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ABSTRACT

The purpose of this thesis is to analyze the effects of fluctuation in traffic flows on the 

operation of fixed-time control systems. In the development of fixed time plans for area 

traffic control, traffic volumes reflecting average conditions for the movements at all 

intersections are normally required. Calculations made on basis of these values commonly 

overestimate the benefits of the implementation of fixed-time signal control plans because 

the variability of flows is not taken into account. The day-to-day, or between-days 

variation of traffic, is not normally considered in fixed-time plans and the daily systematic 

fluctuation, or within-day variation of traffic, is handled by the adoption of one of several 

possible procedures. In practice, single observations of flow are commonly used in place 

of the mean, and flows in different parts of the same network are sometimes observed on 

different days. The consequences of this practice are analyzed in view of the variability 

of traffic flows. In this thesis an analysis of the techniques currently available to handle 

traffic fluctuation by fixed-time control systems is made. Ways are investigated in which 

some measure of variability of traffic flows can be respected in the calculation of fixed

time signal plans.

A method that incorporates the variability of the traffic flows in the calculation of a single 

fixed-time plan is developed. This was based on theoretical values and validated with real 

flows, collected in a purpose-specific field survey. The technique developed in this 

research has been found to improve the efficiency of the fixed-time systems in handling 

both of these kinds of variation. Using explicit conditions of a variety of traffic flows on 

each link, this technique is suitable to be used as a standard feature for calculation of 

fixed-time signal plans which will be used under a range of traffic conditions.

The problem of the cycle time selection is analyzed and comparisons are made between 

the performance of the network, using cycle times suggested by the approximate method 

incorporated in TRANSYT, and those selected on the basis of full day by day 

optimisation by this program.
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Chapter 1 

INTRODUCTION

1.1 - Objective

Urban traffic control is made by the use of traffic signals, signs, pavement marks and 

other devices. These devices are located on or near the streets with the objective to 

regulate, advise or guide the flow of traffic.

For traffic control at intersections, the most important device for urban traffic control is 

the traffic signal. While it interrupts the flow, alternating the right-of-way, it offers 

advantages over other forms of intersection control such as roundabouts and interchanges, 

because there is no need for additional road space and it is comparatively cheap to 

implement.

There is a current concern to reduce traffic pollution, traffic noise, traffic delays and stops, 

traffic accidents and fuel consumption. One of the methods used to accomplish these 

objectives, in urban areas, is the installation, operation and maintenance of traffic signal 

systems. Furthermore, in this "green age" it has become a goal of the transportation 

planners and agencies to keep those systems operating efficiently in a way to decrease the 

noise and pollution from traffic. The emphasis has changed from building new facilities 

with expensive projects, to making the best use of any existing street network. In the 

cities, signal traffic control may have great influence on pollution, noise and traffic jams,
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due to the large number of signalised intersections.

In the well known method developed by Webster and Cobbe (1966), no consideration is 

paid to either variations in flow during the day or the day-to-day variability over the 

week. The recommendation is to use the stream with maximum flow ratio running during 

each stage for the calculation of green times and cycle times.

With the appearance of computers, it has become possible to create area traffic control 

systems, the goals of which were initially, like Webster and Cobbe, to reduce delays. 

Today, its pretensions are more ambitious and include: to implement transport and traffic 

policy; to increase the use of existing traffic network; to offer economic benefits to the 

community; to increase safety; to reduce the atmospheric pollution; to assist public 

services; to give information to users and other systems; and to supervise data collection 

from loop detectors and other equipment.

There exist basically two methods to coordinate traffic signals in an area: Fixed Time 

Control and Traffic-Responsive Control. The first of these is executed when a central 

control computer is used to store and implement timing plans. This plans are calculated 

beforehand, using data that reflect traffic conditions which are expected to occur 

periodically, in a common day or in special conditions like sporting events, etc. The 

Traffic-Responsive approach calculates signal timings according to actual traffic 

conditions at the time of implementation. This treats the control of the intersections 

individually, although the platooned movement of traffic from one intersection to the next, 

can be used to establish some element of progression in the traffic signals. This is also



called dynamic control method.

Average flow values are recommended for use in the development of signal timing plans 

calculated by TRANSYT (Vincent, Mitchell and Robertson, 1980). Hence, the day-to-day 

variation of the flows during the period covered by the traffic counts is not considered in 

any calculation (measurements of efficiency of the timing plan, for example) that is made 

on the basis of the values of the average traffic flow. This creates an error, corresponding 

to an underestimation of delays and stops when implementing signal control plans.

The objective of this research is to analyze the effect of variations in traffic flows on the 

operation of Area Traffic Control Systems, specially when fixed-time strategies are used, 

and to develop methods of calculating fixed-time traffic signal plans which are suitable 

to accommodate both random and systematic traffic variability.

Area traffic control systems, working under fixed time strategies, are always faced with 

the problem of day-to-day fluctuations in traffic volumes. Traffic responsive systems could 

accommodate these fluctuations as they arise, but this solution is not appropriate for 

application on every area, because of the high costs of installation and operation. In this 

research, the method developed uses day-to-day traffic counts, for a specific peak or 

period, to calculate a single fixed-time plan for use at that time of day, every weekday 

(Mondays to Fridays). The methods are also sufficiently robust to handle the systematic 

variation that occurs within days.

The Performance Index (PI) of the single plan (in fixed-time systems), based on average
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volumes, is compared with the PI given by Traffic Responsive Systems (a plan for each 

day of the week, or hour of the average weekday) and the PI of the single plan generated 

by the methods that include a measure of variation of the traffic flows. These comparisons 

have been made using two different example networks. The first based upon data 

randomly generated for an artificial example and the second upon data collected on-site 

in Rio de Janeiro, Brazil, during a typical week.

The methods developed in this thesis are able to calculate plans suitable for application 

during the whole of a day and/or week. Observing the variation, or fluctuation, 

encountered in the daily flows and in the daily profile, they achieved much of the benefits 

offered by sophisticated traffic responsive controls, but using only fixed time systems.

To investigate the cycle time that produces best performance for the network, comparisons 

are made between the performance index of the network using cycle times suggested by 

the indicative method (CYOP) incorporated in TRANSYT and those selected on the basis 

of full day-to-day optimisation by this program.

1.2 - Outline of this research

This report is divided into 6 chapters. Following this chapter, Chapter 2 gives a review 

of the existent techniques to control the traffic at signal-controlled intersections. The 

methods to control isolated intersections are discussed, the concepts of delays and stops 

are introduced and the general formulae are presented. There is an analysis of the methods 

for calculation of signal plans for this kind of junction and one of how the traffic
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fluctuation is treated. The control of intersections in groups, or areas, is reviewed and the 

more important methods for calculation fixed-time signal plans for traffic signals systems 

are introduced. The problem of traffic variation is discussed and the methods that 

contemplate traffic variation are investigated. The sophisticated traffic-responsive systems 

are also analyzed, in the sense that they are considered to be the most efficient systems 

to negotiate traffic variability.

In Chapter 3, a comprehensive analysis of traffic flows is made in its theoretical and 

practical aspects. The principles of the reliability of counts are discussed and a statistical 

analysis of the traffic flows is made. The principles of the statistical analysis are 

introduced and the general expressions used in the analysis of the traffic flows are 

specified. The possible distributions followed by the traffic observed in London and in Rio 

de Janeiro, by automatic counts, are presented and subjected to statistical analysis. The 

variability detected in the counts and the random aspect of the traffic fluctuation are 

examined. A possible pattern for the variability of the traffic flow between days and 

between weeks is investigated. The coefficient of variation of the traffic is presented and 

comparisons are made between the traffic patterns of those two cities. For the traffic flows 

in Rio de Janeiro, the automatic counts and the manual counts are compared.

Chapter 4 presents the development of techniques for the calculation of signal plans for 

use in area traffic control systems, which have the ability to accommodate traffic 

variations. The program TRANSYT (Vincent, Robertson and Mitchell, 1980), used in 

these calculations, is described and its inputs and outputs are discussed. The plan 

calculation techniques, using different measures of traffic flow, are presented. The new
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methods developed in this thesis are introduced. The new concept of parallel networks is 

introduced and explained. The foundations upon which the methods were developed are 

demonstrated and the traffic variability is divided in the two main types: within-day and 

between-days: the last one is also known as day-to-day variability.

Chapter 5 presents the result of the application of the methods developed in Chapter 4. 

They are tested on two different sets of data. The first is based on the example that is 

given in the manual of TRANSYT 8, TRRL LR 888. The other is based upon real traffic 

flows, which were measured by field survey in Rio de Janeiro, Brazil, for use in this 

study. The results achieved with the artificial example, demonstrate the ability to handle 

small and large levels of traffic fluctuation. This leads towards the calculation of plans 

suitable for handling not only day-to-day variability, but also within-day (or daily 

systematic) variation.

Finally, Chapter 6 summarises the conclusions obtained in this research and presents 

suggestions to continue the investigation of the subjects discussed in this thesis.

19



Chapter 2 

SIGNAL CONTROL METHODS

2.1 - Introduction

The efficiency of use of urban road space by traffic can be improved by good control 

of the signalized intersections. This is one of the techniques available to traffic 

engineers to manage the traffic system competently. The optimal allocation of traffic 

signal timings among different streams of traffic approaching a junction is the main 

subject of several methods which calculate traffic signal timings. The control of 

groups of adjacent traffic signals into traffic signal systems is a more complex matter 

which, nevertheless, can yield more comprehensive benefits when it is done 

appropriately.

In this chapter, the existing methods to control signalized intersections are reviewed. 

Special attention is paid to the ability of these methods in the accommodation of 

fluctuations in traffic flow, or traffic variability. The methods presented here are 

intended for the calculation of traffic signal timings for isolated intersections and for 

systems of adjacent signalized intersections.

2.2 - Delays and stops: some basic concepts

Analysis of delays and stops is fundamental in the development of control plans for
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signalized intersections. They are the basis of most of the existing methods and 

formulae to calculate traffic signal timings, either to control isolated junctions, or for 

the control of coordinated systems.

The delay incurred by a vehicle can be defined as the difference between the travel 

time of that vehicle and that of an uninterrupted one passing through the intersection. 

Even when the vehicle does not make a full stop and is just slowed down it incurs 

some delay. However, every delayed vehicle is said to have made a stop, which can 

be full or partial stop. Figure 2.1 presents a schematic illustration of these concepts. 

The methods that are presented in the following sections have different formulae for 

delays, which are presented within the section.

D is ta n c e

Time

Figure 2.1 - The delay and stop to a vehicle
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2.3 - Isolated junctions

The control of isolated junctions by traffic signals involves calculation of both cycle 

time and the proportion of green shown to each of the different approaches to the 

junction. The general objectives of different methods and formulae are to minimise 

the total rate of delay incurred by the traffic, maximise capacity of the junction and 

reduce queues of vehicles waiting for a green aspect.

The timings of fixed-time signal for the control of isolated junctions can be calculated 

by using either manual or computer-based methods. Some examples of each of these 

approaches are discussed here.

2.3.1 - The method of Webster and Cobbe

Webster and Cobbe (1966) developed a method to calculate signal settings for the 

control of an intersection, intending the minimisation of the total rate of delay. The 

basis of this method is the estimated delay, which is calculated by an expression 

which was derived partly analytically and partly from data obtained by simulation, and 

is given below.

d = c o-*? +  *L__
2 (1  -Xjc) 2 q ( \ - x )

-  0.65 3 x ( 2 * S X ) (2.1)

where:

c is the cycle time,
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X is the proportion of the cycle that is effectively green, 

q is the mean arrival rate, 

s is the saturation flow, and 

x = qAs is the degree of saturation.

The first term represents the delay incurred when the traffic arrives at a uniform rate. 

The second term incorporates into the equation the random behaviour of the traffic 

arrivals. Finally, the third term, derived empirically, corrects the formula so that it 

agrees with simulated values. Webster (1958) noted that this third term of equation

(2.1) is approximately 5 to 15 per cent of the delay, in most cases. Then, equation

(2.1) can be rewritten, in a good approximation, as:

10
c (1 -A )2 + x2 
2(1 -A.jc) 2 q ( l - x )

(2.2)

The number of vehicles stopping and starting during each cycle was assumed by 

Webster to be the number of vehicles queuing at the beginning of the green period 

plus the number of vehicles arriving during the green period while the queue is 

clearing. The following expression was therefore developed to estimate the average 

number of stops and starts per vehicle.

P  = + X (2.3)
qc

where:

N (the average queue in the beginning of the green period) is calculated by:



N  = Max
( ? + * d \ q r

(2.4)

where:

r  is the effective red time.

Webster (1958) proposed that in each stage one approach could be used to represent 

the traffic requirements for all the those that have right of way during that stage. Such 

approach would be the one with the highest ratio of flow to saturation flow, y. This 

approach, is said to be the representative, or critical, approach for that stage and 

designated by yj* for stage i (l<i<n).

The cycle time that gives the minimum delay is given approximately by the following 

expression:

1.5 L + 5
1 -  Y

(2.5)

where:

L is the total lost time per cycle, and

The total lost time, L, is calculated by:

L  = nl  + R (2.6)
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where:

n is the number of stages,

I is the average lost time per stage, and 

R is the total all-red time, per cycle.

The green times are apportioned to stages according to the ratio of the y* values. 

However, only the critical movements govern the calculation both cycle and green 

times. The calculation of the green times is made using the following formula:

» .  i  ( .  - 1 ) ™

where:

gi is the effective green time for the stage i.

In this method for calculation of signal settings, neither the variation of the traffic 

profile within each day nor the day-to-day variation over the week, were considered. 

There was the recommendation to use the stream with maximum flow ratio running 

during each stage for the calculation of green times and cycles times. Nevertheless, 

it is often used to perform comparisons against results achieved by other methods.

2.3.2 - The method of Miller

The method developed by Miller (1963) for the calculation of fixed-time signal
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settings is based on another expression for the estimated delay. Working on a 

theoretical basis and using the assumption of binomial pattern of arrivals, he 

developed the expression for the total delay at an intersection as a function of the 

number of queued vehicles. The expression for the mean delay on an approach is:

2(1 - \ x )
1 + c ( 1 - X)  + 1 ~

*(1-*) *
(2.8)

where:

the first term in brackets is replaced by zero when x < Vi, and 

I is the ratio of the variance to the mean count of arrivals.

To allow comparisons with other formulae of delay, this expression can be rewritten 

as:

d _ c ( l - X f  + (1-*) + (1-*) Xx  [ / - ( 1-Xx)]  (2.9)
2(1-2x) q (l-Xx) 2q (1-Xx)

Like in Webster’s formula for delay, expression (2.9) can be seen as combination of 

three elements. The first, which is exactly the same as the first term in Webster’s 

formula (2.1), represents the delay incurred by uniformly arriving of vehicles. The last 

term is small and can be considered as an adjustment term. The second term considers



the oversaturation that occurs, represented by the mean residual queue length, Q, 

which is calculated by:

<? =

I  (2* -  1)
2(1 - x )  

0

x * 1/2 

x z  1/2

(2.10)

The method proposed by Miller calculates the cycle time and the proportion of green 

time for each approach for a four-way junction with two stages. The cycle time is 

achieved by the application of expression 2.11 .

c =

!£L + 2
N st

1 -
/ * N

yi_

(2.11)

where:

i refers to the stage with the highest value of y^,

Ii is the ratio of the variance to the mean count of arrivals in the representative 

stream for to the stage i, and

X is the proportion of green in relation to this cycle time that is allocated to 

each stage approach i, given by:

.  * 12 b* yj ( ~ )
* {y^i

(2.12)

where:

j is the index of the other stage (i=l =» j=2; i=2 =>j=l)
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The results obtained with this method, in terms of delay per vehicle, were compared 

by Miller with Webster’s method, with good results for Poisson arrivals on the 

approach.

The number of stops can be derived from Qg, the number of queued vehicles at the 

beginning of the green, which is calculated by the following expression, developed by 

Miller (1964).

In the development of his method, Miller did not consider long-term variations in 

demand. Nevertheless, the underlying concern was to establish good fixed-time signal 

settings as an alternative for a vehicle-actuated operation when the demand is high or 

when the detectors do not operate correctly. Like Webster, Miller considered only the 

most heavily loaded, or critical, approaches to calculate the signal settings.

2.3.3 - The Program SIGSET

The program SIGSET (Allsop, 1971a; 1971b), was developed with the objective of 

calculating signal settings for an isolated junction operated in a fixed-time strategy. 

Allsop used the simplified form, equation (2.2), of Webster’s expression for the 

average rate of delay to estimate the delay incurred by the traffic. The green times

(2.13)
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and, if required, the cycle time are calculated to minimise the delay per unit time 

incurred by all traffic passing through the junction. In an improvement of methods of 

Webster and Miller, Allsop considered all the traffic streams approaching the junction 

in the process of minimisation of the estimated delay. Then, the program estimates the 

delay more precisely than the previous methods. In most cases it will offer a shorter 

cycle time, when compared, for example, with Webster’s method (Webster and Cobbe, 

1966). However the effect of traffic variability is not considered in the calculations.

2.3.4 - The program SIGCAP

The objective of another program developed by Allsop, SIGCAP (Allsop, 1976), is the 

calculation of signal settings which allow full use of the traffic capacity of an 

intersection, for any cycle time. The program estimates the practical traffic capacity, 

calculates signal settings which maximise that capacity and gives indications of ways 

in which the capacity can be increased and associated quantitative estimates.

Like SIGSET, SIGCAP also uses information relevant to all the approaches in the 

junction. If the cycle time is not specified, the program will provide one that 

maximises the capacity of the junction. However, larger cycles times normally give 

greater capacities, so the program will have the tendency to indicate the maximum 

cycle time as the one that gives the maximum capacity for the junction. Allsop used, 

and extended, the capacity theory developed by Webster and Cobbe (1966). As with 

his other program SIGSET, Allsop did not consider the influence of fluctuations in 

traffic flows.
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2.3.5 - Within-day variation

Jones (1985) proposed the use of a single set of signal settings to be used during the 

whole day, with a signal plan to control an isolated junction which accommodates the 

systematic variations that occur within-day. His method calculates these signal plans 

based on the minimisation of delay for every movement and sub-period of the day. 

Using Webster’s simplified formula for delay (Webster and Cobbe, 1966), he proposed 

the use of every movement approaching the junction, in each sub-period of the day, 

to find the minimum of the expression relating each delay with associated flow. The 

major innovation was the simultaneous use of the flows for every sub-period in the 

day, seeking the attainment of a single set of signal settings which are optimal for the 

whole day. Jones’s objective function to be minimised is:

( 2 1 4 )
A  i -1  J - l

where:

qji is the arrival rate for movement j, in the subperiod i,

T is the total time of the period considered,

K is the number of subperiods, and

djj is average rate of delay for movement j in the subperiod i.

The signal plan calculated under such restraints will accommodate the variation 

normally encountered, for example, within-day, in a typical weekday traffic profile.
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The program SIGSET (Allsop, 1971b), was used to perform the necessary calculations 

of the cycle time and the stage green times.

The results that would be achieved with the application of this method were compared 

with those of implementing plans calculated by other methods for calculation a single 

plan to be used during the whole day. Grouping peaks and off-peak volumes in a 

single set of data resulted in a plan that gives better performance when compared with 

the use of other methods in which the single plan is based on the maximum arrival 

rate, or the arrival rate for the busiest hour.

2.3.6 - Between-davs variation

Heydecker (1987), focused on the problem of establishing a single plan that 

accommodates day-to-day variability in fixed-time signal control of isolated junctions 

by the inclusion of not only all traffic streams, but also other sources of variation in 

the calculation of signal settings.

Proposing that the minimisation of mean total rate of delay incurred by traffic at a 

signal-controlled junction can be solved by a convex minimisation problem, Heydecker 

formulated the following expression:

Min £  D a,v<V 0) (215)
x / - i

subject to linear constraints on X.
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where:

X is the vector of signal settings, 

v(,) is the i* value of the arrivals, and 

s(,) is the Ith value of the saturation flows.

The formula (2.13) shows that Heydecker proposed the inclusion of extra values, 

representing the working days of the week, for example, for each approach, when 

calculating the signal settings. He tested his hypotheses by applying the method to a 

real intersection, with data representing the weekdays for every approach. The results 

obtained with the real day-to-day variability demonstrate that plans calculated using 

the mean, or average, value of the flow can accommodate adequately well small 

variations, or fluctuations in the flow, but when this variability becomes greater (that 

is, the values are more spread around the mean)1, then the mean flow is no longer a 

good value as an input for the calculation of signal settings and his method proved to 

generate timings that give better performance at higher levels of variability.

2.4 - Fixed-time systems

The acknowledgment of the influence of upstream and downstream traffic signals on 

the traffic performance of each intersection induces the grouping of adjacent 

intersections into traffic signal systems. This grouping can be created in order to 

achieve the objectives already stated of improvement of traffic efficiency and can also 

help to accommodate the steadily increasing number of signalised intersections.

Controlled parametrically by Heydecker
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Besides the cycle time and green times, a new variable is required. It is the offset, 

which is the difference between the start of the green times for the first stage at a 

signalised intersection and a reference time in the cycle. These traffic signal systems 

can be viewed as being of two basic types: arterial and area traffic control systems.

In arterial systems, trunk streets have their traffic signals coordinated in such way that 

the green bandwidth2 can be maximised. Among the programs designed to perform 

this task, MAXBAND (Little, Kelson and Gartner, 1981) can be cited as a good 

example.

Area traffic control systems are those designed to control signalised urban street 

networks. The coordination between adjacent traffic signals is performed by the 

calculation and implementation of signal plans, with the associated common cycle 

time, green times and offsets. Among other programs, the Combination Method 

(Huddart and Turner, 1969) and TRANSYT (Vincent et al, 1980) are the most known 

programs to calculate fixed-time signal plans.

