random numbers tables. Four sets of random offsets were
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simulated for each case and, then, the MOE's were averaged. The
third signal timing plan was the optimum signal timing plan found

by the TRANSYT model in terms of splits and offsets.

The differences in MOE's between the first plan and the
second plan are due to the split optimization, while the differences
in OME's between the second plan and the third plan are due to
signal coordination. The stops, delays, expected yearly accidents
and yearly costs of the three signal timing plans are presented in
Table 6.5. Investigation of the table reveals that there are few
improvements in accidents and costs as a result of split
optimization only. The improvements as a result of signal
coordination are very significant, with a reduction of accidents and
costs of 29% and 29.5% respectively; compared to the first plan
which had a reduction of 26.8% and 26.2% respectively compared to
the second plan. Therefore, signal coordination is expected to
reduce delay, stops, accidents and costs considerably and should
be introduced wherever possible since it is easy to design,
implement and maintain. It can be concluded that signal
coordination is one of the most efficient and cost-effective
alternatives available for traffic engineers to improve safety at

signalized intersections.
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Table 6.5: The Effect of

123

Signal Coordination on Safety

Signal Timing Delays Stops
Plan and Costs (hr/hr (Per Hour)
Existing Plan + 180.17 11,834
Random Offsets

Best Splits + 167.19 11,516
Random Offsets

Best Splits + 121.61 8,403

Best Offsets

1) NSEW for 4-intersections arterial

Accident Total Cost
(Per Year)| (SR) Per
Year (mil)
158 21.29
153 20.34
112 15.01

2) All MOE's are obtained by averaging the results of four
simulation runs with four different random offsets.




6.10 THE EFFECT OF SIGNAL PHASING ON OPERATIONAL COST

In this section, four different types of phasing were
chosen among many signal phasing alternatives suggested in the
TRANSYT manual. These four schemes are most common and
suitable for the study area because they are all protected. In
Saudi Arabia permitted phasing is not used and therefore they

were excluded from this analysis.

The four phasing plans which are given in Table 6.6 , are

as follows:

1. NSEW: For this scheme a separate protecied phase is

given to each approach.

2. STNEW: This is similar to the first plan with an extra
phase for through movements in the south and north

direction.

3. SLNEW: This is also similar te the first plan with an
extra phase for left turn movements coming from the

north and south.

4. TLEW: This phasing plan has a separate phase for
through movements from the south and north and a
separate phase for left turn movements coming from the

north and south, while the east and west phasings are
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protected unidirectional pbases.

These four different phasing plans were investigated to
find the best plan in terms of operation cost
(including accident cost (WTP/HK)) for different intersection
spacing and different volume levels. The intersection spacing was
varied between 250 and 1000 meters and the volume levels were

varied between 165 and 400 vplph.

Sixty four optimization runs were performed by the
TRANSYT model for various combinations of intersection spacing
and volume levels to find the best signal timing plan. The delays,
stops and fuel consumption of each run were usecd to calculate the
total operation costs (including accident cosis). Table 6.7 shows
the final result of the cost analysis. The signal timing plans with
the minimum cost in each volume-distance category are highlighted
by a star. If the difference betweren the minimum and second
minimum cost is less than SR 50, both plans are considered to have

the minimum cost and both are highlighted.

Inspection of the costs in Table 6.7 revealed the following

conclusions:

1. Signal timing plan number 3 is not good as it resulted in
the highest costs in all cases with the traffic conditions

similar to those in King Abdul-Aziz Street. Plan 3
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Table 6.7: Cost Per Hour Including Accident Cost (WTP/HK)

Traffic Volumes per Lane Vphpl
Distance Phase 165 250 3303 400
(m) s

1 10042 16162 23962 35452

2 1067 1678 2508 4348

250 3 1227 2011 3084 5549
4 1065 1699 2501 34992
1 10272 16532 24852 35842

Actual 2 1154 1843 2801 4669
450-500 3 1278 2117 3318 5838
4 1151 1922 2784 3760

1 1185 1899 2857 3974

2 10282 16482 2803 4741

750 3 1171 1933 3160 5592
4 10632 167172 24632 37142

1 1166 1876 2787 4046

2 10282 17192 2618 4501

1000 3 1181 1935 2978 5446
4 10722 17302 2566~ 35432

1) The phases are:

1 = NSEW
2 = STNEW
3 = SLNEW
4 = TLEW

2) Minimum Cost

3) This volume represents the morning
arterial.

off{-peak volumes for the




includes an extra left turn phase which might be suitable
for a case where large left turn volumes justify the

inclusion of such a phase.

When the intersection spacings are < 500 meters, signal
timing plan 1 is best for all volume levels. This is due
to the flexibility of signal timing plan 1 compared to the
other plans, where the sequence of phases can be

changed to favor good progression in the main street.

When the intersection spacings are < 750m and traffic
volumes are < 250 vplph, signal timing plans 2 and 4
have the Ilowest cost. Large  spacing  between
intersections provide good progression for both direction
on the main street and plans 2 and 4 have simultaneous
phases for through movements in the main street which
are the heaviest movements. When intersection spacing is
< 750 and traffic volumes are >~ 330 vphpl (existing
morning off-peak volumes on the study arterial), signal
plan 4 has the lowest cost. Plan 4 has only four phases
compared to plans 2 and 3 which reduce the delay caused
by start up lost time. Through movements on the main
street have a simultanecus phase which allows a long split

for these heavy movements.

The existing signal phasing plan is plan 1 and it happened
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to be the best plan for the existing combination of volumes and
intersection spacing. The above analysis, emphasizes the
importance of carefully selecting the right signal phasing plan
because it can affect costs significantly. The analysis shows also
that, in general, four phase plans (plan 1 to 4) give lower

operation cost than five phase plans.

6.11 THE EFFECT OF SAFETY INCLUSION ON SIGNAL TIMING
PLANS

The inclusion of safety is achieved by using a higher K
value that reflects the importance of reducing stops and hence,
reducing accidents. Using higher values of K is expected to
result in longer cycle lengths because the green given to any
approach is expected to be longer so that vehicles approaching the
intersection are not forced to stop. Stops are avoided because
they are given more importance in the performance index. Major
streets are expected to be given a higher percentage of green time
because there will be more vehicles approaching the intersection
when green a phase is given to that approach than in the case of
minor streets. Using different signal phasing plans explained in
Section 6.10 with two different K wvalues: 35 (TRANSYT
recommended value) for signal timing plans that do not include

safety and, 82 (recommended in Section 6.5) for signal timing
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plans that include safety, would enable us to compare signal timing
plans and comment on the effect of safety inclusion. Table 6.8
shows the split percentages between main street and cross street
for each intersection for four different signal phasing plans.
Intersections No. 1 and No. 4 are neglected because the inflow into
those intersections was assumed to be random and because
intersection No. 4 is an intersection betweer two main streets.
Comparing the splits of intersections No. 2 and No. 3 shows that,
in general, there is less time given to the cross streets for signal
timing plan with safety compared to plans without safety inclusion.
This conclusion confirms the TRANSYT manual statement, that the
neglecting stops in the PI function would result in signal timing
plans with more time assignecd to minor streets (29). Table 6.18
also shows that the cycle lengths were increased slightly for some

phasing schemes if safety is included. Signal phasing scheme S,

has a higher increase in cycle length from 85 sec to 105 sec and a
higher increase in main street split perceniage from 58% to 70%
because the main street approaches were given the green
simultaneously for through movements anc for left turn movements;
therefore, the effects on cycle length and splits were more

pronounced .

In summary, the inclusion of safety inclusion on signal

timing plans is expected to result in longer cycle lengths and more
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green given to the main street. These effects vary in magnitude

from signal phasing scheme to another.



Chapter 7

SUMMARY AND CONCLUSIONS

Traffic signal optimization is one of the most efficient tools
available for traffic engineers to improve traffic conditions, lessen
delay, stops and to reduce fuel consumption. Little has been done
to investigate the effect of signal coordination on intersection
safety. Some earlier studies have shown that signal coordination
reduces intersection accidents (3,4). This study was conducted on
urban intersections in Dammam and Al-Khobar cities; to investigate
the effect of signal coordination on intersection safety and a
methodology was suggested to incorporate safety into the
optimization algorithm of a selected optimization mocel (TRANSYT

7F).

This research hypothesized that traffic signal coordination
mainly affects rear-end accidents and that rear-end accidents are
mainly related to stops. To obtain the relationship between the
rear-end accidents and stops first, the relationship between
conflicts and stops was established using cata from 38 intersections
in the Dammam and Al-Khobar areas. This relationship, which is

given below, was obtained using regression analysis:

Conflicts = 0.01154 stops , Rz = 0.869
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In the second step a relationship was obtained between
rear-end conflicts and rear-end accidents using the data collected
by Al-Isa et al (2) in 1988. The resulting equation, which was

developed using regression, is as follows:
Accidents (in two years) = 2.309 (conflicts/hour) , R2 = 0.869

These two equations were then combined to obtain a direct
relationship between the (rear-end accidents per hour) to (stops
per hour) after making adjustmenis for time. The resulting

equation is as follows:

(Rear-end Accidents/hr) = 2.347 * IO'6 * (stops/hr)

It was concluded that rear-end accidents are mainly
affected by number of stops at signalized intersections rather than
volumes entering the intersection and, hence, stops could be used
as an exposure measure f{or vrear-end accidents at similar

intersections.

The next stage of the research was to calibrate the
optimization model TRANSYT 7F so that it simulates the stops
observed on the field. Ratrout (25) calibrater! the model for the
study area in 1988. He collected the driver performance
characteristics and calibrated the platoon dispersion factor for the

study area. Starting with his results, the volumes, stops and
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geometric data were collected and the simulation model was used to
get the percentage of stops. Comparing the percentages of stops
simulated by the model with the observed percentages of stops
showed that the model overestimates the percentages of stops.
The default stop reduction curve suggested by the TRANSYT
manual was revised until the observed percentages of stops
matched the simulated percentages of stops. Statistical tests
showed that there remained no significant differences between the

two sets of percentages.

The next stage was to incorporate safety into the
optimization model by revising the operation costs due to stops and
delay so that it included accident cost. This was done by revising
stop and delay costs suggested by the TRANSYT manual so that it
reflected costs in Saudi Arabia. The accident costs were revised
using reported costs collected by the Al-Khobar police department
for PDO and injury costs. Fatal accident costs were obtained by
modifying the estimates of USA fatal accidents costs for the
conditions in Saudi Arabia. The average cost of accidents was
estimated to be SR 20,085 using Human Capital Cost Estimate and
SR 34,559 using Adjusted Willingness to Pay Human Capital Cost
Estimate. These cost estimates include costs rlue to excess delay
and stops caused by accidents in urban intersections. This cost

was estimated using the simulation model TRANSYT 7F.
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The ratio between stops costs and delay cost is the K
value in the performance index (PI). PI is the value optimized by
the model when finding the optimum signal timing plans. K can
take a value between zero to 1000 and a value between 20 and 50
is suggested by TRANSYT manual. The sensitivity of stops and
delays was first investigated for values of K between zero - 250
and the result showed that delay increases as K increases and
stops decreases as K increases and it was shown that K value of
55-60 was appearing to give minimum combination of stops and
delay (Figures 6.1, 6.2 and 6.3). Another sensitivity analysis of
stops, delay and fuel consumption to cycle length was performed.
The results showed that cycle length is a very important factor
and can change delay, stops and fuel consumption significantly
(Figures 6.4, 6.5 and 6.6). It was concluded that a cycle length
shorter than optimum may increase these MOE's significantly and,

hence, shorter than optimum cycle lengths should be avoided.

Given the cost of one stop and the cost of one second of

delay, the following K values were calculated:

K (without accident cost) = A7
K (Human Capital cost) = 68
K (Adjusted WTP/HK) = 82

The above-mentioned K values are for the cruising speed
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of 60 kph, however, K values for a range of speeds between 40
and 85 kph were given in the main text (see Table 6.10). The
Human Capital Technique is a method of estimating cost of death in
which lost income and benefits due to a lost life are estimated,
while the Willingness to Pay Human Capital Technique is a method
that includes an estimate of lives on top of lost income and
benefits. The latter is suggested for use because it reflects the

willingness of the community to reduce Ffatalities,

Sensitivity of K values to varying percentages of fatal and
serious accidents was conducted to assess the impact of the
accuracy of these percentages on K values and to Ffacilitate
revisions of K values if the percentages of fatal and serious
accidents are proved to be different than the percentages
mentioned in this research. It was concluded that the accuracy of
severity percentages is important and could affect K values
significantly. Cruising speec estimation was found to be very

important and could affect K values significantly.