2.4.1 - The Program MAXBAND

The program MAXBAND (Little, Kelson and Gartner, 1981) calculates settings to 

maximise the bandwidth in arterial routes or networks with three arterial forming a 

triangle. The solution method for the problem of finding the maximal bandwidth is

2The bandwidth is the portion of the cycle during which a car travelling at a certain speed could start 
at one end of an arterial having a sequence of signalized junctions and go to the other, without stopping at 
any signal (Morgan and Little, 1964).
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based on mixed-integer linear programming.

MAXBAND chooses the cycle time, from a range supplied by the user, and calculates 

the offsets that maximise the bandwidth. Here, offset at each junction is defined as the 

difference between the starts of the green intervals for the arterial at the junction and 

at a master junction in the area. The green splits (ratio of green time to the cycle time) 

can be supplied, or calculated by using Webster’s (1958) formula (2.7). The program 

also selects phase sequences when offside turns (left in the USA case) are permitted. 

MAXBAND will select the one that maximise the bandwidth, from a specified set of 

possibilities. The design speed of the arterial is specified with a tolerance and the 

program chooses speeds for each link. Little et al (1981) allow the start of the green 

times to be advanced in order to allow a queue clearance time, so that platoons arrive 

at a clear stopline. Thus the MAXBAND program optimises offset and can be used 

to select cycle time and phase sequences from a range of possibilities specified by the 

user.

The aspects of traffic fluctuation are not considered by MAXBAND program in the 

calculation of the maximal bandwidth.

2.4.2 - The Combination Method

The GLC Combination Method (Huddart and Turner, 1969) is an off-line computer 

method to optimise offsets of traffic signals in a network, with the objective to 

minimise the delay incurred by traffic in the controlled area. The basic inputs of the
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program are the traffic flows, the green times at the entry and the exit of the links, the 

saturation flows, travel time along each link and the cycle time. The method 

incorporates a platoon dispersion feature and also a "tadpoling" feature. This 

"tadpoling" effect assumes that traffic arrives at a constant rate at the stopline. The 

departures are made at the saturation flow level in the beginning of the green, to 

discharge the queue formed during the red time and then replaced for the rest of the 

green time by the arrival rate. Stops are considered in the method so as to enable the 

minimisation not only of delays but also of a weighted combination of delays and 

stops. Finally, there is a possibility of flow weighting, which has the effect of make 

changes in the preferences to the links to which it is applied. The program does not 

consider the effect of the traffic fluctuation in the calculation of the plans of 

coordination and the plans are calculated for the mean arrival flow.

2.4J  - The program TRANSYT

The most important progress in this area was the development by Robertson (1969) 

of the program TRANSYT for the control of networks using fixed-time strategies. 

This program determines optimum signal settings that enable known flows to pass 

through a road network with minimum impedance. Vincent, Mitchell and Robertson 

(1980) proposed this as a method of finding and studying the best fixed-time plans 

with which to coordinate the traffic signals in any network of roads for which the 

average traffic flows are known.
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The program uses a hill-climbing technique of optimization to achieve a plan that 

imposes fewer penalties to the general traffic. This is done by altering in turn each 

green time and offset3 starting from an initial, or given, plan. The common cycle time 

is divided in a whole number of steps and all calculations made by the program are 

based on these steps. The accuracy of the calculations is related to the number of steps 

in the cycle time. Because it is a value that the user can partially control, it is 

recommended that on cycle times up to 60 seconds (the upper limit number of steps) 

the number of steps should be the same as that, each step being of 1 second duration, 

and for cycle times with values greater than that a simple conversion should be used 

from steps to time. The penalties are defined in terms of a weighted combination of 

delay and number of stops. A measure of performance achieved by these variables is 

given as the Performance Index, PI, calculated by the program. This index gives to 

TRANSYT a value by which it can evaluate the efficiency of any particular signal 

plan in relation to any particular set of flows. The PI is calculated by the following 

formula:

(2-16)

where:

N is the number of links,

W is the average cost per unit of delay,

3
The offset for a junction is the time within the cycle at which the change to green for stage 1 at that 

junction is initiated (Vincent, Mitchell and Robertson, 1980)



K is the average cost per 100 vehicle-stops,

Wj is the delay weighting on link i, 

dj is the mean delay on link i, 

kj is the stop weighting on link i,

S| is the mean number of stops on link i, and

qj is the flow rate on link i.

The program pursues the minimisation of this expression, altering offsets and green 

times for all the network during the execution of the hill-climbing process. This 

process is initiated by the calculation of the PI for the initial plan. Then, the offset at

a node is altered by a predetermined number of steps and the PI of the network is

recalculated. If the PI is reduced then this procedure continues until a minimum is 

reached. The offset in each node is altered separately and the plan that produces the

minimum PI for the whole network is calculated. The offsets are altered by small and

large numbers of steps to avoid the possibility of ending the process at a poor local 

minimum. During the hill-climbing process the green times can be altered to optimize 

their durations.

The amount of delay in the coordinated area is calculated by the program as a 

summation of the delays on each link in the network as seen in equation (2.16). The 

delay on each link, in its turn, is calculated as a combination of three elements of 

delay: uniform, random and oversaturation delays (see Figure 2.2).
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Figure 2.2 - Traffic Delay on a Link 
Source: Vincent, Mitchell and Robertson, 1980
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The uniform delay is the component of delay that is incurred when the link is 

operating at less then capacity. It is constant from cycle to cycle and is calculated by 

simulation based on the average queue calculated by the program. This calculation is 

made by the estimation of queue based upon the traffic cyclic flow profiles, which are 

the basis of the program. The cyclic flow profiles are the IN, GO and OUT profiles. 

The IN profile is composed of the traffic that would pass through the junction if it 

were not stopped by the signals at the stopline. The GO profile represents maximum 

possible departure from the junction calculated from the saturation flow of the link 

and the green time. Finally, the OUT profile is the pattern of traffic that leaves a link. 

Then, the queue is calculated from the difference between the IN profile and the OUT 

profile and corresponds to traffic that is retained at the stopline by the action of the 

signal. This is the systematic within-cycle variation.

The random delay is the part of the delay that represents the variations in traffic 

arrivals from cycle to cycle. It will represent delay caused by any vehicles that could 

not pass in the effective green period and will form an initial queue in the beginning 

of the effective red period.

On links where the capacity is reached, or surpassed, the oversaturation delay applies. 

Then, a constantly increasing queue will be formed, in addition to the average random 

queue. This is the systematic between-cycles variation.

The value of the random and oversaturation delay is calculated by the program using 

the following expression, in vehicle-hours/hour:
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where:

q is the average arrival flow on the link (vehicles/hour),

Q is the capacity of the link (vehicles/hour), calculated by Q = and 

T is the duration of the flow condition for which signal timings are being 

considered (hours)

The number of stops is given by the calculation of the total rate of stops on each link. 

This calculation is made by the sum of uniform and random plus oversaturation stop 

rates.

The uniform stop rate comes from the cyclic flow profiles and all traffic contributing 

to the uniform delay will also contribute to this. This is calculated by simulation. The 

value of the random plus oversaturation stop rate is calculated from the quotient of the 

average queue at the start of the red period and the average number of vehicles which 

discharge from the link during each green.

Any vehicles which are delayed only a few seconds will not make a full stop will be 

affected only in their speeds, making what is called a fractional stop. Figure 2.3 shows 

the relationship between speed and stops on a link that is used in the program.
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Source: Vincent, Mitchell and Robertson, 1980
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In relation to the cycle time of the network, there are two actions to be taken. The 

first is to follow the suggestion given by the program itself, made in one of its 

preliminaries outputs. The second is to optimise several plans, each with a different 

cycle time. Then it will be possible to adopt the cycle time for which the optimised 

signal timings produce the minimum PI.

The output of the program includes information about several quantities such as delays 

(uniform and random plus oversaturation), stops, degree of saturation, queues, mean 

speed and the value of the PI, for each step of the hill-climbing process. In addition 

to this list of outputs, the values of those variables for the initial signal settings are 

included, whether the initial signal plan was calculated by the subroutine EQUISAT, 

or was given as an input to the program. In the latter case, it is possible to perform 

an evaluation of a specific signal plan and, using the TRANSYT optimisation 

procedure, analyze whether it is possible to improve it and if so by how much.

The adoption of signal plans calculated intending the minimisation of delays and stops 

can result in a reduction in the fuel consumption, although there might be some small 

increase in the journey time (Robertson, Lucas and Baker, 1980). When compared 

with the Combination Method, TRANSYT, showed an improvement of 5 per cent in 

joumey-times during peak-hours and 3 per cent during off-peak hours (Holroyd and 

Hillier, 1969).
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2.4.4 - Plan Change Algorithms

Bell, Gault and Taylor (1983) studied the effects of various strategies to change from 

one fixed-time plan to another for Area Traffic Control (ATC) systems. They analyzed 

the impact of the change, investigating when and how to make the change in the 

signal plans in order to accommodate variations in the traffic volumes, moving from 

off-peak to peak (and vice-versa) conditions. The analysis was made from a review 

of current UK practice in operation of urban traffic control (UTC) systems, carried out 

by Bell (1983). There, 17 County Councils revealed that they use 2 different plan 

change algorithms: these are the Modified Abrupt (or CRASH) and the QUICK (Great 

London Council) methods. Twelve other algorithms were analyzed in the study, so the 

analysis was made for a total of 14 plan-change algorithms. These algorithms can be 

divided in two basic types: FAST and SLOW methods. FAST methods change the 

signal plan at a random point in the cycle, in the minimum possible elapsed time. 

SLOW methods usually take two or three consecutive cycles to complete the change.

The effects were analyzed on performance, due to day-to-day fluctuations in traffic 

profiles, making the plan-change sooner or later. Suggestions were made about the 

existence of a daily pattern explaining the variability over the week. Real data were 

used for the cities of Glasgow, Medway, Leicester, Leeds and Newcastle in addition 

to this, random generated flows were used for the evaluations. For the development 

of these artificial flows in the network, the following assumptions were made: 1) the 

level of flow in each link of the network varies with the same specific proportion of 

the mean, and; 2) the daily flow profile was the same for each link of the network.
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Analyzing the problem of when to change the plan, they used the program TRANSYT 

(Vincent et al, 1980) to compare the effects of flow variation in the networks. The 

analysis of changes in the ratio R0, defined below, demonstrated how the signal plans 

are sensitive to variations in the flows.

where:

H! is the PI of the TRANSYT plan with all flows in the network 

changed by a given percentage, and

H2 is the PI of the TRANSYT plan with the flows used for the definition of 

the optimal plan.

Varying the flows for each condition (morning peak, afternoon peak, etc.), they tested 

the sensitivity of each plan for each city, finding that when a peak plan is sensitive 

to small variations in the levels of flow, this plan should be implemented before the 

peak condition occurs. The cyclical and daily flow variations may affect the optimal 

time of the day for a change of plans. The day-to-day variability in the flows, detected 

in traffic of five of the cities surveyed by Bell (1983) in the study, revealed 

differences from city to city, in both levels and patterns of traffic during the 

weekdays.

The evaluation of the performance of the algorithms for changing plans was made 

using the microscopic simulation program MULTPLAN (Gault and Taylor, 1982). The 

evaluation was made using a performance indicator similar to the PI of TRANSYT,
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that is, measuring delays and stops. The comparison was made between the delay and 

stops caused by each algorithm and a hypothetical IDEAL algorithm, which changes 

plans instantaneously and without cost. They discovered that there is a substantial 

increase in delays and stops if the change is not made off-peak. Furthermore, they 

suggest that if a change can only be made at a time of high demand it is better to 

have no plan-change.

Chin (1987) made a theoretical investigation of a plan-selection algorithm, based on 

cluster analysis. The objective was the search for a way of clustering flows into sets 

for each of which a single signal plan can be calculated. Switching between plans 

would then occur in a traffic-responsive manner according to the best match between 

the observed flows and the clusters for which plans have been calculated. Calling as 

the design index value, s, j , the flow at a link /, for the plan j, Chin defined a plan 

signature as a vector of every design index value for the whole network for each plan 

and, a computed deviation as the difference between the measured flow (detected by 

loops) and the designed index value of the flow for each link. Chin proposed that the 

decision to change the current signal plan should be made when the summation of this 

computed deviation exceeds the minimum over all sets of design values plus a certain 

tolerance to avoid frequent switching of plans.

The selection of the replacement plan is made by the execution of a search for the 

plan with a minimum computed deviation from a plan library composed of previously 

calculated signal plans. The plans are storage in groups of classes, or clusters, of 

computed deviations. The localization of such plan, using this concept, is a fast
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method of finding suitable plans. This process of calculations and decisions is made 

over information about volumes and loop occupancy, collected at a 15 minute interval. 

However, in his algorithm, Chin proposes that the existing plan should be maintained 

if its computed deviation is within some threshold percent value of the minimum 

deviation.

2.4.5 - Ageing of Signal Plans

Bell and Bretherton (1986) analyzed the ageing4 of traffic signal plans. Measuring the 

sensitivity of TRANSYT to alterations in link flows, they worked with both real and 

artificial data to show that there are advantages in updating signal plans to incorporate 

changes in traffic conditions. The study was based in the value of the TRANSYT 

Performance Index, PI, for combinations of Old signal plan using each of Old and 

New traffic conditions, and New signal plans with New traffic conditions. The 

detected day-to-day variability in traffic flows was found to be due only to random 

factors. The value for this variation was determined to be constant, with a value of 

about 20 vehicles/hour per link. The authors reported that the advantages in updating 

plans, in respect only of the effect of ageing, are in the order of 3 per cent a year.

2.4.6 - Regularity of Traffic Flows

McShane and Crowley (19.76) studied the systematic variation of traffic flows within

4The ageing phenomenon can be explained as a significant change in the traffic characteristics, or in 
the geometry of the junction or the network. This will result that the existing signal plan is no longer 
optimal.
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each weekday. The purpose of their study was the investigation of regularity in 

weekday patterns and the regularity of the time at which certain flow levels were 

reached. Using data collected in a Toronto two-lane arterial, they discovered that the 

variation of flow in weekdays is largely systematic, with a 95 per cent range of ± 120 

vehicles per hour in each lane. Furthermore, they also reported that specific flow 

levels are reached at approximately the same time every day. The distribution of flows 

between-days was found to be approximately normal. Considering the variation as 

small, they concluded that minimal responsive policies could be developed (ie time-of- 

day controller), because the beginning of certain levels of flow could be anticipated 

with some confidence.

2.4.7 - The Representation of Transit Vehicles Dwell Times

Joyce and Yagar (1990) presented an unconventional form of representation of the 

effects of transit vehicle (streetcars) dwell times in the calculation of fixed-time signal 

plans. They simulated streetcar operation in the central lanes of a street. The operation 

of the streetcars in the central lane blocks the passage of other vehicles when it stops 

to unload and load passengers at a transit stop. Because streetcars are not present 

during every cycle, Joyce and Yagar split the private vehicle flows into two parallel 

streams sharing the stopline: one to represent those vehicles affected by the operation 

of streetcars at the transit stops (deceleration/acceleration process and dwelling time) 

and the other to represent the unaffected vehicles. To simulate the behaviour of the 

traffic in the vicinity of the intersection they used dummy nodes and links. For each 

modelled transit stop, one dummy node and four dummy links are required. The traffic
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streams composed of private vehicles is forced to stop behind the transit vehicle and 

wait near the intersection for the time that it takes to load and unload passengers. This 

is simulated by allocating dummy links carrying transit and private vehicles to 

different stages and giving a high priority to the streetcars in relation to the private 

vehicles at a 2-stage dummy node. The discrete distribution of observed dwell times 

on each stop is approximated by a two-point distribution with the same mean, variance 

and skewness. This two-point distribution is used to give the dwell times and used as 

the amber times in the dummy links.

2.5 - Traffic-Responsive Systems

This class of strategy includes the systems that consist of traffic-responsive signal 

plan selection and modification and traffic-responsive signal plan generation 

(Strobel, 1982). The former of these consists of second generation signal systems, 

whilst the latter consists of third generation ones. In those types of systems, 

appropriate signal settings are obtained on-line by calculations based on vehicle 

detector counts. Of the systems of this kind in current operation, respectively, SCOOT 

and SCAT are the best known.

2.5.1 - SCOOT

Developed by the TRRL in UK, the SCOOT system (Hunt, Robertson, Bretherton and 

Winton, 1981) is currently in operation in several cities in UK, including London, 

Glasgow and Southampton. The general principles of operation of SCOOT are the
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same of TRANSYT, that is, both calculate signal settings intending the minimization 

of the total number of stops and delays in the network controlled. The difference lies 

in that the SCOOT traffic model uses traffic counts obtained "on-line" from the 

detectors. The method, which is able to frequently perform small changes in green 

times, offsets and the cycle time within the area, is then capable of modifying the 

current signal plan in order to adapt to changes in the traffic conditions.

2.5.2 - SCAT

The SCAT system, introduced in Sydney, Australia (Sims and Dobinson, 1979), is a 

computer based system and is fully traffic-responsive. Controlled by one central 

supervisor computer, eleven remote regional mini-computers control over 1,000 micro

computer traffic signal controllers. Although supervised by the central computer, each 

regional computer controls its own region independently. The traffic data collected by 

the detectors are processed locally by the micro-computers at each intersection. There 

is also a cable-less link coordination through use of synchronous clocks, in case of 

failures of the system. The regional computers, which control sets of up to 200 

signals, are the core of the SCAT system. They analyze the information which has 

been pre-processed by the local controllers and they also implement the real time 

operation of the signals. The supervisory computer has the functions of monitoring 

traffic and equipment, storing traffic data, maintaining updated information about the 

operation of each regional computer and allowing central control of the system. The 

system operates in real time to adjust splits, offsets and cycle time in response to
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detected variations in demand and capacity5. The system has the possibility to 

aggregate and separate sub-systems into larger ones as is required by the traffic 

conditions. The optimum cycle time for the geometry of each subarea is part of the 

data base, as well as its minimum and maximum values. The strategic options for 

operation are: minimization of delay; minimization of stops; and maximisation of 

throughput. Those options can be selected automatically according to the levels of 

traffic activity.

Sims and Dobinson (1979) estimated that the SCAT system can yield reductions in 

travel time of twelve minutes for the average 13 km trip, when compared with the 42 

min spent in the same journey under fixed-time strategy operation. In economic terms, 

according to the authors, the benefits are remarkable, exceeding $US 165 million for 

the annual savings only by the reduction on the travel time, when compared with 

optimised fixed-time co-ordination.

2.6 - Cycle Time for Area Traffic Control

In order to obtain and maintain synchronisation of signal operation, an essential 

requirement for area traffic control systems, it is necessary that all of the signalised 

junctions in the area use a common cycle time, or a divisor of this time. However, the 

determination of the cycle time that is optimal for the area as a whole is not a simple 

matter.

5The capacity of any traffic lane is not a constant because the saturation flow varies with the changing 
in factors such as weather, time of the day, parking, pedestrian friction, downstream conditions and type of 
vehicles.
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Vincent et al (1980), suggest that the cycle time that produces the minimum PI can 

determined using the program in an iterative way, that is running the program several 

times with different cycle times and adopting the cycle time that produces the minimal 

PI after optimisation. This will take into account effects of coordination upon the 

traffic performance of the signalised junctions. Nevertheless, a built-in subroutine of 

the TRANS YT program, CYOP, can be used to obtain suggestions for the cycle time. 

However, these suggestions are based on equal saturation for the approaches and no 

consideration is paid to the effects of coordination. In a very simplistic procedure, it 

provides information about the sum of the PI of the nodes and the maximum degree 

of saturation for a wide range of cycle times. It also requires that the saturation level 

of each node is below 90 per cent.

The SCOOT program also requires a common cycle time to maintain signal 

synchronisation. Consider that at any specific instant SCOOT can be seen as operating 

in a similar way to a fixed-time system. The calculation of the common cycle time 

used by SCOOT is based on the cycle time for the most heavily loaded junction in the 

area, which must operate at an approximate degree of saturation of 90 per cent or less. 

All the other junctions in the area will have degrees of saturation less then this level. 

There will be cases where the degree of saturation of some other junction will admit 

a cycle time which is one half of that common cycle time (double-cycling). The 

calculation of cycle time in such conditions can be very simple but certainly there will 

be other values for the cycle time that could produce better global benefits to the 

controlled area, as the one that will be presented in this thesis.
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Koshi (1989) analyzed the optimisation of the cycle time for signal coordination on 

arterial routes. He made several simplifications in his model6 and analyzed cycle time 

as a determinant of delays. The expression for the mean delay used by Koshi is:

d  = — Min I /I c -  1 1 (2.19)
2 n

where:

t is the sum of the link travel times of the two directions, and 

n is an integer 0, 1, 2,...

Koshi showed that by measuring on-line the delay incurred by vehicles on an arterial 

road, it is possible to optimise on-line the cycle time for that road. The calculation is 

based on the delay incurred by the traffic when the relative offsets of two adjacent 

traffic signals are altered intending the minimisation of the delay calculated by 

equation (2.19). The travel time t in this equation varies according to the traffic 

conditions, hence necessitating on-line calculations.

^ o sh i’s simplifications are:
1 - Common green splits, saturation flows and cycle times
2 - No turning vehicles
3 - Constant speed of all traffic (no platoon dispersion)
4 - Green time equal 50% of cycle time, fully saturated.
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Chapter 3 

VARIABILITY OF TRAFFIC FLOWS

3.1 - Introduction

The values of traffic flow required in traffic engineering are a key point in the process of 

calculation time settings for traffic signals. The usage of the average, or mean, value is 

generally accepted as a standard, or even as a required standard, when a formula is used 

to perform that calculations manually or using a computer program.