The effect of signal coordination on safety and operation
cost was investigated and it was shown that rear-end accidents
could be reduced by 29 percent and the cost could be reduced by
29.5 percent by the introduction of signal coordination into a
signal timing plan that lacks the right offsets or the right phase

splits.
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The effect of four different signal phasing schemes,
NSEW, STNEW, SLNEW and TLEW on operation costs, including
accident costs, was investigated for different intersection spacings
and different levels of volumes. It was shown that the NSEW
scheme seems to give the minimum cost for intersection spacings of
less than 500 meters for all ranges of volumes (165 - 400 vphpl).
While the second scheme (STNEW) and the fourth scheme (TLEW)
seem to give minimum costs for intersection spacing > 750 meters
and volumes < 250 vphpl. The fourth scheme seems to give
minimum cost for volumes > 330 vphpl and intersection spacing >
750 meters. The third scheme SLNEW seems to yield the worst
results for the traffic conditicns of the study area. The existing
signal phasing scheme is NSEW and it happened to be the best
scheme for the existing intersection spacings and traffic volumes.
This analysis indicated that four phases scheme are generally
better than five phases scheme for arterials similar to King

Abdulaziz Street.

The investigation of the effect of safety inclusion on signal
timing plan revealed that, in general, less time is given to the
cross street and a longer cycle length is selected by the TRANSYT
model when safety is included in the performance index. Including
safety by using higher K values would cause the green phase to

be longer for approaches with higher volumes: to allow vehicles to

138



avoid stopping at the expense of more delay for the already
stopped vehicle on minor streets. Therefore, a longer green phase
is given to major streets and a longer cycle length is selected.
This effect varies in magnitude from one signal phasing scheme to
another, especially when major street approaches are given the

green simultaneously (e.g. TLEW scheme).

The practical uses of this research's findings can be

summarized in the following points:

1. Rear-end accidents at signalized intersections can be
estimated by simulating the number of stops for any
given signal timing plan and then using equation 4.5 to

calculate the expected annual rear-end accidents.

2. The costs of PDO, injury and falal accidents presented in
Table 6.9 can be used in similar research in the study
area; and for economical analysis and feasibility studies

of traffic management schemes.

3. K values for different speeds presented in Table 6.10 can
be used to optimize signal timing plans for different
arterials and networks. The TRANSYT model enables the
user to use different K values for different links on the

same arterial or network.
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4. Signal phasing schemes presented in Section 6.10 could
have a major impact on operation costs. The guidelines
presented in Section 6.10 could be helpful for traffic

engineers when choosing signal phasing schemes.

5. Monitoring of traffic conditions is important after the
implementation of any signal timing plan with special
emphasis on cycle length evaluation. If the traffic
volumes change so that it needs a longer cycle length,
then, the implemented plan will be shorter than the
optimum cycle length, a case that should be avoided
because it will result in sharp increase in delay, stops
and fuel consumption. Longer than optimum cycle length
could be recommended to allow for normal variation in
volumes and to reduce the frequency of revising the

signal timing plans.

Areas for Further Research:

The following areas need further research:

1. The direct relationship between stops and accidents could
be established through a good and fully documented
accident recording and filing system; and maintaining a

record of signal timing plans through selected arterials.



Accident costs could be further investigated through a
good accident recording and Ffiling system and more
accurate documentation of injury classification. The cost
of fatality can be further studied when the necessary

information is released.

TRANSYT cost function can be used to optimize safety if
the coefficients can be easily changed because the
current format makes it impossible to change some

coefficients freely.

The cost of air pollution due to stops and delays can be
included in the cost function of K wvalue if there are

estimates of these costs.

141



5.

6.

9.

-]

10.

REFERENCES

"Synthesis of Safety Research Related to Tralfic Control and

Roadway Elements," FHWA Report No. FHWA-TS-82-232,
1982.

Al-Isa, M., G. Ergun, S. Al-Senan, and A. Al-Zahrani,
"Development of a Methodology for Safety Improvements at

Urban Intersections,” Final Report, June 1988, Riyadh,
Saudi Arabia.

Comkin, H.L., "The ZEffect of Coordinated Traffic Signal
Systems on Tralfic Accidents,"” National Road Safety Sympo-

slum - Papers and Discussions, Canberra, Australia, March
1972, pp. 257-62.

Berg, W.D., A.R. Kaub, and B W. Belscamper, "Case
Study of the Safety and Operational Benefits of Traffic Sig-

nal Coordination,” Transport Research Record 1057, 1986,
pp- 58-64

Schlabbach, K., "Pulsating Green Waves - The Dormstadt
Experiment," Traffic Engineering and Control, Vol.29, NO.
7/B, Aug. 1988, pp. 293-297

Gibson, D.R.P. "Available Computer Models for Traffic Oper-

ations Analysis," TRB Special Report 194. National Academy
of Sciences, Wasington, D.C., 1981.

David, N.A., and J. R. Norman, "Motor Vehicle Accidents in
Relation to Geometric and Traffic Features of Highway Inter-
sections: Vol.II, Research Report," Report No.

FHWA-RD-76-129, Federal Highway Administration, Washing-
ton, D.C., July 1979.

Dale Charles W., "Safety Improvement Projects: Summary,"

Federal Highway Administration, Washington, D.C., February
1971.

Dale, Charles W., "Cost-Effectiveness of Safety Improvement

Projects,”"” Federal Highway Administration, Washington,
D.C., May, 1973.

Strate, H.E., '"Making Highways Safe: A Realistic
Approach,” ITE Journal, March 1980, pp. 21-30

142



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

143

Moore, W.L. and J. B. Humphries, "Sight Distance Con-
structions on Private Property at Urban Intersections",
Transportation Research Record 541, Transportation Research
Board, Washington, D.C., 1975, pp. 23-27.

"Evaluation of Minor Improvements: Flashing Beacons,
Safety Lighting, Left Turn Channelization," Traffic Depart-
ment, California Department of Public Works, 1967.

Al-Ansari Nasrat, "An Evaluation of a Safety Project (Skid
Proofing)," Office of Design and Traffic, Michigan Depart-
ment of State Highways, May 1967.

Datta, T.K., D.D. Parkins, J.J. Taylor, H.T. Thomson,
"Accident Surrogates for Use in Analyzing Highway Safety

Hazard," Final Report for Grant No. DOT-FH-11-9492, from
FHWA, August 1983.

Lalani, N. Walker, D., "Correlating Accidents and Volumes
at Intersections and Urban Arterial Street Segment," Traffic

Engineering and Control, Vol.22, No.6, June 1981, pp.
359-63.

Kell, J.H., "Applications of Yield Right-of-Way Signs," Traf-
fic Engineering, Vol.28, No.10, July 1958, pp. 41-48.

McDonald, J.W., "Relation Between Number of Accidents and
Traffic Volume at Divided Highway Intersection," Highway
Research Board Bulletin 74, 1953, pp. 7-13.

"Transportation and Traffic Engineering Handbook," Institute
of Transportation Engineers, Prentice-Hall, Inc., New Jer-
sey, 1976.

King, G.F., and R. B. Goldblatt, "Relationship of Accident
Patterns to Type of Intersection Control,” Transportation
Research Record 540, Transportation Research Board, Wash-
ington, D.C., 1975, pp. 1-12.

Hakkart, A.S., and D. Mahalel, "The Effect of Traffic Signs
on Road Accidents - with Special Reference to the Introduc-
tion of a Blinking Green Phase," Traffic Engineering and
Control, Vol.19, No.5, May 1978, pp. 212-215.

Agent, K.R. and Deen, R.C., "Warrants for Left-Turn Sig-
nal Phasing," Transportation Research Record 737, Trans-
portation Research Board, Washington, D.C., 1979, pp.



22.

23.

24,

25.

26.

27.

28.

29.

30.

J1.

32.

33.

144

56-60.

Mahalel, D. and D M. Zaidel, "Safety Evaluation of a Flagh-
ing-Green Light in a Traffic Signal," T'raffic Engineering and
Contral, February 1985, pp. 79-81.

Benioff, Barry, Frederick C. Dock, and Cynthia Carson, "A
Study of Clearance Intervals, Flashing Operation, and Left-
Turn Phasing at Traffic Signals: Vol. 2 - Clearance Inter-
vals," Report No. FHWA-RD-78-47, Federal Highway Admin-
istration, Washington, D.C., May 1980,

"Right-Turn-on-Red: Vol. | Final ‘Technical Report,"

Report No. FHWA-RD 76-89, Federal Ilighway Administra-
tion, Washington, D.C., May 1976.

Ratrout, N.T. "Assessment of the Applicability of "T'RANSY'T
TF" Optimization Model to the ‘I'raffic Condition in the Clties
of Al-Khobar and Dammam, Saudi Arabia," Unpublished
Ph.D. Dissertation, Michigan State University/ 1989.

McShare, Willlam R. and P. Roger Roess, Traffic Engineer-
ing, Prentice IHall Inc., New Jersey, 1990,

Chang Edmond C.P., and Messer Meuser, Carol J., "PASSER
I1-90 Program User's Manual: Texas Transportation Insti-
tute, Austin, Texas, June 199].

Cohen, S.L. and Liu, C.C., "The Bandwidth Constrained
TRANSYT  Signal Optimization Program," Transportation
Research Record 1057, Washington, D.C., 1986, pp. 1-9.

Wallace, C.E. et al., "TRANSYT 7F User Manual," Release 6.
FHWA. Washington, DC, Oct. 1988.

Chapman, R.A., "The Concept of Exposure," Accident Anal-
ysis and Prevention, 5, 95-110, 1973.

Federal Highway Administration, "Development of Exposure

Measures for Highway Safety Analysis," Final Report, June
1987.

Walpole, R.E., and R. M. Mayers, Probability and Statistics
for Engineers and Scientists, 2nd Edition, Macmillan Publish-
ing Co., Inc., N.Y. 1978.

Glauz, W. D. and Migletz, D. J., "Application of Traffic



.

38.

3.

J8.

49,

10.

1.

12.

43.

145

Confliet and Analysis at Intersections," NCHRPR 218, Febru-
ary 1980.

SAS User's Guide: Baslcs, Version 5 Editlen. SAS Institute
Inc. Cary, NC, USA, 1985.

drew, B.K. and Parsonson, P.S., "Investigation of Optimal
Time to Change Arterial Traffic Signal-Timing Plan,” Trans-

portation Research Record, 1057, Washington D.C. 1986, pp.
20 29.

Montgomery, . C. and E. A. Peck, User Manual," Introdu-

clton to Linear Regression Analysis, John Wiley and Sons,
New York, 1982.

"The World Fact Book 1990," Central Intelligence Agency,
USA, 1990.

Hall, R. D., "Accidents at Four Arm Single Carrlageway
Urban Traftic Sognals," Transportation and Research Reord

Laboratory, Contractor Report 85, Crowthorne, Berkshire,
1986.

"Annual Report 1410/1411 (1990)," Research and Statistics

Department, Saudl Arablan Monetary Agency, Kingdom of
Saudi Arabla.

"Alternative Approaches to Accldent Cost Concept: Fxecutlve

Summary," Federal Highway Administration, US Department
of Transportation, Washington, D.C. Jan. 1984.

Lnadefeld, J Steren and E. Pp. Seskin, "The Economic Value

of Life: Linking Theory (o Practices,”" American Journal of
Public Health, 72:6, June, 1982.

National Highway Trallic Safety Adminstration, The Economic
Cost to Society of Motor Vehicle Accidents, US Department of
Transportation, Washington, D.C., 1983.

Al-Saif, Abduljalil et al, "Investigation of High Severity in
Traffic Accidents in Makkah and Eastern Province and the

Countermeasures,”" Arabic. King Abdulaziz City for Science
and Technology, Riyadh, 1890.