Nevertheless, the existence of variability in traffic flow throughout each hour, day, week 

and month is widely recognised. It is possible to estimate an annual average hourly flow 

from a count made in a specific weekday, in a particular month of the year by the 

application of proper factors. The estimate of the Peak-Hourly Flow (PHF) or the Annual 

Average Hourly Flow (AAHF), can be also made with application of factors available in 

the Traffic Appraisal Manual (DTp, 1981a, p 591). However, attention should be paid to 

the coefficient of variation associated with such transformations. For transformations from 

AAHF to PHF, there must be considered a coefficient of variation of up to 11 per cent. 

Seasonal variations (hourly, daily, monthly, etc.) are also considered while calculating 

cost-benefit analysis by the program COBA (DTp, 1981b).

Regardless the evidence of the existence of such variations throughout weekdays and 

months, hardly any special attention is given to the unpredicted fluctuation, or variability,
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of traffic flows by formulas or computer programs designed to calculate signal settings 

to the control of intersections, either isolated or grouped in an Area Traffic Control 

System, operating under fixed-time strategies.

In this chapter, the variability of traffic flows is presented, studied and statistically 

analyzed. This analysis is intended to test the data sets available, trying to discover the 

nature of the day-to-day fluctuation detected in real traffic flows. The traffic data that 

were available for this analysis consist of traffic flows counted on sites in London and in 

Rio de Janeiro - Brazil.

3.2 - Reliability of traffic counts

The traffic data set available for the statistical analysis that is described in this chapter is 

composed by hourly flows counted by automatic and manual methods. The reliability of 

each of these types of count is discussed below.

3.2.1 - Automatic counts

The data set collected by automatic traffic counters used two different technologies: 

inductive loops detectors - for London - and axle detectors (pneumatic tubes) - for Rio 

de Janeiro. The justification for different technologies may lie in the main purpose of each 

counting site. In Rio de Janeiro, the points of collection were temporary whilst in London 

the traffic counter is considered to be permanent.
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Little definitive work has been published concerning the accuracy of traffic counts by 

automatic traffic counters, but, generally, inductance loop detection should be more 

reliable than pneumatic tube detection. This is because data collected by automatic 

counters using axle detectors such as pneumatic tubes are expected to overestimate traffic 

volumes in the presence of multi-axle vehicles (Taylor and Young, 1988). The magnitude 

of the error incurred depends on the proportion of multi-axle vehicles. For the data 

collected by counters using inductive loops, the source of error is in the equipment itself. 

For multi-lane sites it is essential that the loop installation is of the highest quality and 

the electronic detection equipment is properly adjusted.

3.2.2 - Manual counts

The traffic data collected by manual counts represent part of the data set obtained in Rio 

de Janeiro. They were used mainly in building the data set used by the program 

TRANSYT and their use will be described in Chapter 5. However, in this chapter, they 

were used to make test comparisons against the automatic counts.

The error incurred in this type of count was found to be with 95 per cent confidence 

within an interval of about ± 10 per cent (DTp, 1981b). They also have the tendency of 

underestimate traffic volumes due to missed observations (Taylor and Young, 1988).
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3.3 - Statistical analysis

The statistical analysis of the traffic data was performed with the following tests:

1 - Goodness-of-fit test.

2 - Analysis of variance (ANOVA).

3 - Hypothesis test for the difference between the means of two distributions.

The statistical analysis was made on the weekday volumes, ie the flows counted from 

Mondays to Fridays. The data for Saturdays and Sundays were extracted from the data 

sets analyzed. The different patterns of the traffic volumes for weekdays and weekends 

in London, can be seen in Figure 3.1. . The comparison between the weekday and 

weekend patterns of traffic in Rio de Janeiro is showed in Figure 3.2. The patterns of 

traffic showed in those figures prove the importance of having different signal plans for 

weekdays and weekends. Notwithstanding, this statistical analysis of the data described 

in this chapter is concerned only with weekday conditions. In this section, the statistical 

procedures which are used in the analysis of the data presented in Sections 3.4 and 3.5 are 

described.

3.3.1 - Goodness-of-fit test

The goodness-of-fit test is a statistical procedure that is used to determine whether an 

empirical distribution, the distribution formed by the field data, is consistent with some 

theoretical probability distribution.
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The goodness-of-fit test is often performed with the application of a %2 test to compare 

observed and estimated frequencies within certain ranges. However, the sample size of the 

traffic flows, especially the one formed by the Rio de Janeiro traffic survey, imposed 

restrictions for this particular test. As an alternative, the Kolmogorov-Smimov (K-S) test 

for consistency between discrete observations and continuous theoretical distributions was 

applied, because it can be used with samples of small size.

The K-S test is a non-parametric test, based on the least upper bound on the absolute 

difference of two cumulative distributions: the theoretical distribution F*(x) and the 

empirical distribution Sn(x). If the traffic data follows the hypothesised distribution then, 

the difference calculated by equation (3.1) bellow, should be small.

D -  Supremum \ | F*(x) -  Sn(x) | 1 (3.1)
X

Unlike the x2 test, the use of a theoretical distribution, which is fitted to the observations 

against which it is to be tested in this way, requires exceptional treatment. The critical 

values for the K-S test for a normal distribution fitted by moments, which was obtained 

by simulation (Lilliefors, 1967), are summarised in Table 3.1 .

The K-S test was applied intending to determine if the day-to-day variation in the traffic 

volumes is consisted with the normal distribution. This is because the normality of the 

empirical distributions, formed by the hourly traffic data, is one of the requirements for 

the application of subsequent statistical tests (see Sections 3.3.2 and 3.3.3) and the normal 

distribution has already been assumed as representative of the traffic flow in previous 

studies (Bell and Bretherton, 1986).
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Table 3.1 - Critical values of D (Source: Lilliefors, 1967)

Sample
Size
(n)

Level of Significance (a)

0.20 0.15 0.10 0.05 0.01

4 0.300 0.319 0.352 0.381 0.417

5 0.285 0.299 0.315 0.337 0.405

6 0.265 0.277 0.294 0.319 0.364

7 0.247 0.258 0.276 0.300 0.348

8 0.233 0.244 0.261 0.285 0.331

9 0.223 0.233 0.249 0.271 0.311

10 0.215 0.224 0.239 0.258 0.294

11 0.206 0.217 0.230 0.249 0.284

12 0.199 0.212 0.223 0.242 0.275

13 0.190 0.202 0.214 0.234 0.268

14 0.183 0.194 0.207 0.227 0.261

15 0.177 0.187 0.201 0.220 0.257

16 0.173 0.182 0.195 0.213 0.250

17 0.169 0.177 0.189 0.206 0.245

18 0.166 0.173 0.184 0.200 0.239

19 0.163 0.169 0.179 0.195 0.235

20 0.160 0.166 0.174 0.190 0.231

25 0.149 0.153 0.165 0.180 0.203

30 0.131 0.136 0.144 0.161 0.187

> 30 0.736/Vn 0.768/Vn 0.805/Vn 0.886/Vn 1.03lV/n
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3.3.2 - Analysis of variance

Consider an experiment with k samples, each of these with n observations. If it is desired 

to verify if the mean value of these elements is the same in each sample, this can be done 

by performing a statistical test called one-way classification, or completely randomised 

design. The general scheme of such experiment is as follows:

Mean

Sample 1: xu, ... ,xln Xj

Sample 2: x21, ... ,x2n x2

Sample k: xkl, ... .x^ xk

Overall mean: x.

Each x value in each sample is considered as a combination of mean and a random 

component. Thus:

X  = u + g (3.2)x l ]  H-i ^ i j  v '

where:

Pi is the mean value of the Ith sample, and

Ey is the random component of the j 111 element of the i* sample.

If the population of the sample is normally distributed, the random element e is also 

normally distributed, independently for each element, with zero mean and common



variance a 2.

In a sample extracted from a universe of hourly traffic flows, measured daily over several 

weeks, let each sample be the different weeks and the elements of each sample being the 

counts on each of days of the week. Then it is possible to apply this test to investigate 

the influence of a factor due to the week in which each count is made.

It is also possible to consider pj as a combination of an overall mean of the weeks with 

an effect of each week, oq. In such case, equation (3.2) can be written as:

x tJ = p + a , +

Where:

p is the overall mean,

Xjj and Ey are like in equation (3.2), and 

(Xj is the effect of the i* week.

It is also easy to see that the summation of the week effects is null in relation to the 

overall mean, that is:

= 0 (3-4)
i=l

The equation (3.2) presents the model used in the one-way classification. The hypothesis
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associated with this test are:

H0 (the null hypothesis): pj = p2 — = i-e-> the samples have the same mean

weekly flow, against:

(the alternative hypothesis): For some i, j pj * pj ie the samples do not all have 

a common weekly average flow.

Testing where the means of the weeks all equal, ie the null hypothesis is true, is achieved 

by the comparison of two estimates of the variance, a. The first one is the variation 

among sample means, called between-samples variance, 6B2 and the other is the variation 

within the samples, or within-sample variance, 6 W2. Because all the samples are 

supposed to have the same variance, a 2, these two estimates of variance are calculated 

based on the unbiased estimator of the variance, s2:

,2 = yv  (*<> ~ *■ )2 (3.5)

' j-i n - 1

The expressions for each of the estimates of the variances are:

.2 V ' (xi ~ x ■ (3 6)
0 * = n £ ^ T -  ( }

and,
e* = f  y  (X‘J -  x ‘ r  0.7)
W h  k  H n  -  1)
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The test is performed on the ratio of the two estimates of o2 (see equation 3.8) which is 

compared with a value of the F-distribution, the critical points of which, Fa, are tabulated 

with k-1 and k(n-l) degrees of freedom with a  being the level of significance.

F  =
w

(3.8)

This test is called analysis of variance (ANOVA), because all the calculations are made 

on the unbiased estimator of the variance, s2, which is calculated as:

'2 = y '  y '  x^  (3.9)
h  U  nk  -  1

Miller and Freund, (1985, p 338), give expression (3.9) as:

EE <*„
i=l y = l

-  X . ) = -  xf
i=1 7=1

+ n E(*<
i=l

-  s2
X . ) (3.10)

The left-hand side of this expression is the total sum of squares, which will be denoted 

by SST. The first term of the right-hand side can be seen to be a w2 times k(n - 1), which 

is the associated number of degrees of freedom. This term is called error sum of 

squares, and will be denoted by SSE. The last term of the above equation, which can be 

seen to be oB2 times the associated number of degrees of freedom, will be called as
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between-treatments sum of squares or the treatments sum of squares, SS(Tr).

In the cases where it is suspected that there are not only one but two factors affecting the 

value of the overall mean, the application of a statistical test that considers both factors 

is required. This can be done by a test called two-wav classification, or randomised- 

block design. In this test the samples are divided into blocks and treatments.

In the present case, the blocks correspond to the weeks of counts and the treatments to 

the days of the week. It is possible to perform a test to investigate the effect of the week 

and the weekday of the count on the mean value of the flow for that period.

Expression (3.3) can be extended to accommodate this new situation as the following 

model:

x tJ = n + a,  + py + etJ (3.11)

where:

p is the overall mean,

GCj is the effect of the i* weekday, with = 0, 

pj is the effect of the f 1 week, with Ejpj = 0, and,

eij is a random variable normally distributed, independent for each element, with 

zero mean and common variance o2.

By definition, there are a blocks and b treatments in the experiment. Then the general
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scheme of the ANOVA test becomes:

Blocks

B! Bj Bb Means

Treatment 1: x n ,...... ,X jj,....,x lb xL

Treatment i:................xu,.... ,Xjj,_,xib xz

Treatment a: xal,... ,xaj,....,xab xa

Means xA,... ,Xj,....,xb x

In this scheme, x is the overall mean of the experiment (hourly flow).

Miller and Freund (1985, p 349), give the extension of the expression (3.10) for this two- 

way analysis of variance as:

<=i i i=i j-\ i-i y=l
(3.12)

This expression can be viewed as an equivalence between the total sum of squares, SST,
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and three terms each representing a partial sum of squares. The first of these is the error 

sum of squares, SSE, the second is the treatment (or weekday) sum of squares, SS(Tr), 

and the last term is the block (or week) sum of squares, SS(BI).

In practical terms, the ANOVA test is performed with calculations based on the following 

formulas:

a  b
ssr = - c (3.13)

i=l i=l

a

(3.14)
SS(Tr) = 3 ^ -  C

b

SS(Bl)
(3.15)

a

where:

TL is the sum of b observations for the i* treatment (weekday) 

Tj is the sum of the a observations in the j* block (week), and 

C is the correction term, given by:
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ll (3.16)C =
ab

T2 being the grand total of all the observations.

Associated with those calculations there is, a term expressing the error. This is called the 

error sum of squares, SSE, and is calculated by:

SSE = SST -  SS(Tr) -  SS(Bl)  (3-17)

The ratio between the respective sum of squares for the treatment and blocks and the error 

gives the test statistic that is compared with critical points of the F distribution.

To test whether the null hypothesis concerning treatments is true1 the ratio Frr below, 

should have a value not exceeding Fa, a  being the level of significance, with (a-1) and 

(b-1) degrees of freedom.

F _ MS(Tr) _ SS(Tr) / (a -  1) (3 lg)
n  MSE SSE I [(a -  l ) ( i  -  1)]

Finally, the ratio FB1, relative to the block influence below, should have its null 

hypothesis2 accepted when its value, FBr, does not exceed the value of Fa, a  being the

1That a, are all equal to zero meaning that there is no influence of the weekday on the flow variation.

2That ft are all equal to zero meaning that there is no influence of the week on the flow variation.
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level of significance of the test with (b-1) and (a-l)(b-l) degrees of freedom.

„ = MSjBl) = SS(Bl) I (b -  1)
B‘ MSE SSE I [(a -  1 ) (b  -  1)]

A summary of the results of calculation can conveniently be arranged in a table, the 

analysis of variance table, showed below.

Table 3.2 - Analysis of variance table

Source of 

variation

Degrees of 

freedom

Sum of 

squares
Mean square F

Treatments

(Weekdays)
a - 1 SS(Tr)

MS(Tr) = 

SS(Tr)/(a-l)

Ft,=

MS(Tr)/MSE

Blocks

(Weeks)
b - 1 SS(B1)

MS(B1) = 

SS(Bl)/(b-l)

^Bl =

MS(B1)/MSE

Error (a-l)(b-l) SSE
MSE = 

SSE/[(a-l)(b-l)]

Total ab - 1 SST
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3.33 - Hypothesis test for the difference between the means of two distributions

To evaluate the similarity of the means of two populations, a hypothesis test is applied. 

Let nj and n2 be the sizes of samples from those populations. When these sample sizes 

are small a t statistic test can be applied provided that each population is normally 

distributed about its own mean and that both have the same variance. The hypotheses 

considered for this test are: the null hypothesis Hp Pi - p2 = 8, and the alternative 

hypothesis Hp pj - p2 * 8, where pt and p2 are the means of the normal distributions.

When the elements of the samples arise in pairs of values, a paired test should be applied. 

This test is based on the difference between each pair of values and the mean and 

standard deviation of that difference should be calculated. If the test is concerned with the 

equality of the means then the mean of the differences, pd, should be zero and the 

hypotheses become: Hp pd = 0 and Hp pd t  0, where pd is the mean of the differences.

To accept the null hypothesis, the value obtained for test statistic should be smaller than 

the critical value for a t distribution with n-1 degrees of freedom (n being the number of 

pairs) at a specific level of significance. The test can be calculated applying the following 

expression (Rees, 1987, p 286).

l A L - tr- ~  0.025^1-1 (3.20)



where:

d is the mean of the sample differences,

n is the number of paired elements in the sample, and

sd is the sample estimate of the standard deviation of the differences.

The mean and the standard deviation of the differences are calculated by the following 

expressions, respectively:

E 4
d  =

(3.21)

and,

sd = \
E <4 - <*):

_ i _____________

(n -  1)

j2
E < ?  -  * 2

(n -  1)

(3.22)
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3.4 - Analysis of the traffic in London

Consider that the flows collected by the automatic traffic counters in Park Road (A 40) 

are indicative of main urban road traffic conditions in Central London. The location of the 

point of collection, at Park Road, is near Kent Terrace, in Central London. In Figure 3.3 

it is shown the traffic profile of the average weekdays hourly flows for both directions of 

traffic. Nevertheless, the analysis was performed for the northbound stream of traffic. The 

data set has 8 weeks of automatic traffic counts for the 24 h of the day. Figures 3.4 to 

3.11 presents the weekdays profiles for each week. The data concerning the traffic flows 

on weekends (Saturdays and Sundays) were eliminated from the sample.

The point of collection3 can be considered to be typically urban and has, as a result of 

a speedy field survey, the following characteristics:

Two-way street, undivided,

Low gradient terrain 

2 lanes of traffic per direction

Small proportion of HGV (Heavy Good Vehicles) and Buses.

3.4.1 - The normality of London traffic counts

The first step in the determination of the characteristics of the London traffic pattern is 

the analysis of its nature in terms of the statistical distribution.

3
Named by the London Research Centre as "site 5130".
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Figure 3.3 - Average weekday traffic profile in London
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Figure 3.7 - Weekday hourly flows in London - week 4
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Figure 3.11 - Weekday hourly flows in London - week 8

81

sit
e 

51
30

 
we

ek
 

8



The goodness-of-fit, using a K-S test, was applied to check if the traffic counts follow a 

normal distribution, in each hour during the 8 weeks of counts. The test was performed 

separately for each of the 24 hours of the day. The test was made for a level of 

significance of 5 per cent.

Table 3.3 - Some hourly flows of London traffic

W e e k
07:00 18:00

M o n d a y T u e s d a y W e d n e s d a y T h u r s d a y F r i d a y M o n d a y T u e s d a y W e d n e s d a y T h u r s d a y F r i d a y

1 616 631 677 638 617 1440 1444 1504 1474 1595

2 583 633 643 650 626 1526 1434 1499 1570 1539

3 582 589 618 625 676 1445 1481 1528 1412 1393

4 660 652 679 657 665 1554 1470 1491 1400 1522

5 634 658 605 647 577 1490 1566 1455 1401 1463

6 614 641 629 654 626 1392 1402 1400 1351 1391

7 599 618 669 667 663 1427 1392 1422 1440 1468

8 601 648 590 590 582 1404 1367 1308 1188 1188

Table 3.3 presents the hourly flows at 07:00 and 18:00, for the 8 weeks. The process of 

calculation of this test for these hours will be demonstrated by way of example. A 

summary of the results of the test for all of the hours is presented in Table 3.6. The
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program TRANSTAT (Thompson and Young, 1987) was used to perform the tests for the 

other hourly flows.

The K-S test is applied by comparing the maximum difference D, between the empirical 

distribution and the hypothesised normal one with fitted moments with the value given 

by table 3.1. In practical terms, this is made by the calculation of the following values:

a) The value of a cumulative probability under a standard normal distribution F(xj), 

obtained from a table of normal curve areas, available on most of the textbooks 

in statistics (eg Miller and Freund, 1985).

b) The least upper bound on the difference between the empirical and the 

hypothesised distribution D, which is calculated as:

where

and

D = Max (ZT, D )

D* = Max
1 iiin

-  ~ F(xt) 
n

D~ = Max
1 iiin

F(xt) - i -  1
n

(3.24)

(3.25)

(3.26)

where:

F(x) is the cumulative of the fitted normal distribution F(x)=C>[(x-u)/a], O(x) 

being the cumulative of the unit normal distribution.