146

APPENDICES



147

APPENDIX - A

TRANSYT COST FUNCTION



148

Fuel Consumption Model:

where
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Operating Cost Model:

C(Cost) = [(K;T + K,S + DC * D)/100
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where
C = Cost (Dollars)
I = Inflation Rate
DC = Unit cost of vehicle delay, ($1,000/veh-hr)
D = Total delay, (veh-hr)
S = Stops (1,000 veh-hr)
FC = Unit cost of fuel ($/gal.)
0] = Average occupancy (person/veh)
TC = Cost of passenger time
V = Vehicle cruising speed

Source: TRANSYT MANUAL (29)
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In reference to Section 6.4, the detailed calculations of

different cost items are presented in the following sections.

B.1 Fuel, Delay and Stops Costs

The fuel cost in Saudi Arabia is 0.32 Riyals per liter. To
calculate the cost of excess fuel as a function of stops and delay,
TRANSYT formulas can be used to convert the fuel consumption
into fuel cost as a function of stops and delay. The TRANSYT

formula relating delays to excess fuel consumption is as follows

Excess fuel consumption due to delay = 0.73239 * D

where D is excess delay in hours and excess fuel consumption is
expressed in gallons. Using this, the excess fuel cost can be

calculated as follows:

Excess fuel cost (0.73239 * 3.7854 * 0.32

0.88716 SR per hour of delay

The TRANSYT formula relating excess fuel consumption to stops is

as follows:

6 2

Excess fuel consumption due to stops = 6.1411 * 10 ° * V

where V is speed in mph and fuel consumption is expressed in
gallons per one stop. Assuming a speed of 60 kph (37.29 mph),

which is similar to the speed studied.



6.1411 * 10 ° * 37.29% * 3. 7854 * 0.32

Excess fuel cost

0.01035 SR per stop.

The next step is to estimate the cost of passenger and
vehicle delays. In order to estimate the cost of passenger and

vehicle delay, the following assumptions are mace:

a. Fifty percent of the population are in the work force,
while most of drivers and passengers are in the work
force.

b. The income per capita is 7060 US dollars for Saudi Arabia
in 1990 (37).

c. The vehicle delay cost in Saudi Arabia is the same as the
cost suggested by the TRANSY'T' Manual inflated to 1990
Riyals.

d. The inflation factor is the ratio belween the consumer

index in 1990 and 1937 (103.1 and 99.1 respectively).

e. The vehicle occupancy is 1.2 passengers/vehicle (29).

With these assumptions, the cost of one hour of passenger delay

can be calculated as follows:

7060 * 3.75 1.2
(365 * 24 *).5)

= T7.205 SR/hou

Cost of vehicle delay will be calculated using the vehicle delay cost
suggested by the TRANSYT manual in 1987 which was 0.526 USD

per hour, inflated to 1990 SR as follows:
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103.1

= e E
0.0526 = 3.75 99 1

= 0.205

Cost of vehicle and passenger delay:
= T7.205 + 0.205 = 7.41 SR/hr

The cost of stops, excluding accident cost, is calculated
using TRANSYT formula and inflating it to 1990 Riyals.

Cost of Stops = (—0.2145+0.1084%V +0.0117+V2 +0.0001+V 3 )= ‘16093_%

Assuming V = 60 km/hr (37.29 mph)
Cost of Stops = 0.0986 Riyals per one stop.
B.2 Accident Costs

Accident costs are not included in the TRANSYT 7F cost
function. One of the main objeclives of this research is to include

accident cost into the optimization process of the TRANSYT model.

Accident costs can be divided into two categories: Cost
incurred by the drivers involved in the accident including the cost
of related agencies and future income losses. The other category
is the cost incurred by other road users cdue to excess delay,
stops and fuel consumption caused by the blockage of the
intersection until the vehicles are removed. This category will be

referred to as accident congestion cost.

Accidents are classified intc three types based on the
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severity of each accident. These three types are: property
damage only (PDO), injury (INJ) accidents, and Ffatal accidents.
In order to estimate the average accident cost, the percentage of
each type of accidents should be estimated. Given the percentages
and the cost estimates of each type, the average accident cost
(AAC) could be calculated easily by the following formula;:

a(PDO cost) + b(INJ Cost) + (Fatal Cost)

AAC = 160

where a, b and c are the percentages of each type of accident and
PDO Cost, INJ Cost and fatal cost are the average cost of each
accident type. In the following section the percentage and the

average cost of each accident type will be investigated.

The data that were used to classify accident by severity
are the same data used to establish the relationship between
accident and conflict in Chapter (4). These data were collected by
Al-Khobar Police Department in 1405 and 1106 Hijri. They were
used because they were complete and coded in the University
mainframe computer and are relevant to and consistent with the
previous part of this research. The same type of intersections
and traffic conditions are used throughout the research. The
analysis of data showed that 177 rear-end accidents took place on
major intersection approaches. Ninety one point five percent of
these rear end accidents were PDO, 5.1 percent were injury
accidents and 3.4 percent were fatal as shown in Table B.1. A

study conducted by TRRL in 1986 showed that rear-end accidents
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Table B.1: Accident Severity in the Study Area

Security No. Percentage
Fatal 6 3.4
Serious 9 5.1
POD 162 91.5
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at cross urban signalized intersections have different distribution
(38). The study considered only injury accidents and the fatal
accidents were 0% of injury accidents for rear-end accidents. For
all types of accidents, fatal accidents were 0.6 percent while the
fatal and serious accidents were 20 percent of all types of
accidents. Table B.2 shows the severity by accident types of that

study.

The TRRL rates and severity of rear-end accidents are
slightly different that the data of this research. The percentage
of fatal accidents for the local conditions is more than the TRRL
study percentage. This could be due to the difference in driving
habits between Saudi Arabia and England; where the TRRL study
was conducted (e.g. the safety belt is mandatory in England and
optional in Saudi Arabia). Roadway and motor vehicle conditions
could be another cause of the high level of fatalities on Saudi
Arabian roads. The reporling method of accidents may be
different (e.g. which accident is considered a serious accident.
Insurance in' England probably covers a higher percentage of
vehicles and drivers than in Saudi Arabin. This might be another
cause of higher percentages of reported sarious accidents in

England than in Saudi Arabia.