Xj are sorted in ascending order.
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Table 3.4 - Calculation and data: 07:00 - London

i Flow F(zj) D+ D'

1 577 0.035814 -0.0108143 0.0358143
2 582 0.051150 -0.0011504 0.0261504
3 582 0.051150 0.0238496 0.0011504
4 583 0.054769 0.0452307 -0.0202307
5 589 0.080898 0.0441024 -0.0191024
6 590 0.086043 0.0639566 -0.0389566
7 590 0.086043 0.0889566 * -0.0639566
8 599 0.143730 0.0562699 -0.0312699
9 601 0.159467 0.0655328 -0.0405328
10 605 0.194203 0.0557966 -0.0307966
11 614 0.287501 -0.0125010 0.0375010
12 616 0.310784 -0.0107838 0.0357838
13 617 0.322726 0.0022742 0.0227258
14 618 0.334850 0.0151500 0.0098500
15 618 0.334850 0.0401500 -0.0151500
16 625 0.423942 -0.0239416 0.0489416
17 626 0.437118 -0.0121181 0.0371181
18 626 0.437118 0.0128819 0.0121181
19 629 0.477002 -0.0020017 0.0270017
20 631 0.503746 -0.0037460 0.0287460
21 633 0.530473 -0.0054735 0.0304735
22 634 0.543791 0.0062086 0.0187914
23 638 0.596435 -0.0214348 0.0464348
24 641 0.634855 -0.0348550 0.0598550
25 643 0.659761 -0.0347606 0.0597606
26 647 0.707446 -0.0574464 0.0824464 *
27 648 0.718867 -0.0438673 0.0688674
28 650 0.741038 -0.0410385 0.0660384
29 652 0.762269 -0.0372689 0.0622690
30 654 0.782508 -0.0325077 0.0575076
31 657 0.810920 -0.0359196 0.0609196
32 658 0.819857 -0.0198569 0.0448570
33 660 0.836923 -0.0119230 0.0369229
34 663 0.860485 -0.0104848 0.0354848
35 665 0.874839 0.0001606 0.0248394
36 667 0.888127 0.0118725 0.0131274
37 669 0.900376 0.0246236 0.0003765
38 676 0.935549 0.0144505 0.0105495
39 677 0.939667 0.0353335 -0.0103335
40 679 0.947282 0.0527182 -0.0277182

Note: Zj:N(}i,a), p=630.72; a=29.82 
* is the value that maximizes D
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Table 3.5 - Calculation and data: 18:00 - London

i Flow F(Zj) D+ D'

1 1188 0.001825 0.023175 0.001825
2 1188 0.001825 0.048175 -0.023175
3 1308 0.063308 0.011692 0.013308
4 1351 0.150724 -0.050724 0.075724
5 1367 0.197822 -0.072822 0.097822
6 1391 0.283132 -0.133132 * 0.158132 *
7 1392 0.287034 -0.112034 0.137034
8 1392 0.287034 -0.087034 0.112034
9 1393 0.290963 -0.065963 0.090963
10 1400 0.319136 -0.069136 0.094136
11 1400 0.319136 -0.044136 0.069136
12 1401 0.323253 -0.023253 0.048253
13 1402 0.327392 -0.002392 0.027392
14 1404 0.335733 0.014267 0.010733
15 1412 0.369875 0.005125 0.019875
16 1422 0.414010 -0.014010 0.039010
17 1427 0.436531 -0.011531 0.036531
18 1434 0.468393 -0.018393 0.043393
19 1440 0.495873 -0.020873 0.045873
20 1440 0.495873 0.004127 0.020873
21 1444 0.514212 0.010788 0.014212
22 1445 0.518794 0.031206 -0.006206
23 1455 0.564374 0.010626 0.014374
24 1463 0.600261 -0.000261 0.025261
25 1468 0.622287 0.002713 0.022287
26 1470 0.630992 0.019008 0.005992
27 1474 0.648198 0.026802 -0.001802
28 1481 0.677572 0.022428 0.002572
29 1490 0.713748 0.011252 0.013748
30 1491 0.717646 0.032354 -0.007354
31 1499 0.747874 0.027125 -0.002126
32 1504 0.765862 0.034138 -0.009138
33 1522 0.824379 0.000621 0.024379
34 1526 0.836003 0.013997 0.011003
35 1528 0.841623 0.033377 -0.008377
36 1539 0.870253 0.029747 -0.004747
37 1554 0.903199 0.021801 0.003199
38 1566 0.924773 0.025227 -0.000227
39 1570 0.931083 0.043917 -0.018917
40 1595 0.961742 0.038258 -0.013258

Note Z:N(ji,a), ji=1440.9; o=87.0 
* is the value that maximizes D
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Tables 3.4 and 3.5 present the calculations required to perform a K-S test. The hourly 

flows are sorted in ascending order and the cumulative probability, F(z), of each flow is 

calculated from a table of unit normal distribution. The values D+ and D' are calculated, 

using equations (3.24) and (3.25). The maximum value of D, equation (3.23), is obtained 

and compared with the value from Table 3.1, which is appropriate for the sample site and 

level of significance a.

From Table 3.4, the maximum values of the cumulative differences D+ and D ’ are:

D+= 0.0889566 and D = 0.0824464 

So, the maximum of D+ and D* is:

Max (D+ ; D ) = 0.08896 

From Table 3.1, for n = 40 and a  = 5 per cent, it is find: Da = 0.886/Vn = 0.1401, which 

exceeds the value of D. It follows that for 07:00, the distribution of the traffic flows can 

be considered as normally distributed.

From table 3.5, it is obtained the following values for D+ and D‘:

D+= -  0.133132 and D = 0.158132 

So, Max (D+ ; D ) is 0.158132

The value of Da, from Table 3.1, with n = 40 and a  = 0.05 is:

Da = 0.886/Vn = 0.1401
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Thus, for 18:00, the distribution of the traffic flows cannot be considered as normally 

distributed at the 5 per cent level of significance. However, a test with a level of 

significance of 1 per cent has a critical Da of 1.03 l/Vn, which is 0.16301, which exceeds 

the value of D for 18:00. Thus, at a level of significance of 1 per cent, the hourly flow 

distribution can be accepted as normal.

Table 3.6 - Goodness-of-fit test for normal distribution by Kolmogorov-Smimov (K-S) test 
- London

Traffic
Flow

Hourly Flow Accepted as Normal

Level of Significance (%)

5 1 Not Normal

Park Road 
(A 40)

0 -> 17

All* -

19 -> 22

Note: * - Four outliers detected at 23:00. If these are removed, then 23:00 is normal at the 5 per cent level 
too.

Table 3.6 presents a summary of the results of the application of the K-S test for each of 

the hourly flows from the data set of London traffic. It is possible to observe that all the 

hourly flows can be considered a having a normal distribution, although at different levels 

of significance. Considering a level of significance (a) of 5 per cent, 2 of the hourly flow 

distributions are considered as non-normal. With more relaxed conditions, such as a level 

of significance of 1 per cent, all the hours can be considered as normally distributed.
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However, lower levels of significance will lead to larger probabilities of a Type II error4. 

Nevertheless, these two hours accepted as normal with a level of significance of 1 per 

cent, have only one (23:00) lying outside the period of busy and regular operation of an 

Area Traffic Control System. The observation of Figures 3.4 to 3.11 can lead to an 

acceptance of the period of the day between 0:600 and 21:00s as a period of regular 

operation for that area. Thus, it is possible to say that 91.67 per cent of the hourly flows 

are considered as normal for a level of significance of 5 per cent with only two hours 

being considered normal at lower (1 per cent) level of significance. The most important 

point to observe is that it was not possible to proclaim any of the 24 hourly flows as 

being non-normal.

3.4.2 - Analysis of variance of traffic in London

The period of counts in London began on 1 October 1988 and finished on 25 November 

1988. The counts were made during the months of October and November. Table 3.7 

presents the value of the average weekday hourly flows for the 8 weeks considered.

The hypothesis of equality of weekly hourly means will be tested, independently, for each 

hour of the day. The hypotheses Hq and Hi are the same as in Section 3.3.2, that is:

Hq: all the weeks have the same mean, against,

Hp the weekly average mean is not the same for all the weeks.

4
Type II error is committed when the hypothesis Ho is false but is accepted.

SThis can be easily seen in Figure 3.3
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Table 3.7 - Average weekday hourly flows for London

Week Beginning Flow

01/10/88 850

08/10/88 861

15/10/88 854

22/10/88 861

29/10/88 836

05/11/88 838

12/11/88 864

19/11/88 811

The premise of existence of two factors influencing the mean is considered. The first is 

due to the week and the second is regarding the weekday, that is, the null hypotheses is 

that the value of the weekly hourly flow is neither influenced by the week nor by the 

weekday in which the count is made.

Consider the hourly flows for 07:00 presented in table 3.3. Those values, rearranged, are 

shown in Table 3.8.
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Table 3.8 - Hourly flows: 07:00 - London

Weekdays
Weeks

E1 2 3 4 5 6 7 8

Monday 616 583 582 660 634 614 599 601 4889

Tuesday 631 633 589 652 658 641 618 648 5070

Wednesday 677 643 618 679 605 629 669 590 5110

Thursday 638 650 625 657 647 654 667 590 5128

Friday 617 626 676 665 577 626 663 582 5032

E 3179 3135 3090 3313 3121 3164 3216 3011 25229

The ANOVA test is then performed applying the formulas described in Section 3.3.2, 

using the analysis of variance table.

C = T2./a*b = (25229)2 / (5 * 8) = 15912561.17

SST = E(Ex2ij) + C = (616)2 + (631)2 + ... + (582)2 - 15912561.17 =

= 34675.83

SS(Tr) = E T \ /b - C =

= [(4889)2 + (5070)2 + ... + (5032)2]/5 - 15912561.17 =

= 4530.1

SS(B1) = ET2j /a - C =

= [(3179)2 + (3135)2 + ... + (3011)2]/8 - 15912561.17 =
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= 34675.83

SSE = SST - SS(Tr) - SS(B1) = 34675.97 - 4530.095 - 11168.77 = 

= 18977.105

These values are now disposed in the analysis of variance table below.

Table 3.9 - Analysis of variance table: 07:00 - London

Source of 

variation

Degrees of 

freedom

Sum of

squares
Mean square F

Weekdays 4 4530.09 1132.52 1.671

Weeks 7 11168.77 1595.54 2.354

Error 28 18977.10 677.75

Total 39 34675.83

The values of F, shown in Table 3.9, can be now compared with the critical values, 

obtained from a table of F-distribution, available in statistical books (eg Miller and 

Freund, 1985, p 493), for a specific level of significance. Comparing, the values of Ft, 

with Fa, with 4 and 28 degrees of freedom and TB1 with Fa with 7 and 28 degrees of 

freedom for this experiment (5 weekdays and 8 weeks), for a level of significance of 5 

per cent, the test is finally completed. The critical values of Fa are 5.76 and 3.39,
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respectively, for the weekdays (treatments) and weeks (blocks). Then, the null hypothesis 

for both factors is accepted and the mean hourly flow is considered statistically the same 

throughout the period of the count. The suspicion of the existence of any factor affecting 

hourly flows in the 7th hour of the day, in that particular location in London, according 

to the weekdays or weeks is rejected.

The same test procedures are applied to the hourly flows counted at 18:00 during the 8 

weeks count. Table 3.10 shows the values of the hourly flows, from Table 3.3 .

Table 3.10 - Hourly flows: 18:00 - London

Weekday
Weeks

E1 2 3 4 5 6 7 8

Monday 1440 1526 1445 1554 1490 1392 1427 1404 11678

Tuesday 1444 1434 1481 1470 1566 1402 1392 1367 11556

Wednesday 1504 1499 1528 1491 1455 1400 1422 1308 11607

Thursday 1474 1570 1412 1400 1401 1351 1440 1188 11236

Friday 1595 1539 1393 1522 1463 1391 1468 1188 11559

E 7457 7568 7259 7437 7375 6936 7149 6455 57636

C = T2./a*b = (57636)2 / (5 * 8) = 830477712

SST = E(Ex2j) + C = (1440)2 + (1444)2 + ... + (1188)2 - 830477712 = 

= 295097.6
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SS(Tr) = ET2 /b - C =

= [(11678)2 + (11556)2 + ... + (11559)2]/5 - 830477712 = 

= 14468.35

SS(B1) = ET2j /a - C =

= [(7457)2 + (7568)2 + ... + (3455)2]/8 - 830477712 = 

= 183781.6

SSE = SST - SS(Tr) - SS(B1) = 295097.6 - 14468.35 - 183791.6 = 

= 96847.65

These values can be now disposed in the analysis of variance table, shown in table 3.11.

Table 3.11 - Analysis of variance table: 18:00 - London

Source of 

variation

Degrees of 

freedom
Sum of squares Mean square F

Weekdays 4 14468.35 3617.09 1.0457

Weeks 7 183781.6 26254.51 7.5905

Error 28 96847.65 3458.84

Total 39 295097.6
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The critical values of F, Fa, obtained from a table of a F-distribution are the same used 

before to test the hourly flows for the 07:00 count. The null hypothesis is then accepted 

in respect to the weekdays but there is some evidence of a week influence on the counts. 

Thus, the mean hourly flow can be said as invariant with the weekdays but, there is a 

factor governing the variation of the flows in the 18th hour, during the weeks, relative to 

the period of the count.

Table 3.12 - Analysis of variance (ANOVA), results by hour of day - London

Traffic
Flow

Factor

Weeks Weekdays

Accept F^ Reject Accept F^ Reject ^

Level of Significance (%) = 5

London 
(8 weeks)

0 -> 7 8 0 —» 4

9 10 12 5 —» 9 10 -> 16

13 14 ->18 17, 18 19 23

19 -> 23

London 
(7 weeks)

0 —» 7 8 0 —» 4

9 —> 15 16 —> 18 5 —> 8 9 —> 16

19 -> 23 17, 18 19 -> 23

Level of Significance (%) = 1

London 
(8 weeks)

0 ->  9 10, 11 0 ^ 4

12, 13 14 5 —» 9 10 -> 16

15, 16 17, 18 17, 18 19 -> 23

19 -> 23

London 
(7 weeks)

0 ->  23 
(All)

0 -» 4

5 —» 9 10 -> 16

17, 18 19 —> 23

Note: Hq : ... = m ; H! : gj, ..., pg are not all equal
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The tests for the remaining hours of the day, were performed using the program 

MINITAB (MINITAB Inc, 1989) for microcomputer. The results are summarised in 

Table 3.12 .

The observation of Figure 3.12, where the curves related to the hourly flows for all weeks 

are plotted, suggests that might be some unwanted factor, or outlier, associated with the 

8th week. To explore at the maximum all of the possibilities in the analysis, two sets of 

data were analyzed. The first, with all the counts available and another with the possibly 

atypical 8* week removed.

Consider first the hypothesis of the existence of a between-weeks factor in the variations 

in the traffic volumes observed for each hour, as shown in Table 3.12. This shows that 

for the hourly flows at 08:00, 10:00 to 12:00 and from 14:00 to 18:00, the null 

hypothesis6 is rejected at a significance level of 5 per cent for the sample with all the 8 

weeks. This means that for 9 of the 24 hourly flows observed on weekdays there is a 

statistically significant between-weeks factor. For a level of significance of 1 per cent, the 

null hypothesis is rejected for only 5 hourly flows. When the 8th week is removed from 

the sample, the ANOVA test indicates that only the hourly flows at 08:00 and from 16:00 

to 18:00, have statistically significant between-weeks factor for a significance level of 5 

per cent. Applying the ANOVA test to the set of 7 weeks at a significance level of 1 per 

cent, results in the acceptance of the null hypothesis for all the 24 hourly flows observed 

on weekdays. Thus there is some evidence of the existence of a weekly variation in the 

average weekday hourly flows for the set of 7 weeks.

6That is, the equality of the weekly means for the different weeks.
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Consider now the hypothesis of the existence of a weekday factor in the variations in the 

traffic volumes observed for each hour, which is also shown in Table 3.12. These results 

indicate strongly the existence of systematic variations in 17 of the 24 hours of the day. 

Among these, 8 hours (21:00 to 04:00) are in the period out of the normal working hours. 

The results also indicate the absence of any such effect during 6 of the 24 hours of the 

day: these include the beginning and the end of normal working hours, and include the 

busiest time of day in this corridor.

3.5 - Analysis of Traffic in Rio de Janeiro

A comprehensive field survey was undertaken in an area of Rio de Janeiro to collect data 

on day-to-day variations in traffic volumes in a part of a signal controlled road network. 

This data will used to validate the work presented in this thesis.

For the purposes of the statistical analysis described in this chapter, the traffic data set is 

composed of automatic counts (24 h) and manual counts taken during the evening peak 

period. On the first of these, automatic counts, volumes were collected during two weeks, 

at two points in the two major corridors of the area chosen for the field survey. The 

manual counts, consist of one hour counts, for the same two weeks, collected in the same 

links where the counters were installed. The location of the traffic counters in the area 

surveyed is shown in Figure 3.13. They are identified by the sections TCI and TC2. 

Figure 3.3 shows the traffic profiles detected by the automatic traffic counters in each of 

the two corridors. The period during which the manual survey was undertaken on each
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day, from 16:00 to 17:00, was at the beginning of the evening peak. This can be seen on 

the graphs of Figure 3.14, 3.15, 3.16 and 3.17. During the survey, the traffic flow in the 

area remained within capacity, so the observations of flow represent demand.

3.5.1 - The normality of Rio de Janeiro traffic counts

The data set composed by both automatic and manual counts made in Rio de Janeiro, was 

tested for normality by the application of a K-S test. The results, summarized in 

Tables 3.13 and 3.14, were obtained by following the procedures described in Section

3.3.2 . The program TRANSTAT (Thompson and Young, 1987) was used to perform the 

calculations.

Table 3.13 - Goodness-of-fit test for normal distribution by Kolmogorov-Smimov (K-S) 
test - Rio de Janeiro - automatic counts

Corridor 
of Traffic

HOURLY FLOW ACCEPTED AS NORMAL 
(hour of day)

Level of Significance (%)

5 1 Not Normal

Barata Ribeiro 
(TCI)

0 ->  19“ 0 22“ 23

20, 21

Av Copacabana 
(TC2)

0 ->  7 0 -»  7 8“, 14

9 —> 13 9 —> 13

15b -> 19 15 -> 23

21

Notes: a - 1 outlier detected; b - 2 outliers detected
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Figure 3.14 - Weekday hourly flow in Rio de Janeiro - Avenida Copacabana week 1



Figure 3.15 - Weekday hourly flow in Rio de Janeiro - Avenida Copacabana week 2
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Figure 3.16 - Weekday hourly flow in Rio de Janeiro - Barata Ribeiro week 1
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Figure 3.17 - Weekday hourly flow in Rio de Janeiro - Barata Ribeiro week 2
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The observation of the results shown in Table 3.13 indicates that for Barata Ribeiro (TCI) 

most of the hourly distributions (22 of the 24 h of the day), fits to a theoretical normal 

distribution for a level of significance of 5 per cent7. Removing the outlier detected in 

one of these hourly flows will make all except 23:00 normally distributed at a significance 

level of 5 per cent. If the outlier is retained in the sample, the hypothesis of normality will 

be accepted at a significance level of 1 per cent, with the consequent increase in the 

probability of a Type II error. The results for Avenida Copacabana (TC2) present the 

same trend: the removal of the detected outlier in the hourly flows will confirm the 

distribution as normal at a level of significance of 5 per cent. Retaining the outlier in the 

sample will lead to the conclusion that some hours are normal with a  = 0.01 and only two 

non-normal. It should be noticed that the period of the manual counts (17:00) is confirmed 

as following a normal distribution (at the 5 per cent level) and that no outliers were 

detected.

The goodness-of-fit test for the manual counts, which form the basis of the field survey 

count in Rio de Janeiro, was made on the basis of the movements counted at junctions in 

the network. This contrasts with the automatic counts data for the links, which are 

composed of the summation of two or more movements. The program TRANSTAT 

(Thompson and Young, 1987) was used to perform the tests.

The results of the goodness-of-fit test for the manual counts, gives the confidence that the 

traffic in the area of Rio de Janeiro, where the counts were made, is normally distributed. 

All the link flows follow normal distributions and only one link needed to have outliers

7
22:00 is normal for a level of significance of 1 per cent.
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removed to be accepted as normal at a significance level of 5 per cent.

3.5.2 - Analysis of variance of traffic in Rio de Janeiro

An analysis of variance (ANOVA) was made for the traffic data flows. The hypothesis 

of equality of the means for the two weeks and the existence of a weekday pattern was 

tested. The results of these statistical tests for the automatic counts are summarised in 

Table 3.14. The analysis of the results displayed in this table leads to the conclusion that, 

for Barata Ribeiro, there is some evidence for the existence of a week factor for 5 of the 

24 hours of the day, with a strong indication for only 1 hour (15:00), which, nevertheless 

is clearly out of the peak (see Figure 3.17). For Avenida Copacabana, the results indicate 

the non-existence of such factor, except for 1 hour, which is at the end of the day, and 

out of the evening peak. The results indicate the existence of a systematic weekday factor 

for 6 of the 24 hours of the day for Barata Ribeiro. However, 5 of these are out of the 

normal working hours. On the other hand, with the single exception of the hour 15:00, 

there is no such indication for the period of the working hours. For Avenida Copacabana, 

the results are quite similar, indicating the existence of a weekday factor for 5 of the 24 

hours of the day, which are also out of the working hours.

A summary of the analysis of variance for the manual counts, is shown in table 3.15. 

There are two levels of significance considered. There is strong evidence of a factor that 

explains the day-to-day variation for movements 21 and 41, and some evidence of the 

existence of such an effect for some others. The week factor, which explains a possible 

difference between average weekday hourly flows, is rejected for both significance levels
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(5 per cent and 1 per cent) except for the movements 21 and 22 so the flows at 16:00 for 

the two weeks can be considered the same in most cases.

Table 3.14 - Analysis of variance (ANOVA), results by hour of day - Rio de Janeiro - 
automatic counts

Factor
Traffic
Flow WeekdaysWeek

Accept HqAccept Ho Reject Hq Reject Ho

Level of Significance (%) = 5

0 —>7

12, 13

15, 16
Barata
Ribeiro 17 -> 23

16 -> 19

22, 23

0 - >  20

Av Copacabana 22, 23

4 —> 19 20 -» 23

Level of Significance (%) = 1

16 -> 23
Barata Ribeiro

22, 23

Av Copacabana
(All)

Note: H o: vi, = ^  ; H, : ji, *  p*
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Table 3.15 - Analysis of variance (ANOVA) - Rio de Janeiro - manual counts

Node

LINK FLOWS

Week Weekday

Accept Ho Reject Hq Accept Hq Reject Hq

Level of Significance (%) = 5

1 11, 12, 13 - 11, 12 13

2 23 21, 22 21, 22, 23

3 31, 32, 33 - 31, 32, 33

4 41,42 - 42 41

5 51, 52 - 51 52

6 61, 62 - 62 61

Level of Significance (%) = 1

1 11, 12, 13 - 11, 12, 13

2 21, 22, 23 - 22, 23 21

3 31, 32, 33 - 31, 32, 33

4 41, 42 - 42 41

5 51, 52 - 51, 52

6 61, 62 - 61, 62

NoteiH,,: ii, = Ha ; H, : ji, *  ^

The program MINITAB (MINITAB, 1989) was used to perform the tests for both 

automatic and manual counts.

3.5.3 - Comparison of automatic and manual counts

As was mentioned before, the data set collected in Rio de Janeiro is composed by two 

different counts: manual counts and automatic counts. A t test was performed to compare 

the value of the means of these counts for the same hour (16:00) on the same links. The
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test was applied using the procedures described in item 3.3.3 .

Table 3.16 presents the hourly flows at 16:00, for both corridors of traffic for both weeks 

of survey. The values of flows in this table are the values of the flows in the links where 

the sections TCI and TC2 are located.

- Calculation for Avenida Copacabana:

t = 46.8
XC ’ 32.2//10

= 4.60

- Calculation for Barata Ribeiro:

= -2.70
"  ’  56.5//TO

= - 0.15

The critical region for this t test, with 9 degrees of freedom, at 5 per cent significance 

level is |t| > 2.26 .
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Table 3.16 - Hourly flows in corridors of traffic - Rio de Janeiro

Week

Avenida Copacabana Barata Ribeiro

Automatic Manual Difference Automatic Manual Difference

1 2202 2178 24 2186 2234 -48

1 2213 2219 -6 2200 2288 -88

1 2150 2087 63 2144 2128 16

1 2111 2050 61 2073 2020 53

1 2099 2005 94 2150 2088 62

2 2164 2093 71 2079 2107 -28

2 2181 2142 39 2121 2058 63

2 2139 2104 35 2033 2115 -82

2 2178 2170 8 2060 2053 7

2 2075 1996 79 2055 2037 18

Mean 2151.2 2104.2 46.8 2110.1 2112.8 -2.7

Sd 45.3 74.0 32.2 58.2 86.4 56.5
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Thus, for the corridor of Barata Ribeiro, the traffic counts obtained automatically and 

manually do not differ statistically, when tested at the 5 per cent level of significance. 

However for the corridor of Avenida Copacabana the statistical significance of the 

difference between the traffic counts is 0.2 per cent, so the null hypothesis of equality is 

rejected.

3.6 - The coefficient of variation of the traffic counts

The coefficient of variation (mean/standard deviation) of each hour of the day, for the 

weekdays, during the period of 8 weeks in London, is plotted in Figure 3.18. The shape 

of the points plotted in this figure suggests that the coefficient of variation (Q) of the 

traffic is inversely proportional to the volume, or that there is a decreasing relationship 

between then. Within the range of 1000 - 1500 vehicles/hour, the Q, has an average of 

5.81 per cent. The higher values of Q  in the volume range of less than 500 vehicles/hour 

refer to the period outside the practical working hours of an ATC. The data obtained in 

Rio de Janeiro are presented in Figures 3.19 and 3.20. There, the shape of points is 

similar to that for London, indicating a broad similarity in that higher traffic volumes are 

less variable.
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Figure 3.18 - Coefficient of variation of traffic in London
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Table 3.17, presents a comparison of coefficients of variation (mean/standard deviation) 

for the two counts taken in Rio de Janeiro.

Table 3.17 - Coefficient of variation of traffic corridors (per cent)

Week
Manual Count1 Automatic Count2

Barata
Ribeiro

Avenida
Copacabana

Barata
Ribeiro

Avenida
Copacabana

1 5.05 4.21 2.30 2.40

2 1.67 3.15 1.60 2.04

Notes: 1 - Summation of Traffic Volumes of Movements Passing Through TCI and TC2
2 - Coefficient of variation from 16:00 to 16:59

The coefficient of variation of the within-day traffic, gives a measure of the magnitude 

of the variation of daily traffic profile. For the average weekday hourly flow during the 

period from 07:00 to 20:59, Table 3.18 shows this coefficient for the traffic in London 

(site 5130 - northbound) and in Rio de Janeiro (for both corridors in the two weeks).

Table 3.18 - Coefficient of variation of daily traffic

Location Period Coefficient of variation (%)

London
8 weeks 20.74

7 weeks 20.85

Avenida Copacabana
week 1 7.39

week 2 6.32

Barata Ribeiro
week 1 13.32

week 2 13.85
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3.7 - Different measures of traffic flow variability

The variability of the average traffic flow can be expressed in several ways. In 

Figure 3.21, there are three different types of mean: one based on counts of 15 minutes; 

one based on counts of periods of one full hour, and the last, averaged over the weekdays. 

The last of these figures does not consider the variability on the day-to-day basis and is 

the value recommended for use in the TRANSYT program (Vincent, Mitchell and 

Robertson, 1980). The first could represent a practical maximum of variability for the 

period of a week, if the practicality and limits of continuity of traffic flow in a signal 

controlled network is considered. The other one is another form of representation of the 

variability, which indicates to some extent the variability, but not so clearly as with the 

15 min. counts. The correspondence between these three types of counts has already been 

investigated by Drew (1963), who pointed out the inadequacy of plans designed for the 

mean values of flows when faced with high values of one-minute flows.

3.8 - Discussion

The analysis of the London daily traffic pattern showed some random variations which 

were not positively associated with a weekday or a week factor. This kind of variation has 

encountered previously in other studies (eg Bell, Gault and Taylor, 1983).

There is some evidence to support the hypothesis of equality of average weekday hourly 

flows for the traffic in London and in Rio de Janeiro. For most of the hours, no 

statistically significant difference in means could de detected between the weeks. Thus,
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the variability of the traffic in London observed in the graph of Figure 3.12 could be due 

to random disturbances. For the traffic in Rio de Janeiro the same conclusions apply. The 

existence of a weekday pattern was found for about half of the movements of the manual 

counts in Rio de Janeiro, but this evidence was strong for only two of them. For other sets 

of data, automatic counts, both in London and in Rio de Janeiro, the statistical tests 

showed results which varies according to the hour of the day. Hence, it is possible to 

conclude that the day-to-day variability detected in the hourly flows in both cities cannot 

be attributed to any clear systematic effect that can be generalized.

The manual and automatic counts collected in the field survey in Rio de Janeiro were 

compared with each other. The application of a paired test reveals that the two kinds of 

counts are mutually consistent in the coiridor of Barata Ribeiro, but the manual counts 

are consistently less then the automatic ones in Avenida Copacabana.
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Chapter 4

CALCULATION AND EVALUATION OF FIXED-TIME SIGNAL PLANS

4.1 - Introduction

The control of signalised intersections networks involves the calculation and 

implementation of signal plans with the intention of coordinating traffic signals in the 

area, reducing the penalties incurred by traffic movements in the network.

The adoption of signal systems using pre-calculated signal plans and fixed-time strategies 

is the most commonly used technique to implement traffic coordination. However, the 

variability of traffic, described in Chapter 3, bringing higher than expected delays and 

stops, can induce an effort to improve the system, by employing traffic-responsive or real

time systems. Nevertheless, the complexity of the traffic behaviour, measured by its 

variability, can be accommodated with the fixed-time systems, once the variability of the 

traffic is included in the development of fixed-time signal plans.

The shortage of adequate and precise traffic data to calculate signal plans is also a matter 

of concern, which can be solved using the techniques developed in this thesis.

This chapter presents the development of techniques for the calculation of signal plans for 

area traffic control systems, which have the ability to accommodate traffic variations,
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using the program TRANSYT (Vincent, Robertson and Mitchell, 1980). The methods 

developed can be applied to adapt the most commons practices in data collection, where 

the presence and influence of traffic flow variability is disregarded. Plan calculation 

techniques, using different measures of traffic flow, are discussed and new methods are 

developed. The concept of parallel networks is introduced and explained. The foundations 

upon which the methods were developed are demonstrated for two types of traffic flow 

variability: within-day, or day-to-day variability, and between-days, or systematic 

variation.

4.2 - The TRANSYT program

One of the most commonly used programs to calculate fixed-time signal plans is 

TRANSYT (Vincent, Mitchell and Robertson, 1980). This program uses a technique called 

hill-climbing to achieve a plan that imposes fewer penalties to the general traffic. This 

hill-climbing method is processed by altering in turns green times and offsets from the 

initial, or given, plan until a minimum value for the penalties is reached. The penalties 

are defined in terms of a weighted combination of delay and number of stops. A measure 

of these penalties is given as the Performance Index PI, calculated by the program.

4.2.1 - The Performance Index

TRANSYT uses the performance index, PI, to evaluate the performance of a signal plan. 

Its value is calculated by the Formula 2.15, in Chapter 2.
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The total delay in the network is calculated by the program as a summation of the total 

delay in each link. The total delay in each link is a combination of three elements of 

delay: uniform, oversaturation and random delays.

The uniform delay is the component of delay incurred by traffic when the link is 

operating under capacity and is the same from cycle to cycle. This is calculated from the 

queue computed by the program, using the cyclic flow profile in each link. This profile, 

which is the value of traffic flow rates that are expected to occur during each step of a 

typical cycle, gives the number of vehicles in the uniform queue, build in every cycle.

On links where the capacity is reached, or passed, the oversaturation delay applies. In this 

case, a constantly increasing queue will be formed in addition to the average random 

queue. This effect is undesirable and is avoided in this thesis. The conditions established 

here suppose that, for the average flows, traffic remains within capacity.

The random delay is the part of the delay that represent the variations in traffic arrivals 

from cycle to cycle. It is intended to represent the effect of the vehicles that could not 

pass in the effective green period and will form an initial queue in the beginning of the 

effective red period. Small fluctuations in the traffic flows may be accommodated by the 

signal plan, due to the existence of this component of the Performance Index of 

TRANSYT. However, in cases when the traffic variation is more pronounced, use of the 

random delay formula alone will not be sufficient to make the signal plan good enough 

to accommodate this variation.
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The number of stops is given by the calculation of the total rate of stops on a link. Like 

in the total delay, the number of stops is composed by uniform and random plus 

oversaturation stop rates.

The number, or cost, of stops is calculated from the uniform stop rate. This comes from 

the cyclic flow profiles and all traffic contributing to the uniform delay will contribute 

also to the uniform stop rate. The value of random plus oversaturation stop rate is 

calculated by a formula that depends upon the degree of saturation. Any vehicle that is 

delayed for only a few seconds will not make a full stop, but instead will only reduce its 

speed and will contribute to the final value, as it is called by the program, with a 

fractional stop.

The selection of the common cycle time for the network, which is necessary to achieve 

coordination, can be made by adopting one of two different procedures. The first is 

adopted by accepting the suggestion given in the program (Vincent at al, 1980), in one 

of its preliminary outputs (CYOP). The second, by optimising several plans, each with a 

different cycle time and choosing the cycle time that produced the lowest PI.

The program seeks to minimise the PI function, by the alteration of offsets and green 

times for at each node of the network. This process, which is described as the 

minimisation of delays and stops in the network will make the traffic pass through the 

network with minimum impedance (Robertson, 1969).

It is usually better supply TRANSYT with the increment list for the hill-climbing process,
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instead of using the default values (15, 40, -1, 15, 40, 1, -1, 1). For the new techniques 

developed here, it proved to be difficult to make the hill-climbing process converge to an 

optimal solution in a single run of the program. An alternative to avoid this repetition is 

by doubling the sequence of increments in a single run. Nevertheless, the limitations of 

TRANSYT, imposing an upper limit of 15 iterations, prohibits the duplication of the 

whole increment list. So, the following sequence of increments (card number 4 in the 

program) proved to be effective:

15, 40, -1, 15, 40, 1, -1, 1, 15, 40, -1, 1, -1, 1 (%)

4.2.2 - Initial and final timings and values

The output of the program includes information about several quantities, including delays 

(uniform and random+oversaturation), stops, degree of saturation, queues, mean speed and 

the value of the PI, for each step of the hill-climbing process. Besides this list, the values 

of those quantities are also given for the initial signal plan, wherever it is calculated by 

the subroutine EQUISAT or is any signal plan given as input for the program. When the 

latter situation is the case, it is feasible to perform evaluations of specific signal plans, to 

examine when it is possible to improve the signal plan and evaluate the benefits achieved.

The techniques for calculation of signal plans, developed in this thesis are based on 

calculation and evaluation of signal plans. That is, the signal plan calculated for any
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specific situation can be evaluated by the program itself, running TRANSYT with such 

plan as an input and observing the PI for the initial settings. This is important when, for 

example, is evaluated the performance of a signal plan calculated for the mean flows: this 

is achieved evaluating it with the original flows that give rise to that mean value.

4.3 - Plan calculation techniques

In fixed-time systems, the data available to prepare data inputs are a key factor in the 

performance of the signal plan that will be calculated. The data will influence the capacity 

of the signal plans to efficiently control the traffic in the presence of fluctuations in traffic 

flows.

When the variability of traffic becomes a matter of concern, traffic-responsive systems can 

be used, implementing different plans for each specific set of traffic conditions. 

Nevertheless, when fixed-time systems are adopted, fewer signal plans are used and they 

are implemented independently of fluctuations of the traffic, using only a time-table. In 

this case, the TRANSYT version 8 manual - LR 888 (Vincent et al, 1980), prescribes the 

use of flow values reflecting the average conditions for the calculation of signal plans. 

This can create an unexpected increase in the value of delays and stops, due to the 

existence of the day-to-day variability, as described in Chapter 3.

There will be situations when the observation of the flows, seeking the development of 

a weekly plan, is made on the basis of flow observations made on a single day. It will be 

difficult to handle the traffic fluctuation efficiently with such plan generation technique.
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However, this is common practice, and the day-to-day variability will bring bigger then 

expected values for delays and stops to the traffic when that signal plan is implemented. 

This problem becomes more severe when the observations are mixed, that is, when traffic 

flows are collected on different days of the week in different parts of the network and are 

all put together in the same data set to become an input for the calculation of fixed-time 

signal plans.

The number and duration of the traffic peaks and valleys, in an average weekday is also 

important in the definition of the time-table that will govern the operation of a fixed-time 

system.

4.3.1 - Traffic-Responsive

One of the most commonly used solutions to handle both random and systematic variation 

is the adoption of traffic-responsive systems. These systems, which have the capability to 

adapt the signal plan to changes in the traffic patterns, are divided into two majors groups, 

or strategies, which are examples of the 2nd and 3rd generation of system’s structures 

(Strobel, 1982), respectively:

- Traffic-responsive signal plan selection

- Traffic-responsive signal plan generation

The first, and more simple, is supported by a library of pie-calculated plans. These plans 

were calculated using a historical traffic data base and will be able to handle expected
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range of traffic conditions. The selection and implementation of the signal plan that is 

adequate for the detected traffic conditions is achieved by the use of some of the 

algorithms and techniques described on Chapter 2. Among the programs that can calculate 

the plans to support these systems TRANSYT (Vincent et al, 1980) is the most known. 

The second represents a most sophisticated system, where the plan is calculated with 

information supplied on-line by detectors, or other devices, and will be implemented as 

fast as possible to control the traffic actually in the area with a tailor-made plan. The 

programs SCOOT (Hunt, Robertson, Bretherton and Winton, 1981) and SCAT (Sims and 

Dobinson, 1979) are examples of traffic-responsive signal plan generation systems.

In this thesis, the traffic signal plan calculated for each specific weekday, in the critical 

period considered, will be called DAILY PLAN, representing the best possible use of any 

of the above described Traffic-Responsive systems, but producing a plan that is based on 

the exact average hourly flow, as if it was calculated from detected flows, for each 

weekday.

4.3.2 - Mean volume plans

When fixed-time systems are used, the traffic in a particular area is controlled by signal 

plans implemented at the same time every day. The use of several plans is needed to 

adapt the control system to the systematic variation, normally represented by situations 

such as peaks of traffic in the morning and afternoon and the valleys between peaks. The 

problem of the day-to-day variability in a same specific period is not considered and the 

mean, or average, volume is used to calculate the signal plan. The use of this average
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value of flow is suggested in the TRANSYT’s 8 manual - LR 888 (Vincent et al, 1980). 

The signal plan calculated with such values will be called, in this thesis, as the 

AVERAGE PLAN. The signal settings resulting from this use of TRANSYT usually 

handle the random day-to-day variability quite well, provided that this disturbance is kept 

at low levels of variation.

4.3.3 - Single observation plans

In the development of signal plans for fixed-time systems there will be situations where 

it is not possible to use traffic volumes reflecting the average weekday flows and 

observations need to be made during only one day of the week. There are several reasons 

for such a procedure, including availability of time and the cost involved in a long and 

detailed survey. Besides those points, there is the lack of awareness of the consequences 

of the adoption of such values. The PI of signal plans resulting from data sets calculated 

from these types of flows cannot give much information about what could be expected 

from its implementation. The signal plan calculated with only a single observation for the 

traffic flow will be called as SINGLE DAY PLAN. The successful use of Single Day 

Plans can be attributed only to chance and the evaluation of plans calculated in this basis 

proved to have, on average, a poor performance when compared with the Average Plan.

4.3.4 - Non-concurrent observation plans

The situation described in the previous section, do not represent the standard procedure 

for data collection. It is not unusual to have an area that is strategically divided in sectors
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for survey purposes. Based on such division the task of data collection is made in those 

sectors at different days. This will imply that different nodes and links will be observed 

on different days of the week, which creates a data set called here a DATA SET OF 

NON-CONCURRENT OBSERVATIONS. The implementation of a plan calculated with 

the data set of non-concurrent observations does not produce good coordination for the 

traffic. Even small day-to-day variation can produce substantial increases in the delays and 

stops incurred by the traffic. The signal plan calculated with such data set is called a 

MIXED PLAN.

4.4 - Grouped networks technique

Considering that the adoption of average flows, as suggested by Vincent et al (1980), in 

the calculation of signal plans for an area does not take into account the day-to-day 

variability of the traffic flows, an alternative technique is now proposed.

Suppose that it is possible to collect all traffic flows for all weekdays, in a determined 

area, for each critical period of the day. If information about the flows in every weekday 

could be used simultaneously (instead of only the average value of those flows) in the 

calculation of signal plans, it would be possible to calculate a signal plan with the 

capacity of handling real variability for each period considered. That is, giving as input 

to TRANSYT, in a single data file, the flows of every weekday and all the information 

that varies on a day-to-day basis (for example, travel times, time spent by buses in bus 

stops, etc.) the program could use its internal routine of optimization (hill-climbing) to 

find a signal plan that minimises the total PI for all the weekdays simultaneously.
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Usually, the average weekday hourly flow is calculated from volumes observed from 

Monday to Friday. Suppose that a separate network can be used to represent the particular 

values of the variables that are appropriate for each weekday. Then, for each of the five 

weekdays considered, there will be a single network. Suppose that to control the traffic 

in each node of the network for all weekdays simultaneously it is possible to display to 

it the same traffic lights. Extending this concept to the other nodes, a set of parallel 

networks can be constructed, where the corresponding nodes in the various networks will 

be controlled by the same traffic signal. With this new concept of network configuration, 

it is possible to build an input set that enables TRANSYT to calculate a single signal plan 

that could control all of the parallel networks simultaneously. Such data set would 

contain information about all weekdays, passing to TRANSYT all this information in a 

single data file but keeping the autonomy that each weekday has in relation to each other. 

This new concept is illustrated schematically in Figure 4.1 .

For the purposes of this thesis, the day-to-day variation will be confined to the traffic 

flows. However this new concept is sufficiently powerful to accommodate variations in 

other variables, such as travel times, saturation flows and bus loading/unloading times, as 

quoted previously.

Because there is no interaction between those parallel networks, they have total 

independence from each other. The link flows only have to be kept in the same relative 

position to each other in terms of stages of the signal cycles. For building the data set, it 

is sufficient to retain the idea that each link is now replaced by five, each of which carries 

traffic flow information for a single weekday. In terms of TRANSYT, only the link
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related cards need to be reproduced. Because the parallel links are mutually independent, 

they do not share the stopline at the approaches. This method will be called in this thesis 

the GROUPED TECHNIQUE and the signal plan calculated with this data set, the 

GROUPED PLAN.

^  Wednesday

T h i r s d n y

^  F r i d a y

Figure 4.1 - Parallel networks

This new method, on one hand solves the problem of using the information in the set of 

weekday flows, incorporating the real variability of the traffic flows, and on the other, 

brings two different problems. The first is concerned with the new requirements in data 

collection, that is, the increased amount of information necessary to build the input data 

set for the Grouped Plan. The other, regards the running time of TRANSYT with such 

data set. This new data file has five times the number of links of the data file for the
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Average Plan. The time required to run TRANSYT, with a data set of this size was found 

to be in a proportion of five to one, when it is compared with the Average Plan run. 

Furthermore, building such a complex and large size data file could become a delicate 

operation, exposed to several sources of errors. Furthermore, there is the limit of 50 links 

per node, that may be reached in complexes nodes.

Experience has shows that it is a good idea the use of the signal settings obtained for the 

Average Plan as the initial settings for the Grouped Plan. This needs to be done for two 

main reasons: the first is to perform an evaluation of the Average Plan. It will be noticed 

that the value for the PI obtained for the Average Plan will not normally be obtained 

again. The evaluation of the Average Plan with the real day-to-day flows demonstrated 

that, on average, the performance is worse than expected; the second is that the signal 

settings obtained for the Average Plan are a good starting point for the calculation of the 

signal settings for the Grouped Plan.

4.5 - Variable Traffic Methodoloev Analysis

The problems discussed in the previous section, including excessive running time and 

complex data sets, can be reduced if instead of dealing with the proposed five parallel 

networks, each representing one weekday, these could be replaced by only two networks, 

emulating the effects of the original set of five networks on the calculation of the signal 

plan. Then, there is a need to calculate two flows to substitute the original five but 

maintaining the original characteristics. These calculations can be made by:
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- using the original data, or the real distributions or,

- adopting more simple, and generic, values.

The technique that uses only two networks to represent the real five weekdays used in the 

Grouped Plan, is called VITAMYN (Variable TrAffic MethodologY ANalysis).

4.5.1 - Real distribution plans

There are statistical procedures to replace random variables with two-point estimates. 

Joyce and Yagar (1990), used the rules developed by Rosenblueth (1981) to replace 

successfully observed transit dwell times by a two-point approximation, which retains the 

observed mean, variance and skewness.