Another probable cause of more Ffatal accidents in Saudi
Arabia may be reporting mistakes; where serious injuries might be
reported as fatal by the policeman. However, the cdata will be

assumed correct and a sensitivity analysis done later to investigate
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Table B.2: Accidents by Severity and Accident Type*

158

Accident Average
Severity Casualties
Number of Accidents % Fatal & Per
Serious Accident
Accident Type | Fatal | Serious Slight Total
Single 1 25 129 155 16.8 (3.3) 1.10
Vehicle
Approaching 0 12 142 154 7.8 (2.9) 1.12
Right Angle 3 66 165 234 29.5 (3.6) 1.61
Principle 0 87 383 470 18.5 (2.0) 1.40
Right Turn
Other Right 0 21 94 115 18.3 (4.0) 1.41
Turn
Left Turn 1 4 52 97 8.8 (3.9) 1.12
Pedestrian 6 118 386 510 24.3 (2.2) 1.06
Other 0 11 .66 77 14.2 (4.3) 1.20
All Types 11 344 1417 1772 20.0 (1.1) 1.26

* Figures in brackets are standard errors of the mean values.

Source: TRRL (38)




the lower percentage of fatal accidents and ils effect on overall

average accident cost.

The cost of PDO accident was calculated in two steps.
The first step was to calculate the average cost of PDO accidents
collected by the Al-Khobar Police Department in 1405-1406 H at
major intersections. The seccond step was to mulliply the average
cost by the inflation ratio obtained from the annual report of the
Saudi Arabian Monetary Agency issued in 1990 (39). The base

year for the total accident cost will be the year 1990.

The average cost of PD(O accidenis was obiained from the
computer files of accidents, held in KFUPM and was SR 1360 per
accident. The Cost of Living Index for a middle income household
in the category of transport and communication was 74.6 for the
year 1985 and 121.1 for the year 1990. The year 1985-G is
matching about 1/2 of 1405 and 1/2 of 1406 H. So, the index for
1985 can be considered an average of 1405 and 1406 H. The year
1988 is considered the base year with an index equal to 100. In
order to convert the cost of PDO accidents into 1990 Riyals the

following calculations were performed:

PDO accident cost in 1990 = 1360+121-1 _92085R /accident

74.6

The direct cost of PDO accidents in the United States in
1980 was $350 (SR 1312) per vehicle. Assuming 2.2 vehicles per

rear-end accident makes the cost ecual to (SR 2888) per accident.
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This figure is comparable to the cost of POD accidents in Saudi
Arabia bearing in mind that the base year is different and the cost

of living in the United States is more than in Saudi Arabia.

The same method used to calculate the PDO accident cost
will be used to calculate the cost of serious accidents. The
average serious accidents for the years 1405-1406 Hijri is (SR
16416). The medical care index has changed from 98.3 to 100.7
for the years 1985 and 1990 respectively. So, the cost of a

serious accident is calculated as follows:

Cost of Injury Accidents = 16416%* 19080"}7 = 16817SR/accident

The cost of a fatal accident is the most controversial
among the three types of accidents because loss of life affects the
family and society in many different ways. The costs of fatal
accidents are classified in two broad categories: Direct Costs and

Indirect Cost (40). The direct costs include the following:

- cost of damage to property
- emergency medical and transportation services cost
- medical cost

- legal, court and funeral cost

The indirect costs are less well defined in the literature
than direct costs, but they constitute a larger portion of total
accident costs than direct costs. Incirect costs include the

following:
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- social mechanism costs

- human capital (HK) costs

- the cost or value of psychological deteriorations

- the value of life and safety as estimated by willingness-to-

pay and related approaches

The social mechanism costs are costs of managing the
activities subsequent to an accident or preventing accidents from
occurring (e.g. police, fire department, highway department and

insurance administration costs).

Human capital cost is the present value of goods and
services not produced as a resull of fatal accidents. Some
analysts treat human capital costs as an estimate of the value of
life and safety. Some others treat human capital costs exclusively
as an economic cost (40). Willingness to pay estimates are
comprehensive assessments of the value of life and safety including
the value of all activities that provide benefits of living and a
premium for psychosocial deterioration. The empirical studies offer
widely divergent value of life estimates and most of them are based
on either questionable data assumptions or estimating procedures
(40). Currently, there is a political resistance to valuing life,
therefore, the willingness to pay approach cannot provide
satisfactory estimates of the value of life, even though, it is

theoretically superior to human capital costs estimates.

The Federal Highway Administration (40) suggested that a

_compromise procedure between human capital rost and willingness



to pay procedure, developed by Landefeld and Seskin (41), can be
used because it has been identified to be theoretically sound and
easily implemented. The procedure is called the adjusted
willingness to pay/human-capital approach (Adjusted WTP/HK

approach).

There are such estimates for Saudi Arabia; neither for
human capital costs, nor for willingness to pay approach. The
data needed to compute these estimates are not available yet for
Saudi Arabia. So, the United States estimates will be used after
applying a factor that makes them suitable for Saudi Arabia. The
factor will be the ratio between the GNP per capita for Saudi
Arabia for the year 1990 and the GNP per capila for the United
States for the same year. Thisz factor will be applied to some
components of the total cost which is believed to have the same

proportion while keeping other components unchanged.

NHTSA (42) estimates of direct cost of fatality included:
property damage, emergency medical services, hospitalization cost
and legal and court estimates are given in Table B.3. The largest
component of the direct cost is the legal and court costs. In
Saudi Arabia, the legal system is not as expensive as in the United
States and most of the Ffatality cases due to iraffic accidents are
settled without long and expensive legal procedure. The
researcher cannot obtain any cata about legal and court cost
estimates for traffic accidents, but thinks that the court and legal

cost are a small fraction of the NHTSA estimates. Twenty percent
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Reported accidents only.

Based on NHTSA's urban-rural distribution assumptions.

C

Physician and sur
spinal cord injurie

d

Based on a 4-percent discount rate.