It is possible to replace flows in the five networks by two networks using the two-points 

estimates for the values of the flows. Once this replacement is done, the calculation of 

such plan would be similar to the Grouped Plan, which has five networks, but using only 

two parallel networks. The flows in those two networks should be calculated by 

procedures established by Rosenblueth and practised by Joyce and Yagar. These 

procedures are performed by applying the following expressions:



*2 = *1 -  V (4.2)

W i =

*1 + *2

W2 =  1  -  W j

X\ = x -  z r  a

-  x - Zj.O

(4.3)

(4.4)

(4.5)

(4.6)

where:

Xj and X2 are the two point estimates,

Wj and w2 are the associated probability weights, 

a  is the standard deviation, 

v is the coefficient of skewness, and 

x is the sample mean

Using these estimates it is in fact possible to obtain a good representation of the 

distribution of flows on the links. The five parallel networks will be replaced by only two 

with flows X! and X2 with the probability weights, Wj and w2, which represent the
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probability of occurrence of each flow and X2, respectively. This can be incorporated 

in the data set by assigning proportional values to the weights of stops and delays in each 

network.

However, this technique does not solve entirely the problems mentioned previously, 

particularly the one concerning the qualitative and quantitative measures related to the 

data collection required. This is because it still requires knowledge of all elements used 

in the Grouped Plan technique, with extra information about the distribution, including the 

standard deviation and the coefficient of skewness, which involve extra calculations at the 

office.

The use of Rosenblueth’s two point estimates reduces the problem associated with the size 

of the data set and processing time of TRANSYT. Meanwhile it introduces other 

complicated procedures and extra calculations that may not be compensated by the 

benefits achieved.

The process of reduction of the number of parallel networks also can be effectuated by 

a more simple process. Suppose that no account needs to be taken of the skewness of the 

distribution of traffic volumes. Then, they could be calculated based only on the mean and 

standard deviation. For such premise, the estimates would then be calculated by the 

following expression:

Xl = x  + k  o 
X2 = x -  k a

(4.7)
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where:

Xx and X2 are the flows, 

x is the mean,

a  is the standard deviation, and 

k is a positive real number.

In this case, the entire process of calculation becomes more simple. However, it still 

requires knowledge of mean and standard deviation of the flows for every link of the 

network. Nevertheless, there is no more the need to apply different weights to delays and 

stops to differentiate the two networks. The value of k=l in equation (4.7) is the one that 

gives values closest to those obtained using Rosenblueth’s formulas.

Nevertheless, both techniques require the survey of flows on all weekdays, for each 

critical period considered. Furthermore, there will be cases when the distributions, on a 

link-to-link basis, will be different. In the process of reducing the number of parallel 

networks, flow conservation throughout the network will be lost and manual adjustments 

will be required to avoid the automatic, and for this technique unwanted, adjustments 

made by TRANSYT in the flows in the links, when the flow upstream does not match the 

sum of the flows downstream.

4.5.2 - Generic plans

The adoption of techniques such as those described in the previous section provide a 

solution for the problem concerning TRANSYT’s running time. Nevertheless, the
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complexity and precision required on field surveys necessary to obtain the elements that 

are essential for the calculation of the two-points estimates for the weekdays persists. The 

use of a generic value for the coefficient of variation would allow for more simple 

calculations, putting apart complicated and expensive field surveys and unnecessary and 

delicate manual adjustments. To the application of such new technique, the amount of data 

required would be the usual average flows and a generic coefficient of variation of the 

traffic in the area. This coefficient of variation, applied to the network flows, like in 

equation (4.7), could even be implemented automatically by a computer program, in a way 

that is transparent for the user, during the process of calculation of traffic signal plans. 

The use of a single value for the coefficient of variation and consequently for the standard 

deviation, could have not only the advantage of more simple field survey, but also a small 

and simple data set, resulting in a shorter TRANSYT’s running time. This will be called 

as the VITAMYN Plan. In this case equation (4.7) becomes:

X, = x (1 + Cv) 
X2 = x (1 -  Cv)

(4.8)

where:

Xj and X2 are the flows, 

x is the mean,

Q, is the coefficient of variation of the traffic in the area.

The value that needs to be used for the coefficient of variation (Cv) in Equation (4.8) 

should be in the range of 4 to 10 per cent to assure good performance and to agree with
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the coefficient of variation of the traffic, detected both in London and in Rio de Janeiro 

(see Chapter 3), which falls in the range of 4 to 5 per cent. The data set for the 

VITAMYN Plan is composed of two parallel networks, one with all flows is equal to the 

mean value factored up according to the adopted value of Cv and the other with the mean 

value factored down, for every link flow in network. This needs to be applied not only 

to the total flow upstream the link but also, and necessarily, to the downstream flows that 

contribute to that total flow in each particular link. Thus, conservation of flow at the 

nodes, links and in the whole network will be guaranteed.

4.5.3 - Variation between days

The process of calculation of Grouped Plan and VITAMYN Plan is particularly important 

in the treatment of day-to-day variability. If there is complete knowledge of the 

characteristics of the traffic flows in the area for the period considered, the Grouped Plan 

should be used to confirm the efficiency of the Average Plan in face of that variability. 

On the other hand, there will be, as is described in Chapter 3, variations in the weekday 

average flow. This indicates the existence of variations in the weekly mean on a week-to- 

week basis. The use of the VITAMYN technique will generate plans that are able to 

accommodate such variability of traffic flows.

The VITAMYN technique is particularly effective when there is shortage of information 

about the average flow and single day observation or non-concurrence observations is 

used. The adoption of VITAMYN technique can make the plans calculated over a mixed 

basis to perform better.
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4.5.4 - Variation within days

The Grouped Plan technique could also be applied in the calculation of signal plans 

capable of handling the systematic variation that occurs within the day. Consider that the 

average weekday profile of traffic is divided into three main parts: morning peak, 

afternoon peak and the period between those peaks. The signal plan that is used during 

each of those periods will be operative during several hours, for example from 7:00 to 

10:00 h for the morning peak, from 10:00 to 16:00 h between peaks and from 16:00 to 

20:00 h during the afternoon peak. Using the Grouped Plan technique it is possible to 

calculate a signal plan that considers all the hourly flows occurring during those periods. 

Thus, the traffic passing through the controlled area in that period will receive generally 

better control, because all levels of flow would have been considered in the calculation 

of the signal plan. In the extreme case, there is the possibility to control the network with 

only one plan for the whole day. However, for this case, the capacity of TRANSYT, in 

terms of maximum number of links per node, will make it almost impossible to use the 

Grouped Plan Technique. Considering that the working hours normally cover a period of, 

at least, thirteen hours - from 7:00 to 19:00 h - it is not feasible to represent thirteen 

parallel networks in a single data file that could be used to TRANSYT without making 

internal modifications.

The VITAMYN Plan technique can be considered to calculate plans for all those 

situations. The coefficient of variation of the traffic for the period considered (morning 

and afternoon peaks and between peaks) is the proportion that needs to be added to or 

subtracted from the mean in order to get a data set that could generate a VITAMYN Plan
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suitable for the operation throughout the periods considered in the normal operation of a 

fixed-time system.

For the extreme case of one single plan for the whole day, VITAMYN uses the value of 

the coefficient of variation within the day. The resulting traffic signal plan can be used 

as unique plan for the area for the whole day, maintaining the coordinated status of the 

system, with a reduced level of penalties, ie delays and stops. Furthermore, 

inconveniences such as selection and implementation of plans suitable to the actual 

patterns of traffic would be avoided, besides to the associated penalties caused by the plan 

change process. In this case the degree of complexity of the control system will be kept 

to a minimum. This is particularly useful as an emergency traffic control plan.

4.5.5 - Others sources of variations

The process of calculation developed in this thesis can be successfully applied not only 

to flows, but also to variations in other components of the traffic. Suppose that the travel 

times, time spent by buses in bus stops and saturation flows1 are not constant during the 

period considered. This effect can be incorporated in the elaboration of the signal plans 

by the use of a Grouped Plan or a VITAMYN Plan.

1The saturation flow might not be constant when, for example, the traffic composition varies during the 
period considered.



4.6 - Cycle time selection

The selection of cycle time for the network still cannot be solved completely without 

adopting an exhaustive search technique. The solutions provided by TRANSYT, in its 

subroutine CYOP can be used carefully with the new techniques developed in this thesis. 

Attention needs to be taken to avoid the acceptance of excessively long cycle times, 

suggested by CYOP in the presence of highly saturated links. Furthermore, it is not clear 

if the decision of double-cycling some nodes considers the extra number of stops that will 

be caused. The table of PI for several cycle times given by CYOP has two sets of values 

for the summation of PI at isolated junctions. One is composed with values for the PI 

using the cycle time showed in the head of the table. The other is calculated using half 

of that value, when the half-cycle gives to an individual junction, a PI smaller than the 

one calculated using the full value of that cycle. Table 4.1 presents the CYOP results for 

the modified example of the TRRL LR 888.

4.6.1 - Mean volume plan

The cycle time adopted for the Average Plan should follow the suggestion made by CYOP 

and implemented automatically by the program. The decision to double-cycle those nodes 

where CYOP indicates is not so simple as it appears to be and should be taken only after 

full optimisation for each case. Table 4.1 reproduces a typical CYOP output (in this 

example it is shown the indications for the average flows in the artificial network).
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Table 4.1 - CYOP information to aid cycle selection for the Average Plan

Cycle
Time

Node
1 2 7 11 Totals Doubles

30 114 > 65 > _ _ _

35 966 > 68 > 24 - - -

40 210 > 63 21 - - -

45 90 > 57 20 - - -

50 A*oo 55* 19* 443 > 598.8 > 598.8 >

60 81 > 57 20 130 > 287.7 > 287.7 >

70 83 60 21 91 > 254.8 > 254.8 >

80 87 62 22 D 83 > 253.8* > 252.7 >

90 89 65 D 24 D O
O * 259.3 247.2*

100 94 69 D 25 D 82 270.6 250.9

120 103 76 D 28 D 87 294.5 266.8

140 113 D 85 D 32 D 94 322.7 257.8

160 123 D 92 D 35 D 101 351.1 272.0

180 133 D 99 D 38 D 109 379.7 287.1

a  l o n g e r  c y c l e  t im e  is  r e c o m m e n d e d ,  t o  g i v e  s a t u r a t i o n  n o t  e x c e e d i n g  9 0 %  
m i n i m u m  p e r f o r m a n c e  i n d e x  f o r  th i s  n o d e
d o u b l e  c y c l i n g  g i v e s  l o w e r  p e r f o r m a n c e  i n d e x  a n d  s a t u r a t i o n  n o t  e x c e e d i n g  9 0 %

4.6.2 - Grouped networks plan

The selection of cycle time for the Grouped Plan technique is more complex. Because it 

is not dealing with the average flow any more, the efficiency of CYOP can be reduced 

by its tendency to suggest longer cycles times where this is necessary to avoid saturation 

levels above the limit of 90% at any node. Those saturation levels are inevitably to be 

achieved because if the traffic is operating at levels that require signal coordination, and

Note > 
*

D
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even when the average flows are kept in levels lowers than the 90%, at least one weekday 

will often exist where the saturation level exceeds this limit. Nevertheless, the output of 

CYOP can be useful if it is not used automatically. By visual inspection, the cycle time 

can be selected from the table of PI without any consideration to the aspects of 

coordination. The selection must be made for the cycle time that generates the lowest 

value of PI. The decision of double-cycle some nodes, to follow the criteria used by 

CYOP, does not always brings the expected benefits of reduction of the PI. Both 

alternatives (single and double cycles) should always be considered for full optimization 

by TRANSYT. Furthermore, it should be kept in the mind that the cycle time selected for 

the Average Plan is a good suggestion. Only in the presence of high degree of variability 

there is a need for longer cycles.

4.6.3 - Variable traffic methodology analysis plans

The process of selection of the cycle time for the use with VITAMYN Plan is similar to 

the one described for the Grouped Plan. Using the table given by CYOP, the selection of 

the cycle time is made by choosing the one with the lowest value for the PI.

4.6.4 - Individual junctions analysis

To assist the process of selection of cycle time by the subroutine CYOP, in TRANSYT, 

the technique of equal saturation on all approaches (EQUISAT) is used to calculate the 

initial green times for each of the cycle times considered. The use of the program Sigset 

(Allsop, 1971b) can be used with very similar results. Like in CYOP, the aspects of
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coordination are not considered and the calculation is made by the simple summation of 

the average weighted rate of delay for all the nodes that make part in the network.

4.7 - Discussion

The process of calculation of traffic signal plans for fixed-time control systems is 

relatively simple provided that the average flows for the movements in the area are 

available.

The Grouped Plan technique can be used to calculate a plan that incorporates the day-to- 

day variability in a signal plan to be used with a fixed-time strategy. This can bring more 

power to the plan calculated with the average value of the flows. Variations in the 

weekday average (for example, due to week-to-week fluctuations) could then be better 

accommodated.

The reduction of the five weekdays flows to only two flows, brings with it the problems 

of conservation of flows through the network or on the links, when those estimates are 

based on real values. The flows can become non-conservative and TRANSYT will apply 

its own criteria of automatic adjustments between upstream and downstream flows in the 

links. The use of a generic coefficient of variation, the VITAMYN Technique, is more 

efficient and does not require any adjustment.

The VITAMYN Plan is a good alternative to the use of Grouped Plan. It is faster, more 

simple and it requires less data. The benefits achieved with the VITAMYN Plan are
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almost identical to those that the Grouped Plan can obtain and there are indeed some 

cases where VITAMYN will give better results.

When the average flow is not available, the VITAMYN technique can be useful in the 

determination of a plan that is efficient to control the real traffic flows. Such plan will 

cause fewer penalties for the traffic than the plan generated with either the single day 

observations or the non-concurrent observations.

The problem of cycle time selection for the Grouped Plan and VITAMYN Plan techniques 

can be solved if this selection is made manually after analysis of the tables given by the 

subroutine CYOP. It is necessary to use carefully the suggestion of longer cycles rather 

than only to avoid saturation levels over the limit of 90% in one of the weekdays. This 

rule was originally designed to be applied to average traffic flows. The indication to 

double-cycle nodes is jeopardised by the excessive number of stops that may incurred 

with implementation of smaller cycles within the network.
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Chapter 5

APPLICATIONS OF THE TECHNIQUES

5.1 - Introduction

This chapter describes the use of the techniques developed in the Chapter 4 on two 

different sets of data. The first is based on the example given on the TRANSYT 8 manual 

- LR 888 (Vincent, Mitchell and Robertson, 1980), with minor simplifications and with 

its link flows artificially spread around the original value, reproducing traffic fluctuations 

in several intensities. The second, represents a real case, with data collected in Rio de 

Janeiro-Brazil, in a comprehensive field survey.

5.2 - An artificial example

Those techniques were used first in a data set based on the example in the TRANSYT 8 

manual, LR 888. Adjustments were made to the original network configuration. The flows 

in this example were manipulated to obtain the weekdays flows, with desired, and 

controlled, levels of dispersion around a mean value.

5.2.1 - Network and average volumes

The use of data reflecting average flows is a basic assumption for the use of TRANSYT. 

In the original example, there is a single set of volumes, which was here taken to be the
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mean volumes of the flows for the weekdays. The weekday flows that give rise to these 

mean values were then generated using random numbers. The major benefit of using this 

type of synthesisation is that is possible to keep the complete experiment under control.

The original network was simplified by the removal of the bus links and the uniform 

source of flow. Thus, it was possible to have only private car traffic flows to manipulate 

with the statistical techniques, which were required to synthesize the weekday flows. The 

link diagram for the network with the average flows is shown in Figure 5.1.

5.2.2 - Mean and synthesis of daily volumes

A full set of weekday volumes is necessary to provide the information required to test the 

new method. Those weekday volumes were synthesised to have appropriate mean values, 

using random numbers, generated by a Pascal subroutine.

The volumes were required to have a specified volume as the average. Thus, the random 

numbers that were used, were extracted from the original ones, generated from a uniform 

[0,1] distribution and were adjusted to have a mean of zero by the application of the 

following formula:



where:

rk is the adjusted random number, for weekday k and, 

rk° is the kth original uniform [0,1] random number.

The synthesization of weekday flows was made using the following expression:

vt  = v (1 +rt ) (5-2)

where:

vk is the flow on weekday k, and 

v is the average flow.

5.2.3 - Routes in the network

The program TRANSYT performs compensations in the value of the flows within the 

network whenever an imbalance between downstream and the sum of the upstream flows 

is detected on a link. These compensations are made automatically and no warning is 

given to the user unless this difference becomes too large. Any attempt to run the program 

with flows which are randomized on a flow-to-flow basis will therefore result in a PI 

calculated for traffic volumes in the network which differ from the initial ones. This 

occurs because if the volume exiting a link is randomized, for example, towards a higher 

volume and the volumes entering this link are randomized in the opposite direction (to 

lower volumes), such an imbalance is created. Thus, in order to guarantee the conservation 

of flow on the link, TRANSYT will adjust these flows so that they no longer represent



Xo w  8 *1

UI

Figure 5.1 - Link diagram and average volumes for artificial network
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those that were specified by the user. In order to avoid any such difficulty, routes were 

established within the network, the link volumes distributed over the routes and then the 

flows on these routes were randomized. Then, these route flows were added on each link 

to obtain the randomized link flows. There were 31 possible routes established in the 

original network. The process of traffic assignment to these routes was arbitrary, but it 

was intended to represent all possible desire lines through the network. The method of 

creation of routes was based on the premise that it was possible to reach every other node 

in the network, starting from each node. Figure 5.2 shows the routes established in the 

network. In this figure, the routes are grouped by the nodes where they start from.

5.2.4 - Variability index

A set of different levels of variability was also needed, so that the effect of having several 

different intensities of dispersion around the mean, or coefficients of variation, on the 

performance of the plans could be measured. This effect was introduced in the formula 

used to synthesize the weekday volumes by the inclusion of the variability index. 8, to 

allow for the manipulation of the magnitude of variation of the traffic flows values around 

the mean value. So, expression (5.2) becomes:

= v (1 + r* 8 ) (5-3)

Six different values for the variability index were used in this experiment, representing 

several levels of dispersion around the mean, by varying 8, in equation (5.3), from 0.25
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T 3

(a) Beginning at node 1; (b) Beginning at node 2;
(c) Beginning at node 7 and 11; (d) Beginning at the priority junction.

Figure 5.2 - Routes in the artificial network
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to 1.50 in increments of 0.25. Therefore, there are six different sets of data, representing 

a range from a small coefficient of variation up to a very spread set of flows around the 

mean.

Table 5.1 presents an approximate correlation between the variability index 8 and the 

coefficient of variation in the network. In the calculation of this coefficient of variation 

of the network, only the links feeding the network (external links) were considered.

Table 5.1 - Variability Index 
and Coefficient of Variation

Variability 
Index (8)

Coefficient of 
Variation (%)

0.25 3.83

0.50 7.68

0.75 11.66

1.00 15.31

1.25 19.21

1.50 23.06

According to the values observed in real traffic data, both in Rio de Janeiro and London, 

the day-to-day variation corresponds to a variability index of about 0.25 and the variation 

within the day to one of about 1.00.
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5.3 - Application of different methods to artificial example

The techniques described in Chapter 4 are now applied to the artificial example, which 

was described in the previous section. It should be kept in mind that for the case of this 

artificial network, the traffic flow fluctuation will have six different levels. Consequently, 

there are six sets of results for each technique used.

5.3.1 - Average plans

The average flows, shown in Figure 5.1, are used to calculate the single average plan for 

the artificial network. They are equivalent to the application of a variability index of 0 

(zero) in formula (5.3).

The calculation of the average plan for the artificial network was made with the cycle 

time that produced the minimum PI. To achieve such cycle time, it was necessary to 

optimize the signal timings several times, once for each of a range of cycle times. The 

value adopted in the TRANSYT manual, 92 s, was found to be the cycle time that gives 

the lowest PI, even after the adopted simplifications have been made. The subroutine 

EQUISAT was used to initialise the signal settings.

The value for the PI of the average plan is 234.6. This value was considered as the 

standard value for comparisons with the other results, achieved by the application of the 

techniques developed in this thesis. Considering that it is also a good starting point for 

the calculation of the signal plans for these techniques, the average plan was always given
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as the initial signal settings, when the conditions of cycle time and nodes double-cycled 

permitted.

The evaluation of the average signal plan is made by calculating the PI of the initial 

settings for each daily set, using the average plan as input. The daily plans are those 

optimised for the flows representing each weekday traffic condition. Thus, there are 5 

daily plans, each corresponding to one weekday. The PI for each weekday and value of 

the variability index, is shown in Table 5.2 .

Table 5.2 - Evaluation of average plan

Variability 
Index (8)

PI

Monday Tuesday Wednesday Thursday Friday MEAN

0.25 221.9 263.1 238.2 222.7 233.2 235.8

0.50 225.4 324.1 248.7 214.3 239.5 250.4

0.75 252.9 472.2 277.0 207.9 247.0 291.4

1.00 330.9 622.1 301.9 203.3 256.6 343.0

1.25 410.5 838.3 342.0 199.0 274.5 412.9

1.50 480.9 1156.4 391.8 194.6 295.0 503.7
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5.3.2 - Daily plans

The daily plans were calculated with the five weekday volumes, obtained by application 

of formula 5.3, representing the flows on each weekday. Because there are six levels of 

variability around the mean, six different sets were produced.

These plans represent the best plan that can be calculated and implemented on each 

weekday, for each value of the variability index. It can be taken as an approximate 

representation of conditions that will be consequent upon the adoption of a traffic- 

responsive system.

Table 5.3 - Performance Index and (cycle times) of Daily plans

Variability 
Index (8)

P I

Monday Tuesday Wednesday Thursday Friday MEAN

0.25 216.3
(92)

259.8
(92)

235.3
(92)

222.5
(92)

230.6
(92) 232.5

0.50 206.1
(92)

298.7
(100)

238.5
(92)

212.7
(92)

230.8
(92) 237.4

0.75 196.3
(92)

350.7
(110)

243.9
(92)

204.2
(92)

231.5
(92) 245.3

1.00 188.2
(92)

426.7
(120)

248.9
(92)

198.3
(92)

241.3
(92) 260.7

1.25 179.7
(92)

520.4
(150)

251.3
(92)

192.2
(92)

232.1
(92) 275.1

1.50 172.8
(92)

670.6
(150)

259.0
(100)

185.4
(92)

232.0
(92) 303.9
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The cycle time, for each specific combination of weekday and variability index, is a key 

point in the process of search for a signal plan that produces the lowest PI. Table 5.3 

presents the PI and the associated cycle time, of the daily plans for each weekday and 

value of variability index.

5.3.3 - Grouped plans

Using the grouped technique introduced in Chapter 4, a grouped plan was calculated for 

each of the six levels of the traffic fluctuation. The concept of parallel networks makes 

possible the calculation of a single plan for use every weekday, accommodating random 

traffic fluctuations, for each value of the variability index.

Table 5.4 presents the PI for the final settings and the corresponding cycle time for each 

of the six different variability indexes. The values of PI presented there are the result of 

the division by five of the value of PI given by TRANSYT for the grouped plan. Because 

the grouped plan has 5 networks in its data file and the PI will reflect the value for those 

networks together, this division was necessary to allow comparisons to be made between 

those values and the values of PI for the average plan and for the mean of the daily plans.

Table 5.4 - Performance of grouped plans - PI and (cycle times)

Variability Index (8)

0.25 0.50 0.75 1.00 1.25 1.50

234.6 244.2 263.7 294.9 339.6 403.9
(92) (92) (100) (110) (120) (130)
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5.3.4 - Cycle time selection

In the process of cycle time choice for the grouped plans, the use of the subroutine 

CYOP of TRANSYT was analyzed. This subroutine; makes suggestions for the cycle time, 

based on the PI of the network, but calculated for the intersections individually without 

any further consideration of the aspect of coordination. The values of PI were calculated 

with cycle times suggested by CYOP for each of the grouped set and daily set. To 

establish how good this suggestion was, the cycle that gave the lowest value for PI after 

full optimization by TRANSYT, for each of these sets, was used as a comparison basis 

for each of the levels of the traffic fluctuation as specified by the variability index 8. 

Figure 5.3 shows the results obtained using the cycle time suggested by CYOP and the 

cycle time that produces the lowest PI. The shape of the curve representing optimised PI 

for the grouped plans indicates that the cycle suggested by CYOP is unsuitable to be used 

with the grouped plan technique. Furthermore, as would be expected better performance 

could be achieved by optimising the cycle time separately for each day for the daily plans. 

Figure 5.4 presents the investigation of the cycle times that produces the minimum PI for 

the average data set, using different nodes for double cycling and different cycle times. 

This figure also shows a comparison between the suggestion made by CYOP and the 

value obtained by full optimization by TRANSYT.
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5.3.5 - Discussion

The values of PI for two groups of data (daily and grouped data files) were used to 

analyze the results obtained from the application of the grouped methodology, as 

developed in this thesis. The comparison was made for the following values of PI:

1) The mean of the initial value of PI for the daily plans, before the start of the 

TRANSYT optimisation process, when the average plan is used as the initial plan. 

This is the evaluation of the average plan, when instead of the average value of 

the flows, it is used separately with each of the weekday flows.

2) The average of the value of PI for the daily plan, after full optimisation by 

TRANSYT. This corresponds to the performance of a traffic-responsive strategy, 

which produces the best plan for each weekday.

3) The value of PI for the grouped plans, after full optimisation by TRANSYT 

(divided by five so as to normalize it). This is the best result that can be achieved 

by fixed-time control systems using a single plan for the whole week, the grouped 

technique.

The initial timings used in the data set in the curve 1 of Figure 5.5 are those of the 

average plan, which is optimised for the average volumes. Then, the values of the PI 

calculated using the initial settings, illustrates the case where the weekday flows are 

controlled by the signal plan developed for the average traffic flows. This is what is

158



O
pt

im
ise

d 
Pe

rf
or

m
an

ce
 

In
de

x
L O

LO
CM

CO

L O

o

L O
o

L O
C \J
o

O)
Q.

O
o
o oo o

X<D
T3
C

_Q
'l.03
>

L O C O CM

Figure 5.5 - Evaluation of the different techniques

159



normally expected when fixed-time strategies are applied, when the design volumes are 

unlikely ever to occur. Because they are a function of the degree of variability of the 

traffic flows, the results of implementation of the average plan will also be a function of 

the intensity of the dispersion of those values around the mean. The implementation of 

the average plan will perform well in the control of the traffic if the value of the 

variability index, 5, is low. When 8 becomes higher, the application of that plan will 

create greater than expected delays and stops to the traffic in the controlled area.

In the curve 2 of Figure 5.5 (the lowest curve), the most efficient traffic control strategy 

is represented. The signal settings are optimized for each of the daily plans and each 

weekday has the best possible plan. The values of the PI are the closest to the ones 

encountered for average volumes.

The curve 3, gives the results achieved by the grouped techniques developed in this thesis. 

It is located between the two other curves previously described. Thus, this method 

presents advantages over the fixed time plan calculated with the mean values of flows. 

Because it gives signal settings that reduce delays and stops for the 5 weekdays 

simultaneously, the grouped plan can deal more effective with the variability of traffic 

flows over the week.

The level of traffic fluctuation, which is controlled by the coefficient 5 in equation (5.3) 

and is measured in terms of the coefficient of variation of traffic in Table 5.1 can be 

associated with two possible types of traffic variation. The first, which is less apparent, 

is the random fluctuation of the traffic. This can occur, for example, on a day-to-day basis
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and this variation is commonly statistically unexplained, as discussed in Chapter 3. The 

other can be associated with the systematic variation of traffic by time of day during an 

average weekday. Peaks of traffic in the morning and afternoon periods, and between 

peaks variation are good examples of this type of variation. The systematic variation is 

usually bigger.

The grouped technique proved to be able to handle both small and large variations. It can 

therefore help to improve the performance of fixed-time signal systems.

5.4 - A case study

Real data were used to validate the techniques developed in Chapter 4 and tested with the 

artificial network and volumes described in the preceding section. The data were collected 

in a comprehensive field survey, especially designed to be used in this study, in an area 

of Rio de Janeiro, Brazil.

5.4.1 - Description of the field survey

The area covered by the survey is composed of 6 nodes and 15 links, in a one-way 

system, with a bus lane in one of the two corridors, as was shown in Figure 3.13 .

The data for this survey were collected for periods of one hour (16:00 to 17:00), each 

weekday during two weeks. They include:
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- traffic counts for all movements for each intersection in the area in intervals of 

15 min.;

- travel times on the links (for cars and buses);

- time spent by buses at the bus-stops; and

- classification of the flow.

Besides that, a comprehensive automatic traffic count was made during the whole day 

during the same two weeks, in the two major corridors of the area. The location of the 

traffic counters in the area surveyed is marked by TCI and TC2 in the Figure 3.13 .

The traffic profiles detected by the automatic traffic counters, in both corridors, for the 

two weeks of survey were shown in Figures 3.15 and 3.16 . The period during which the 

survey was undertaken on each day, from 16:00 to 17:00, was at the beginning of the 

evening peak, which can be seen in those figures. During the survey, the traffic flow in 

the area remained within capacity, so the observations of flow represent demand.

The variability of the traffic flows during the week can also be seen in the figures 

mentioned above. A statistical analysis of the traffic in the area was presented in 

Chapter 3.

5.4.2 - Saturation flows

To complete the data requirements to run TRANSYT it was, finally, necessary to know 

the saturation flows at the stoplines for every approach in the network. The values of the
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saturation flows were measured on site by a specific field survey, in order to reflect the 

existing traffic conditions. The direct application of Webster’s formula (Webster and 

Cobbe, 1966, p 39) for estimation of saturation flows could bring distortions, due to the 

distinctive conditions of traffic, drivers and pedestrians in a typical brazilian city, where 

the results of the application of that formula have not been tested. Compared with the 

values for the saturation flow calculated by the Webster’s formula, the values observed 

shown the peculiarities of each site in the area and of the whole area itself. The phasing 

of the traffic signals, behaviour and attitudes of the drivers and pedestrians of Rio de 

Janeiro, are quite well demonstrated in the - almost always lower - observed values. Table

5.5 presents the observed saturation flows, measured by a videotape camera process and 

the values estimated by Webster’s formula.

The measurement of the saturation flows by the application of the prediction formulae 

described in the TRRL Report RR 67 (Kimber, McDonald and Hounsell, 1986) requires, 

among others, the existence of traffic lane markings. In the study area, there are no such 

markings, except for the identification of the exclusive bus-lanes. Besides that, the 

attitudes and behaviour of the users of the traffic system, drivers and pedestrians, are 

different from that of the users in Britain, where the data set used in the development of 

the formulae in the TRRL LR 67 was obtained.

The use of a videotape process to measure the saturation flows at the approaches in Rio 

de Janeiro, was innovative. It can be, in fact, considered as an improvement to the 

traditional method, which is described in Road Note 34 (Road Research Laboratory, 

1963), to obtain real saturation flows. This improvement is in the sense that the
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approaches in the area were video-taped during the recommended number of saturated 

cycles and the relevant information extracted from the tape at the office using video-TV 

equipment. The values thus obtained express more reliably the true ones because the 

experiment can be repeated as many times as necessary to avoid miscalculations, which 

are likely to take place during field measurements. Besides that, this measurement does 

not need to be made by a team of surveyors and a single person can control the whole 

process.

Table 5.5 - Saturation Flows in 
Rio de Janeiro

Link Calculated1 Observed2

11 3061 2490

12 1989 1650

13 2551 1281

21 2939 2646

22 1989 1662

23 3618 _ ( 3 )

31 3062 2532

32 1989 1410

33 3978 2994

41 5509 4380

42 4241 4146

51 5564 3846

52 3618 1326

61 5564 4164

62 2470 . ( 3 )

1 - Using Webster’s (Webster and Cobbe, 1966)formula 
2 - Obtained by video recording 

3 - Not enough traffic to enable measurements
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5.5 - Application of different signal calculation methods to the case study

The techniques developed in Chapter 4, and tested in the artificial network in Section 5.4, 

are here applied to two distinct aspects of the fluctuation of traffic in Rio de Janeiro. The 

first regards the day-to-day variability, which occurs at a specific time of the day, for 

example during the peak periods. During the week, the traffic will fluctuate around the 

mean value as was shown in the analysis presented in Chapter 3. The other aspect 

considers the variation within the day, i.e., how the traffic behaves, in terms of its 

systematic fluctuation, as was detected both in London and in Rio de Janeiro.

5.5.1 - Variation between-davs

The analysis of the variation between-days, or day-to-day variability, was made using the 

data which were collected manually during the field survey, at 16:00 . Although this 

survey was of two weeks duration, only the second week of counts was used.

The average plan, using the weekday average flows, has a final PI of 320.6. The 

suggestion of CYOP was accepted in terms of cycle time and the nodes that should be 

double cycled. The evaluation of the implementation of the average plan was made by 

calculating the PI for the initial settings for each daily plan, using the signal settings 

calculated for the average plan as its initial settings. The average value for the individual 

weekdays is 337.2 . The results for each weekday are shown in Table 5.6 .
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Table 5.6 - Evaluation the average plan - PI

Weekday
MEAN

Monday Tuesday Wednesday Thursday Friday

356.6 324.7 318.6 382.0 304.1 337.2

In practice, the mean flows are unlikely to be known with any great accuracy. Rather, one 

or at most a few observations of flow will have been made on particular days. Suppose 

that the flows observed during a single weekday are adopted to calculate the plan to be 

used during the whole week, the single day plan. The adoption of this plan results in poor 

performance of the traffic control system. Table 5.7 presents the values obtained in the 

evaluation of plans based on single observations. The Pis are the values for delays and 

stops, averaged between all weekdays, when the traffic is controlled by a signal plan 

calculated with flows observed on the weekday indicated. Note that some days (eg 

Monday and Thursday) are better and some are worse.

Table 5.7 - Evaluation of single observation plan - PI

Weekday used for flow observation
MEAN

Monday Tuesday Wednesday Thursday Friday

335.4 401.5 463.2 336.1 411.7 389.6

Consider now a data set where the flows at different nodes were observed on different 

weekdays, the mixed plan. In absence of better criterion, this data set was created with 

the application of the following procedure: the flows at node 1 were observed on Monday;
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the flows at node 2, observed on Tuesday; and so on until the flows in node 6, which 

were again observed on Monday. This procedure will create a data set where the flows 

are inconsistent because there might exist a factor influencing the variation on each 

weekday, as discussed in Chapter 3. The evaluation of the signal plan calculated with this 

type of data set has an average PI over all weekdays of 357.0. Table 5.8 shows the values 

obtained for the evaluation of this plan.

Table 5.8 - Evaluation the non-concurrent observations plan

Weekday
MEAN

Monday Tuesday Wednesday Thursday Friday

345.6 327.1 313.6 458.0 340.7 357.0

The calculation of a signal plan for each specific weekday (the daily plan) is broadly 

equivalent to the operation of a traffic-responsive system, which is the strategy that 

usually produces the best results in the presence of traffic fluctuation. These plans have, 

as expected, different cycle times and different nodes double-cycled. Subroutine CYOP 

was used to assist in the process of cycle time and double-cycle selection, but the rule of 

avoidance saturation levels greater than 90% was not observed. The results are presented 

in Table 5.9 .

The grouped technique is applied when full information about each weekday’s flows is 

available. So, using the five parallel networks concept, a signal plan was calculated that 

considers all weekday flows. The evaluation of this plan gave PI of 333.0.
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Table 5.9 - Daily plans

Weekday Cycle
time

Nodes Double
cycled PI

Monday 60 4 331.4

Tuesday 80 1,3,4,5 311.1

Wednesday 80 1,3,4,5 292.5

Thursday 70 1,4,5 365.2

Friday 80 1,3,4,5,6 292.6

MEAN 319.1

It is not possible to apply the grouped plan when only single day or non-concurrent 

observations are available. Because this technique demands the knowledge of a number 

of distinct observation of each traffic flow, it cannot be applied to these single 

observations of flows. In order to calculate signal timings plans that accommodate flow 

variability, but which will use only a single observation of flow, the VITAMYN technique 

is required.

The VITAMYN plan that corresponds to the grouped plan is calculated by the application 

of an appropriate value for the coefficient of variation in formula (4.8), of Chapter 4. 

Because no suitable value has yet been identified, it was necessary to make a sensitivity 

analysis, to find one. Varying the coefficient of variation from 0 to 10 per cent, in 

increments of 1 per cent, it was possible to identify the best coefficient of variation to be 

adopted in equation (4.8), to calculate the flows to be used in the two parallel networks 

that will produce the most efficient VITAMYN plan. The results obtained in this search
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are shown in Table 5.10 and illustrated in Figure 5.6. It should be noticed that the benefit 

obtained varies only slightly for values higher than 5 per cent.

Table 5.10 - Evaluation of VITAMYN 
for the Grouped plan

Coefficient of 
variation (%) PI

0 332.22

1, 2, 31 332.16

4 329.66

5, 6, 71 326.52

8, 101 326.70

Note 1: The signal timings 
produced by VITAMYN are identical 

for those coefficients of variation

The VITAMYN technique can be used to calculate signal plans with data files formed by 

single-day or non-concurrent observations, reducing the negative impact resulting from the 

use of these flows. The adoption of a coefficient of variation of 10 per cent will in 

practical terms, achieve all of the benefit attainable from this technique, according to 

Table 5.10. Accordingly, this value was adopted to allow for major fluctuations on the 

traffic flows.

The application of the VITAMYN technique to the single observation data set resulted in 

an average PI of 347.0. This value represents the expectancy of the use of the flows 

observed on any weekday. In Table 5.11, the results of the evaluation of the use of the 

VITAMYN plan calculated from a single observation data set is shown. As in Table 5.8,
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the value of PI represents the delay and stops, averaged over all weekdays, when the 

traffic is controlled by a plan calculated with the flow observed on the weekday indicated.

Table 5.11 - Evaluation of VITAMYN on single observation data set - PI

Weekday used for flow observation
MEAN

Monday Tuesday Wednesday Thursday Friday

331.6 330.4 393.5 343.8 335.8 347.0

The use of the VITAMYN technique can also improve the plan calculated with a data set 

formed by non-concurrent observations. Adopting again the value of 10 per cent for the 

coefficient of variation in equation (4.8), the evaluation of the VITAMYN plan has a 

value of 340.0 for the PI. The evaluation, averaged over the week, of the plan calculated 

with the VITAMYN plan using a non-concurrent observation data set is shown in Table 

5.12 .

Table 5.12 - Evaluation of VITAMYN on non-concurrent observation - PI

Weekday
MEAN

Monday Tuesday Wednesday Thursday Friday

336.5 321.5 316.3 413.0 314.2 340.3

Table 5.13 summarizes the mean values achieved in the evaluation of all the techniques 

described in this section.
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Table 5.13 - Comparison of the techniques.

Plan or Data Set
Evaluation (Mean Value) - PI

Benefit of using 
VITAMYN (%)Standard Use VITAMYN

technique

Daily
(Traffic-responsive)

319.1 - -

Average 337.2
326.7*

3.11

Grouped 333.0 1.89

Single observation 389.6 347.0 10.93

Non-concurrent
observation 357.0 340.3 4.68

Note * - The value of the VITAMYN for the average plan is the same as for the grouped plans

The implementation of the average plan resulted in a mean PI of 337.2. This shows an 

increase in the value of PI of 5.18 per cent over the original value (320.6), which was not 

achieved during the evaluation. This shows that the value of the final PI for the average 

plan is less than that of the mean, or average, of the Pis of the individual weekdays flows 

controlled by that plan.

The evaluation of single-day observation plans resulted in a mean PI of 389.6, which is 

13.45 per cent higher than the performance obtained with the plan calculated with true 

average flows (337.2). This is a substantial increase in stops and delays for the traffic in 

the area.

The use of non-concurrent observations to calculate the plan to control the traffic in a 

fixed-time system resulted in a PI of 357.0, which is 5.55 per cent worse than the one 

obtained by use of the standard average plan. On the other hand it is 8.37 per cent better
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than the mean of the plans calculated using single observation data. This is explained by 

the fact that the plan calculated with non-concurrent observations, ie the mixed plan, 

carries some sort of variability measure.

The benefit achieved by the application of the grouped technique to the real daily flows, 

compared with the average plan, is only 1.25 per cent. This modest gain is a result of the 

small day-to-day variation in the observed flows. The coefficient of variation detected in 

the field survey is equivalent to a variability index of 0.25 . As it was quoted previously 

the grouped technique cannot be used with single-day observations or non-concurrent 

observations.

The observation of the last column in Table 5.13 shows that the use of the VITAMYN 

technique results, in a systematic improvement in the performance of each technique 

available to operate fixed-time systems. All the different types of plan, from the average 

plan to the single day observation plan, benefit from the incorporation of some measure 

of traffic variability in the calculation of the signal plans, which can be achieved by the 

VITAMYN technique. The greater benefit of the adoption of VITAMYN technique is 

achieved when single-day observations are used, with a reduction of almost 11 per cent 

obtained in comparison with the standard use of TRANSYT. In Figure 5.7 the 

comparisons of the benefits given by VITAMYN to the different techniques are illustrated.

173



40
0

Figure 5.7 - VITAiMYN on different techniques

174



5.5.2 - Variation within-dav

The concept of grouped plan can also be applied to the systematic variation of traffic 

which occurs during the day. This variation usually has a greater coefficient of variation 

then between-days variation, but as was verified with the artificial network, this new 

methodology can handle both small and large traffic flows fluctuation. The variability 

indexes equal or greater than 0.75 represent (see Table 5.1) an equivalent coefficient of 

variation of 11.66 per cent or greater. It was shown in the artificial example that the 

benefits achieved using the grouped technique are significant when the variation is bigger. 

It is necessary to establish a period of the day were the traffic control is considered to be 

in effective operation. Analyzing the traffic patterns, observed by the automatic traffic 

counters TCI and TC2 and displayed in Figures 3.15 and 3.16, it is possible to nominate 

the period between 07:00 and 20:00 as such.

The values of hourly traffic flows on the approaches of the area are available only when 

the manual counts were performed, that is at 16:00 . Using the pattern of movements 

observed there, with the hourly profile of traffic from TCI and TC2, together with 

personal knowledge of the distribution of traffic in the area, it was possible to identify 

the flow on each link (and the turning movements) as a function of the detected hourly 

flows at those two automatic counts sections. Thus, the traffic movements were estimated 

in the study area, hour-by-hour, during that period.

The analysis was made for the operation on three different strategies:
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- one plan for the whole day;

- fixed-time system; and,

- traffic-responsive system.

The plans were calculated using the hourly flows detected during the period from 07:00 

to 20:59 and evaluated using the hourly flow patterns from 07:00 to 21:59 . In the 

emulation of the traffic-responsive operation, separate plans were calculated for the flows 

for each period of 1 hour, starting from 07:00 to 21:59 and were evaluated with the same 

flows.

The traffic-responsive system is usually an effective strategy to deal with systematic 

variation. It will be used as a basis for comparisons with the performance of the other 

strategies. So, the order of presentation will be reversed, beginning from the traffic- 

responsive, then the fixed-time strategy and finishing with the single plan for the day 

operation.