S

geon services included in initial hospitalization cost estimate for

Table B.3: Recommended Direct Cost Estimates of NHTSA (Ref.42) in
1980 Dollars
- -
Per Victim !
Per i
Vehicle | Maximum Abbreviated Injury Scale (MAIS) Category |
Category PDO%| 1 2 3 4 5 Fatality |
?
Property Damage $705 $ 811 $1354 $ 2120 | $ 2865 !$ 28454 | $ 3406
Emergency Medical -- 92 128 126 126 126 124
Servicesb
Emergency Room -- 42 110 153 253 363
Care
Initial Hospital -- 70 888 2054 5148 f 20162 ! 1370
i i i
Physician and -- 19 319 771 2059 |  2981°
Surgeon Services § l |
| ; i
Follow-on Care, -- 35 60 96 139 2182 | :
First Year | |
i i i
Home Modifica- -- -~ -- -- -- | 3739 !
tion :
Second-Year -- -- -- -- 455 1584
Unique Servicesd ! i
Follow-on Care, -- 35 60 81 2277 96238
Annual
Legal and Court 11 532 583 2688 5147 7864 13394
Total $716 $1601 $3442 $ 8089 $18467 !$138684 $18294 {
a
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of the legal and court NHTSA estimates were used for Saudi
Arabia. In light of these assumptions, the direct cost estimation

of fatal accidents for Saudi Arabia will be as follows:

Direct Cost = Property Damage + Emergency

+ Hospitalization + 0.2 (legal court)

3406 + 124 + 1370 + 0.2 (13,394)

7579 US Dollars

= (7579%) * (3.75SR/$) * (103.1/104.8) = 27,960 in 1990 SR.

The cost for property damage, emergency medical services
and hospitalization were assumed to be the =zame for Saudi Arabia
and the United States, so it wasn't factored. ‘The general index of
cost of living was 104.8 and 103.1 in 1980 and 1990 respectively
for Saudi Arabia (39). This ratio appearing in the calculation
above is used to convert the 1980 Saucli Riyals into 1990 Saudi

Riyals.

The indirect costs include police costs, fire department
costs, coroner medical examiner costs, insurance acdministration
costs, welfare and public assistance costs and human capital costs.
Table B.4 shows the NHTSA estimates of these costz for the United
States (40). Human capital costs constitute about 96.3 percent of
the total indirect cost while insurance administration costs
constitute about 3.3 percent. Insurance is not mandatory for all
vehicles and a large portion of the vehicle drivers in Saudi Arabia

are not covered by insurance. A study in Saudi Arabia by Al-Saif
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Table B.4: Recommended Indirect Capital Cost Estimates of NHTSA
(Ref.42) in 1980 Dollars
Per Victim
Per
Vehicle | Maximum Abbreviated Injury SCale (MAIS Category

Category PDO 1 2 3 4 5 Fatality
Police Costs $ 82| 3 38 $ 54 $ 7 $ 107 |$ 129 $ 129
Fire Depart- -- -~ -~ -- $ 4 3 44 $ 44
ment Costs
Coroner/Medical -- -- -~ -- -- -- $ 168
Examiner Cost
Insurance Adm. $1202 | $ 550 $ 550 $ 550 $12540 |$ 12540 | $ 12540
Costs
Welfare & Public $ 430 s 41 £ | s 16® | s 305 30| § 576
Assistance Costs
State Motor Veh c c c c c c c
Agency Costs
State and Local c c c c c c c
Hwy Dept. Costs
Human Capital $ -- $ 98¢ | $5579 | $15749 | $10475d |$109786d | $3588844
Costs
Psychosocial c c c c c c c
Costs
Total $134 $ 690 $1165 $2217 $32564 | $122897 $370341

i
a

Reported accidents only.

b

Tentative estimates.

c

No estimates available

d

Based on a 4-percent discount rate.




et al. (43) showed that only 24.27 percent of drivers had
insurance among a sample of drivers involved in accidents in the
Eastern Province of Saudi Arabia. The rvesearcher will use factor
24.27 percent to reduce these costs for the study area. Since
there are no available data about insurance administration cost for
Saudi Arabia, and since it constitutes a smaller portion of the total
indirect cost, the precision of cost estimate of this item will not
affect the total indirect cost estimates significantly. The US cost
estimates will be used to approximate the insurance administration

costs for Saudi Arabia.

Insurance Administration Cost (Saudi Arabia)

24.27 , 103.1

= e e
12540 * 3.75 100 1018

= 11270 SR in 1990 Riyals.

The largest portion of indirect cost is human capital cost,
which is the lost wages and benefits due to death discounted to
present value. Due to the lack of information about the average
wages and benefits for each age category of Saudi citizen in recent
years, the United States human capital cost estimates will be used
after factoring it by the ratio of GNP per capita of Saudi Arabia

($7560) to GNP per capita of USA ($2 1082) for the year 1990.

Human Capital Cost (Saudi Arabia)

7060% \ , 103.1
21082% 104.8

= (356,884%) * (3.75 SR/$) * (
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= 440,909 SR in 1990 Riyals.

The police, fire department, medical examiner and welfare
and public assistance costs were $917 for the United States in
1980. For Saudi Arabia the costs are estimated to be:

103.1

* e
917 * 3.75 104 8

= 3,383 SR in 1990 Riyals

Total Indirect Costs

440,909 + 3,382 + 1,127

455518 Riyals

Total Cost

Indirect Cost + Direct Cost

455,518 + 27,960

483,478 Riyals per fatality

The indirect cost could be calculated using adjusted
willingness to pay/human capital costs. The same method of
approximation of Saudi Arabian costs that was used to approximate
the human capital costs will be used here. The United States
adjusted willingness-to-pay/human capital costs was 710,770 dollars

as presented in Table B.5.