The traffic-responsive strategy is said to be in operation when, for each hour of the day, 

there is a tailor-made plan for the traffic present in the area. The calculation of signal 

plans intending to simulate a traffic-responsive operation resulted in the final PI for each 

hour, as shown in Table 5.14 .

The fixed-time strategy, in its standard application, uses a fixed timetable to make plan 

changes. The analysis of the traffic profiles observed in the corridor TCI and TC2, in 

Figures 3.15 and 3.16, shows clearly the morning peak, the afternoon peak, the
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between-peaks period and the decline of traffic flow for the period considered. The 

operation will be made by the partition of the full period into four sub-periods, thus 

requiring three plan changes. According to Bell, Gault and Taylor (1983), these plans 

should best be implemented at such time that a peak-plan is activated before that peak 

occurs.

Table 5.14 - Traffic-responsive operation - PI

Nodes
Double-Cycled

Hour
Beginning Cycle Time

07:00 145.3
1,3,4,5

08:00 225.8

09:00 369.6

10:00 217.2

11:00 212.6

12:00 229.3
1,3,4,5

13:00 218.9

14:00 266.6

15:00 282.0

16:00 322.91,4,5

17:00 377.1

18:00 334.2

19:00 1,4,5 271.1

20:00 148.6
1,3,4,5

21:00 104.5

MEAN 248.4
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Suppose that the operation is made using the following timetable:

Plan I: from 07:00 to 09:59

Plan II: from 10:00 to 14:59

Plan III: from 15:00 to 19:59

Plan IV: from 20:00 to 21:59

The plans that are going to be operating during those periods are calculated using hourly 

volumes as follows, which are taken to be typical of the period:

Plan I: 09:00 to 09:59

Plan II: 10:00 to 10:59

Plan III: 17:00 to 17:59

Plan IV: 20:00 to 20:59

This scheme of plans and plan changes is called in this thesis the critical operation, 

because critical volumes are used to calculate the plans adopted in each sub-period 

considered. The existence of extra delays and stops caused by the plan change procedures 

are acknowledged, but are excluded from this analysis. The evaluation of the critical 

operation is shown in Table 5.15 .
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Table 5.15 - Evaluation of critical operation

Hour
Beginning

Cycle Time 
(nodes double

cycled)
Critical Hour PI

07:00 60 (4)

09

178.7

08:00 60 (4) 248.7

09:00 60 (4) 369.6

10:00 70 (1,3,4,5)

10

217.2

11:00 70 (1,3,4,5) 213.0

12:00 70 (1,3,4,5) 231.0

13:00 70 (1,3,4,5) 219.2

14:00 60 (4)

17

319.1

15:00 60 (4) 300.0

16:00 60 (4) 344.1

17:00 60 (4) 377.1

18:00 60 (4) 352.6

19:00 60 (4) 276.0

20:00 70 (1,3,4,5)
20

148.6

21:00 70 (1,3,4,5) 106.4

MEAN 260.1

The critical operation can also be a target for the application of the grouped technique. 

Because each critical period covers a determined number of hours, it is possible to 

calculate a signal plan using all the information available about those hourly flows. This 

method of operation of fixed-time systems is called grouped critical operation. Table 5.16 

shows the evaluation of its implementation.
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Table 5.16 - Evaluation of grouped critical operation

Hour
Beginning

Cycle Time 
(nodes double

cycled)

Grouped
periods PI

07:00 60 (1,4)

I

171.7

08:00 60 (1,4) 250.4

09:00 60 (1,4) 380.7

10:00 70 (1,3,4,5)

II

216.9

11:00 70 (1,3,4,5) 212.1

12:00 70 (1,3,4,5) 229.5

13:00 70 (1,3,4,5) 218.5

14:00 60 (4)

III

286.2

15:00 60 (4) 281.7

16:00 60 (4) 316.8

17:00 60 (4) 387.6

18:00 60 (4) 369.2

19:00 60 (4) 264.6

20:00 70 (1,3,4,5)
IV

153.3

21:00 70 (1,3,4,5) 108.6

MEAN 256.5

The last and very simplistic strategy to control the traffic in an area is the use of only one 

signal plan during the day: the average daily plan. Suppose that the coordination is 

maintained throughout the day, as if a fixed-time system was being used. The daily 

average hourly flow, computed as the average during the period from 07:00 to 20:59, is 

the flow used to calculate this plan, which will operate during the whole day. This does 

not constitute any type of traffic control system strategy. The unique advantage over a 

general isolated operation is the preservation of the coordination in the area. The
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evaluation of this plan is shown in Table 5.17 .

Table 5.17 - Evaluation of the average daily plan

Hour Beginning PI

07:00 149.2

08:00 231.5

09:00 514.7

10:00 222.6

11:00 216.0

12:00 232.7

13:00 223.0

14:00 278.2

15:00 280.8

16:00 338.9

17:00 555.8

18:00 545.6

19:00 269.3

20:00 153.9

21:00 110.3

MEAN 288.2

Note: The cycle time is 70 s and the 
nodes 1, 3, 4 and 5 are double-cycled.

It is not possible to use the grouped technique in its full concept to accommodate the 

systematic traffic variation in the period considered. In this particular case there are 14 

hours to be considered and consequently this number of parallel networks needs to be 

used together in the same data set. The limitations of TRANSYT, imposing a maximum 

of 50 links per node, as well as other limits, prevents the application of this technique in
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its original form. Therefore, it has to be applied in the form of an alternative procedure. 

The use of the odd numbered hours, removing the even numbered hours of the data set, 

enables the grouped technique to be applied. In fact, this will reduce by half the number 

of parallel networks, with the consequent reduction in the amount of information passed 

to TRANSYT in the data file. Nevertheless, the results achieved are good. Table 5.18 

presents the evaluation of the use of the grouped plan calculated with the odd hours alone.

Table 5.18 - Grouped plan evaluation

Hour
Beginning PI

07:00 163.3

08:00 231.2

09:00 363.4

10:00 245.9

11:00 236.8

12:00 252.0

13:00 244.4

14:00 298.7

15:00 284.6

16:00 325.0

17:00 371.9

18:00 347.7

19:00 260.0

20:00 171.3

21:00 123.4

MEAN . 261.3

Note: The cycle time is 50 s and 
all nodes are single cycled.
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The VITAMYN technique is insensitive to the number of hours or days considered in the 

calculation of the grouped plan. These will determine the number of parallel networks to 

be used in the elaboration of the grouped data set. However, VITAMYN uses only two 

parallel networks, replacing any number of networks required for the grouped technique. 

The difficulty lies in the determination of a suitable value for the coefficient of variation 

to be used. Table 5.19 shows the results achieved in the investigation of a suitable value 

to accommodate within-day variability. Inspection of this table indicates that a coefficient 

of variation of 14 per cent gives the minimum value in this particular case. Figure 5.8 

shows the behaviour of the evaluation of the VITAMYN plan, by plotting the mean of PI 

for each coefficient of variation.

The evaluation of signal plans that are efficient in handling within-day variation is made 

by the calculation of the PI for the initial settings, for each hour, in the period from 07:00 

to 21:59 . The value used in this analysis is the average daily PI (ADPI), which is the 

mean of the Pis for each hour over this period.

The use of signal systems implementing several plans during the day, is the most common 

strategy to tackle this problem. The adoption of a different plan for each separated hour 

is an extreme case. The analysis of the performance obtained with this approach, which 

is an emulation of a traffic-responsive strategy, gives the PI value of 248.4. The 

evaluation of a typical fixed-time operation, were made using only four plans during the 

day, implemented during each of the sub-periods. The ADPI of the standard operation in 

this fixed-time strategy, called critical operation, corresponds to a PI value of 260.1, 

which is 4.71 per cent greater than that of the traffic-responsive operation. The application
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of the grouped technique to the critical operation, the grouped critical operation, helps to 

improve these results, with an ADPI of 256.5, a value that improves the performance by 

1.38 per cent compared to the one for standard critical operation. The grouped critical 

operation gives an increase of 3.26 per cent, when compared with the ADPI for the 

traffic-responsive system.

Table 5.19 - Evaluation of VITAMYN with different coefficients of variation

Hour
Beginning

Coefficient of Variation (%)

10 12 14 16 18 20 25

07 146.2 165.7 170.3 171.0 171.6 174.4 201.6

08 238.3 236.7 237.6 238.9 239.5 244.2 278.7

09 421.2 420.8 380.6 381.9 391.7 403.5 422.5

10 234.7 231.6 240.5 241.6 240.8 240.1 274.3

11 229.5 226.8 234.7 235.9 235.5 235.5 269.6

12 243.4 240.8 248.5 249.8 249.3 249.6 284.7

13 235.3 232.5 240.6 241.9 241.2 241.1 275.6

14 278.5 275.5 285.0 286.4 285.3 283.4 320.7

15 279.5 277.8 282.5 283.9 284.3 285.8 322.8

16 316.3 314.8 317.2 318.7 319.4 320.1 357.2

17 448.6 447.8 396.4 397.6 411.5 424.5 437.4

18 435.6 435.5 380.1 381.1 398.5 412.6 423.8

19 266.9 266.8 267.1 268.4 270.4 274.8 310.3

20 171.4 170.1 175.7 176.5 176.5 178.3 205.5

21 125.2 125.6 129.7 130.3 130.4 132.8 153.7

MEAN 272.3 271.3 265.8 266.9 269.7 273.4 302.6
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The adoption of operation with only a single plan for the whole day, retaining the ability 

to negotiate the systematic traffic variations, is the goal achieved by the application of the 

grouped and VITAMYN techniques. This corresponds to use of a fixed-time system 

without plan changes, where the single plan is calculated respecting the range of 

conditions throughout the day.

The use of the daily average hourly flow, which is the average flow over of the period 

considered, to calculate this single plan, resulted in an ADPI of 288.2. This value gives 

a performance that is 16.02 per cent worse than that obtained with the traffic-responsive 

emulation. The application of the grouped technique to obtain the modified grouped plan1 

resulted in an ADPI of 261.3, a performance that is 9.33 per cent better than that obtained 

when the daily average hourly flow is used. However, this performance is only 0.46 per 

cent greater than that obtained with normal critical operation (several plans). If the extra 

delays and stops incurred in the required plan change procedures are considered, then this 

difference would be even smaller. The grouped plan is also a one-plan operation strategy. 

The problems that can occur in the application of the grouped technique to the variation 

within-day relate to the excessive number of parallel networks to be constructed. The 

VITAMYN technique avoids this difficulty using only two networks. The evaluation of 

the VITAMYN plan gives an ADPI of 265.8, which is 2.19 per cent higher than the one 

achieved with the critical operation plan, but is 7.77 per cent better than the ADPI for the 

average daily plan. In Figure 5.9 an illustrated comparison is given of the different 

performances obtained with those techniques.

!It is not a standard grouped plan because the number of parallel networks has to be reduced and only the 
odd numbered hours were used.
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5.5.3 - Cycle time selection

The cycle time for the signal plan calculated for both types of variation in the case study 

(within-day and between-days), was adopted after analysis of the table of PI, given by 

CYOP. The cycle time that gives the minimum PI was always chosen. As a consequence, 

the nodes that should be double cycled were also chosen according to the indications 

given by this table. Nevertheless, there are two rows of Pis. One refers to the use of the 

full cycle at every node and the other uses the double cycle at the nodes where the PI for 

half value of cycle is lower. For most, if not all, of the situations, there is at least one 

node to be double cycled. The procedure followed by TRANSYT to avoid cycle times that 

give rise to saturation levels higher than 90 per cent was disregarded. Because this table 

shows two minima for the Pis, based on two suggestions for cycle time and nodes to be 

double cycled, an analysis was made to investigate the consequences of this decision.

Table 5.20, presents a comparison of the Pis obtained after full optimization for the two 

hypothesis. In this particular case, the adoption of double cycles at each node results, for 

each technique, in a systematic increase of the PI and contradict the preliminary 

indications given by CYOP, in which the aspects of coordination were not taken into 

account.
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Table 5.20 - Evaluation of effects of double-cycling the nodes - PI

Plan or Data Set Using double-cycle 
where recommended

Using only single 
cycle

Increase in PI by 
double-cycling (%)

Standard

Daily 319.1 316.0 0.98

Average 337.2 323.9 3.90

Grouped 333.0 324.2 2.64

Single-observation 389.6 351.2 9.86

Non-concurrent 357.0 341.7 4.29

VITAMYN

Average/Grouped 326.7 319.7 2.14

Single Observation 347.0 340.6 1.84

Non-concurrent 340.3 337.6 0.79

Furthermore, the analysis of the behaviour of the elements that constitute the PI, namely 

delays and stops, showed that the supposition of systematic decrease in the delays, 

accompanied by an increase in the stops is not supported. Table 5.21 shows the results 

obtained in this analysis, where it is seen that there is a general reduction in both delays 

and stops when single cycling is used throughout the network.
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Table 5.21 - Stops and delays for single and double-cycling1

Plan or Data Set
Delays Stops

Single Double Single Double

Standard techniques

Daily 276.8 278.7 39.2 40.4

Average 288.1 294.0 35.7 40.6

Grouped 284.3 292.3 39.5 40.7

Single observation 304.1 342.4 40.2 41.5

Non-concurrent 298.9 313.9 42.6 43.1

VITAMYN technique

Average/Grouped 283.5 285.5 36.2 41.1

Single observation 299.0 301.3 36.6 40.5

Non-concurrent 296.3 298.1 41.2 42.2

Note 1: Where recommended by CYOP

Another program was then tried to obtain an initial indication for the cycle time and nodes 

to be double cycled. The program SIGSET (Allsop, 1971b) minimizes the average 

weighted rate of delay at an isolated junction for any specified cycle time. A table similar 

to the one produced by CYOP was built and the results which were obtained, gave 

indications of cycle times and nodes that should be double-cycled that are the same given 

by CYOP. However, in SIGSET, the number of stops was not considered. Table 5.22 

presents the results obtained when this program is used in the process of selection of a 

suitable cycle time.
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Table 5.22 - Total rate of delay calculated by SIGSET

C y c l e
t im e

Node Total

1 2 3 4 5 6 Single
cycle

Double
cycle

30 26.03 - 49.73 10.30 16.20 16.62 - -

32 19.08 23.44 42.85 9.74 15.55 11.65 122.31 -

36 15.79 12.69 37.34 9.51 14.90 8.73 98.96 -

40 15.71 10.37 34.58 9.93 14.73 7.55 92.87 -

44 15.80 9.14 33.15 10.41 14.81 6.84 90.15 -

48 15.99 8.33 32.44 10.92 15.04 6.34 89.06 -

52 16.25 7.72 32.17 11.43 15.36 5.97 88.90 -

56 16.56 7.26 32.19 11.96 15.75 5.68 89.40 -

60 16.90 6.88 32.41 12.49* 16.17 5.46 90.31 88.12

64 17.27 6.58 32.77 13.03* 16.63* 5.29 91.57 87.20

68 17.66* 6.33 33.24 13.57* 17.11* 5.17 93.08 86.00

72 18.07* 6.12 33.79 14.11* 17.61* 5.10 94.80 85.21

76 18.49* 5.95 34.39 14.65* 18.12* 5.08 96.68 85.54

80 18.92* 5.81 35.05* 15.20* 18.65* 5.11 98.74 85.87

84 19.36* 5.70 35.75* 15.75* 19.18* 5.21 100.95 85.32

88 19.80* 5.61 36.48* 16.30* 19.71* 5.31 103.21 85.09

92 20.25* 5.56 37.24* 16.85* 20.26* 5.41 105.57 85.15

96 20.70* 5.53 38.02* 17.40* 20.80* 5.52 107.97 85.44

100 21.16* 5.53 38.82* 17.96* 21.35* 5.62 110.44 85.89

104 21.62* 5.57 39.63* 18.51* 21.90* 5.72 112.95 86.50

108 22.08* 5.64 40.46* 19.06* 22.46* 5.82* 115.52 87.25

112 22.55* 5.71 41.30* 19.62* 23.02* 5.93* 118.13 87.85

116 23.02* 5.78 42.15* 20.10* 23.57* 6.04* 120.73 88.52

120 23.49* 5.86 43.01* 20.73* 24.13* 6.14* 123.36 89.29

Note *: Double cycling produces less delay.
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5.5.4 - Discussion

The average hourly flows proved to be good values for the calculation of signal plans for 

fixed-time systems when the fluctuation of traffic flows are not great, as in the case of 

day-to-day variability. The application of techniques developed in the present thesis, and 

in particular the grouped and VITAMYN methods, generate small benefits that can help 

to accommodate unexpected traffic fluctuations. When other than the average values are 

used, the accommodation of traffic variability becomes more difficult. The practical 

aspects of data collection normally cause the use of values other than the average flows 

in practice. In these cases, the grouped and VITAMYN techniques can be helpful to 

generate signal plans which have performance that is similar to the one obtained with the 

average values. The use of a single day observation proved to generate worse performance 

when compared with the non-concurrent observations method of traffic data collection. 

In the latter case, the loss in performance is smaller because splitting the data collection 

at different nodes at different days, some measure of the traffic variability is guaranteed 

in the data set. Figure 5.7, showed the comparison of evaluation of the use of different 

traffic flow measures in the calculation of traffic signal plans. In this figure the variability 

is measured on a day-to-day basis.

The traffic fluctuation within-day, which include systematic variations, can also be 

accommodated in the development of a traffic signal plan if either the grouped or 

VITAMYN techniques are used. The several possible choices of strategies of handling this 

systematic variation were analyzed. The results achieved, which can be seen in Figure 5.9, 

shows that those new techniques can accommodate this type of traffic fluctuation as well.
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The traditional method for the calculation of the signal plans in the operation of fixed

time systems, which includes plans for different traffic patterns, can also be strengthened 

by the application of the VITAMYN method. Satisfactory control of the traffic in the area 

can then be achieved with a single plan for use throughout the day with good results and 

without the need for complicated and ineffective signal plans algorithms.
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Chapter 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

6.1 - Conclusions

In Chapter 2 the review of existing work showed that the existing methods used in the 

control of groups of traffic signals do not consider traffic flow fluctuation. The work 

developed by Heydecker (1987) and Jones (1985) respectively, incorporate between-days 

and within-day traffic fluctuation in the calculation of signal plans, but are concerned only 

with isolated intersections. Fixed-time control systems use a single plan for the whole 

week, for each period considered. Plan-changes are inefficient, in the sense that they 

impose additional penalties to the traffic. They increase delays and stops by an amount 

that depends of the time of day at which they are implemented.

In Chapter 3 it was shown that the traffic flows in London and Rio de Janeiro both follow 

a normal distribution. With a sample size of 8 weeks of traffic counts in London, it was 

possible to analyze the variation that occurs between-days and find that there is no 

weekday factor which is associated with some sort of variability in most hours of the day. 

The investigation of the week-to-week variation in the average weekday hourly flows, 

that is the similarity between those hourly flows for 7 of the 8 weeks (when a possible 

atypical week is removed), gave some indication of the existence of a weekly factor for 

a few hours of the day.

For the flows collected in Rio de Janeiro, the conclusions are broadly similar to those for
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London, ie there is a day-to-day factor which is associated with some of the variability 

observed during several hours of the day, and a weaker indication of the existence of a 

weekly factor for a few hours of the day.

Thus, it is possible to conclude that the day-to-day variability detected in the hourly flows 

in both cities cannot be attributed to any clear systematic effect that can be generalized.

In Chapter 5, using the methods developed in Chapter 4, fixed-time signal plans that 

accommodate within-day and between-days variation are calculated and evaluated. 

Compared with other practical methods of calculation of signal plans reveals that:

1) The use of the average flow in the calculation of fixed-time signal plans is 

adequate and accommodates the day-to-day fluctuations, provided that they are 

sufficiently small.

2) The use of single-day observations in the calculation of signal plans can result 

in poor performance of the traffic control system.

3) The use of mixed plans (calculated with non-concurrent observations) yields a 

performance that is better than the single-day observation plan. This might be due 

to an unintentional incorporation of some measure of the traffic variability in the 

calculation of the signal plan.

4) The Grouped Plan technique can make the techniques discussed in (2) and (3)
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above perform significantly better. However, it requires several observations of the 

flow on each link of the network. Besides that, it increases significandy the 

processing time (by a factor of five) required by TRANSYT to perform the 

calculation of the signal plan and reduces the size of the networks that can be 

analyzed.

5) The VITAMYN technique can solve the problems that arise with the grouped 

plan. Using both kinds of traffic data (single day and non-concurrent observations) 

it calculates signal plans that perform better than the standard ones. There are 

cases where the evaluation of VITAMYN plans gives better performance than the 

grouped technique. Thus it provides a simple technique for the calculation of 

robust signal plans.

6) The Grouped Plan and VITAMYN techniques can also be used to calculate a 

plan that accommodates within-day variation. The normal operation of fixed-time 

control systems, with three basic plans (morning peak, evening peak and between 

peaks), can be improved if VITAMYN is used. Those methods can be used to 

calculate signal single plans suitable to control the traffic during the whole day.

6.2 - Suggestions for further research

The use of real traffic data for the evaluation of the VITAMYN method is still a subject 

that needs further investigation. The comparisons made with only one week of observed 

traffic flows, in fact, validate the results obtained with the artificial network and flows.

196



However, the investigation of the performance of the fixed-time traffic control system 

using plans calculated with values observed in one week to control the traffic flows during 

several other weeks is of great importance.

The VITAMYN Plan calculated with non-average flows (single day and non-concurrent 

observations) was intended to accommodate between-days variability. The analysis of the 

amount of within-day variation that can accommodated by such plans would indicate the 

possibility of using fewer plans during each day.

Finally, the calculation of plans that include others sources of variation, such as different 

travel speeds, bus unloading/loading times at bus stops and saturation flows (due to 

different traffic compositions, for example) is also a target for the application of the 

VITAMYN technique.
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