Adjusted WTP/HK costs for Saudi Arabia

7060 , 103.1
21,082 104.8

710,770 * 3.75 *

878,113 Riyals:

Total cost based on adjusted WTP/HK

= 878,113 + 27,960 = 906,073 Riyals
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Table B.5: Recommended Total Cost Estimates of NHTSA (42) in 1980 Doliars

168

Per Victim
Per
Vehicle | Maximum Abbreviated Injury Scale (MAIS) Category

Category PDO 1 2 3 4 5 Fatality
Total Direct $716 $1601 $3442 $ 8089 $18467 1$138684 $ 18294
Costs
Total Indirect $132 | $ 690> | $1165 $ 22170 | $32564P$122897P | $370341°
Capital Costs 2
Adjusted WTP/HK -- -- -- -- -- -- $710770°
Value
Total Capital $848 $2291 $4607 $10306 $51031 | 3261581 $388635
Costs?
Total Costs Based $848 $2291 $4607 $10306 $51031 |$261581 $742621
on Adjusted
WTP/HRK2

a

Does not include estimates of State motor vehicle agency costs, State

and local highway department costs, and Psychosocial costs.

b

Based on a 4-percent discount rate an

growth rate.

c

Based on a 4-percent discount rate a

growth

d a 1.5 percent productivity

nd a 1.0 percent productivity




The two different figures for the total cost of accident
fatalities will be used separately in the following sections and the

different effects of using each one will be noted.

Another component of accident cost which is the excess
delay, stops and fuel consumption caused when an accident takes
place at the intersection and the capacity of the approach is
reduced until the vehicles are removed from the lane at which the
accident took place. This was not considered in previous research

but was estimated for this work.

For this, the simulation model (TRANSYT-7I') was used to
simulate the increase in delay, stops and fuel consumption due to

accidents. The following assumnptions were made for this:
1. One lane will be closad due to the accident.

2. The average time to remove the vehicles involved in

accidents will be one hour.

3. The effect of accidents will be measured at all major

approaches.

4. The average excess cost will be the average of the
excess costs of all rear-end accidents on the major
approaches. The expected number of accidents on each
approach is assumed to be proportional to the number of

stops on each approach.

Table B.6 shows the stops on each approach for the no
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Table B.6: Percentage of Stops on Each Approach

Approach Stops Percentage
101 + 102 459 6.887
103 + 104 907 13.578
201 + 202 725 10.878
203 + 204 392 5.881
301 + 302 704 10.563
303 + 304 1153 17.300
401 + 402 1420 21.305
403 + 404 869 13.039
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accident case. The percentages of stops are used as a weighing
factor to reflect the percentages of accidents on each approach.
The probability of a rear-end accident taking place on the arterial
approach (i) will be the same as the percentage of the stops on
that approach compared to the total stops on the arterial. Tilese
percentages will be multiplied by the excess fuel, stops and fuel
consumption for the corresponding approaches, and then, averaged

to get the average excess cost of an accident.

Table B.7 shows the excess delay, stops and fuel
consumption simulated by the TRANSYT model on different
approaches of the King Abdulaziz arterial due to one accident on
each approach. The table also shows the expected excess delay,
stops and fuel consumption due to one rear-end accident taking

place in the arterial.

The simulations of accidents show that there is always an
increase in delay and fuel consumption. The stops show different
behavior, where in four cases there was an increase and in the
other four there was a decrease in stops; with the overall average
of a decrease of 92 stops. This result may contradict the
expectation but it is not incorrect because the reduction of the
volume of one approach might reduce the excess queues at the
downstream intersection and vehicles avoid stopping at each
intersection. So, even though the stops at a blocked approach
might increase, they may be reduced by a larger amount at other

intersections, with the net result being a decrease in the overall
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Table B.7: Expected Excess Delay, Stops and Fuel

Due to One Accident on the Arterial

Probability Excess Excess Excess
Approach | of Accident Delay Stops Fuel
(3) (hr) (L)
101 6.887 24 418 | 80
103 13.578 28 142 81
201 10.878 129 125 361
203 5.881 135 -174 368
301 10.563 121 -139 330
303 17.300 153 -962 406
401 21.305 113 -219 316
403 13.039 122 -118 341
Total*
Excess 106.58 - 92 294.3
MOE's

* Z(Probability * Excess MOE).



number of stops.

The excess fuel consumption due to one accident is equal
to 77.75 gal. and the excess delay caused by one accident is
equal to 106.58 hours of delay. The cost of fuel is 1.211 SR per
gal. in Saudi Arabia and the cost of 77.75 gal. is 97.18 SR. The
cost of one hour's delay is $(0.05264) (TRANSYT Manual) in 1987
dollars. The cost of 106.58 hours of delay is (0.05264 * 106.58) =
5.6 dollars. To get the cost in 1990 dollars we shall multiply by
the ratio 103.1/99.1 which is the ratio between the 1990 and 1987
general price index (39). The cost of passenger delay is equal to
SR 6.0 per hour per passenger. Assuming 1.2 passengers per car
makes it SR 7.2 per hour, which is 767 SR for 106.58 hours of
delay. The total excess delay cost per accident is equal to (767 +

103.1

99.1) = 789 SR.

5.6 * 3.75 *

Excess cost due to one accident

97.18 + 789 - 10.96

SR 875 per accident.

Now all the components of rear-end accident costs are
known for each accident category (PDO, Injury and fatal); as well
as the excess cost of accidents due fo excessive delay, stops and
fuel consumption. The next step is to calculate the average cost
of an accident for all categories by multiplying each category cost

by the percentage of that category of total accidents.
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The excess costs due to excess delay, stops and fuel
consumption will be added to the average since it is the average of
all categories. Two tables are presented below. Table B.8 is for
the human capital costs estimates and TableB. 9 is for the adjusted

WTP/HK costs estimates.

Cost of accident, (using Human Capital Cost)

(20085 SR/accident) * (2.347 1076 accident/stop)

1]

0.0467 SR per stop.

Cost of accident, (using Adjusted WTP/HK)

(34559 SR/accident) * (2.347 1076 accident/stop)

0.0809 SR per stop.
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Table B.8:

Human Capital Costs Estimtes

Accident Severity Av. Cost Pc_af-cm‘ﬂagfe
Fatal 480345 3.1
Injury 16817 5.1
PDO 2208 91.5
Excess Delay, Stops 875 100.0

Total Average Cost

Av. Cost %

16332

858

2020

875

20085

©75



Table B.9:

Human Capital Costs Estimtes

Accident Severity Av. Cost
Fatal 906073
Injury 16817
PDO 2208
Excess Delay, Stops 875

Total Average Cost

Percentage

s
—

91,

ol

100.0
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Av. Cost %

30806

875

34559




