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FOREWORD

TRAFFIC SIGNAL CONTROL is by far the most common type of control at heavily
trafficked intersections in urban areas, and in the central areas of large towns
delays at traffic signals can account for as much as a third of the total journey
time. A great deal of research has been carried out to help the engineer in design-
ing suitable traffic-signal schemes and in setting signals to minimize delays;
much practical experience has also been gained by engineers working in the field
over the last thirty years or so. Some of the results of research and some informa-
tion based on experience have been published in a variety of journals, but none
of the articles is really comprehensive.

This Technical Paper attempts to provide a more comprehensive treatment
of the subject than has been possible previously; it contains much that has
already been published, but in addition, records the results of further research
carried out especially to fill in some of the gaps in the knowledge.

This Paper has been prepared jointly by an engineer from the Highways
Division and a scientist from the Road Research Laboratory of the Ministry of
Transport. The Paper is thus based both on research and practical experience
of signal control.

D 1: EYONS:
Director of Road Research

RoAaD RESEARCH LABORATORY,
April, 1966
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Traffic Signals

SUMMARY

A DESCRIPTION OF fixed-time and vehicle-actuated traffic signals, including
details of the various facilities available with present British vehicle-
actuated equipment, is given in this Paper. Some information on pedestrian
signals is also included. Methods of co-ordinating signals at two or more
intersections are discussed.

Information is given on the various stages in the design of a signal
scheme, e.g. warrants for signals; layout and siting of signals, islands and
detectors; use of carriageway markings; widths of approaches and the use
of special right-turning lanes and left filters; phasing and clearance periods.

The results of research into the capacity of intersections controlled
by traffic signals are described, and it is shown how capacity is affected
by the width of the carriageway, the gradient, the type of site, the presence
of right-turning vehicles, heavy commercial vehicles and parked vehicles.

The results of research using an electronic computer to simulate
traffic at traffic signals, previously published in Road Research Technical
Paper No. 39, are repeated in this Paper for completeness. A formula for
the average delay at fixed-time signals is given, and it is shown how this
formula can be used to predict the delay at vehicle-actuated signals also. The
effect on delay of a vehicle parked on the approach to a signal-controlled
intersection is also investigated. From the delay formula expressions
have been deduced for the cycle time and green times (fixed-time signals)
which give the least overall delay to vehicles using the intersection, and the
expressions can be used as an aid in setting vehicle-actuated signals. The
procedure to be adopted in deducing optimum signal timings, when the
phasing arrangement is complex or when saturation flow is not constant, is
outlined. A comparison of vehicle-actuated and fixed-time working of a
signal-controlled intersection is made and the advantages of vehicle-
actuation are shown.

The use of signals at congested roundabouts to avoid the ‘locking’
condition which frequently occurs under heavy traffic is discussed. The
problems associated with traffic signals on high-speed roads are mentioned
together with a brief description of a new type of control equipment to
overcome these difficulties. A formula is given for signal settings at road-
works and bridges where shuttle working may be operated.

The Paper concludes with suggestions for the application of the
information given, and a number of worked examples are appended to
illustrate the methods described.

INTRODUCTION

Although an appreciable amount of published work is now available on traffic
signals it deals mainly with isolated aspects of the subject. It was felt by the
authors that something more comprehensive was required by those whose job
it was to deal with thé technical and design problems of signal-controlled
intersections. This Paper was therefore written essentially as a practical guide,
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dealing, as comprehensively as the space allows, with the subject from the
design point of view. The Paper does not cover the electrical or hardware
aspects.

The techniques used in installing traffic signals, in arranging for the most
efficient phasing and in co-ordinating groups of signals, etc., have evolved
mainly from the experience of the engineers engaged on this type of work.
It is difficult for newcomers to the subject to learn these techniques and an
attempt is made in this Paper to remedy this situation.

As the volume of road traffic increases, more and more traffic signals are
installed at intersections. Since it has been estimated that queueing at traffic
signals accounts for about 100 million vehicle-hours each year it is clearly of
the utmost importance to set the timings correctly so as to minimize this delay.
This Paper repeats the rules given in an earlier Technical Paper®* for setting
fixed-time signals and extends them to apply to vehicle-actuated signals. The
previous Technical Paper on this subject was of a theoretical nature, and much
difficult interpretation of the rules was required in order to deal with a number
of not-uncommon situations. Consequently, guidance on the practical applica-
tion of the results of research has been included here.

Capacity of signal-controlled intersections is a very important subject and
is of considerable concern, not only at the design stage, but also when making
economic assessments of different types of intersections and of the value of
improvements at signal-controlled junctions. The latest results of the Road
Research Laboratory’s work are given in the Paper.

The Ministry of Transport has recently produced a Memorandum, “Urban
Traffic Engineering Techniques’,® and is currently producing a Manual on
‘Roads in Urban Areas’.® These papers will give additional practical informa-
tion on traffic signals, although there will be a certain amount of overlap with
this Paper.

A glossary of terms and symbols used in this Paper, together with some of
the equations, is given in Appendix 1. It should be noted that the same units
of time and distance must be used throughout any particular formula, unless
otherwise specified.

HISTORICAL

The first traffic signal was installed in Westminster in 1868 and was of the
semaphore-arm type with red and green gas lamps for night use. Unfortunately,
however, an explosion occurred and no further experiments of this nature were
tried for half a century. In 1918 the first manually operated three-colour light
signals were installed in New York, and in 1925 manually operated coloured
light signals were used by the police in Piccadilly, London. The following year
the first automatically operated traffic signals in Great Britain were installed
at Wolverhampton.

The natural development of traffic control methods led from manually
operated to automatic fixed-time signals, where predetermined ‘stop’ and ‘go’
periods were alternately timed off. These signals helped to ease traffic conditions
but were not efficient at junctions where the traffic volume varied considerably;

*As far as the practising engineer is concerned the present Paper supersedes the earlier one,
though the latter contains information on the methods and analyses used in obtaining the
results
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‘programme’ controllers were therefore introduced to al_ter t_he length of the
‘stop’ and ‘go’ periods in steps throughout the day to fit in with a prearrq.nged
plan. Some streets having a large number of cross-roads were later equ}pped
with fixed-time signals at each intersection along t_he route, and tlze 51gna1§
were linked together in such a way that the green periods appe_ared to ‘progress
along the road, allowing groups of vehicles more or less upmterrupted travel
at a predetermined speed through the series of intersections. This was an
improvement where a series of intersections could be dealt with t.ogethc_r, but
at isolated intersections traffic was still being delayed unnecessarily; this was
due to the inflexibility of fixed-time signals and also to lack of knowledge of
the settings which would give minimum overall delay.

At the beginning of the 1930s a first attempt at vehicular control of 51gu'als
was made in the United States of America by placing microphones at the side
of the road and requesting drivers to sound their‘ horns. There were many
objections to this scheme, and a method using electrical contacts plgced in ‘the
paths of vehicles was subsequently tried. This method has survived in prmc1p}e
up to the present day although pneumatic tubes are now generally used in
Great Britain. Air displaced in the tubes by a vehicle passing over them operates
electrical contacts housed in a sealed compartment at the side of the road.
Other types of detectors, e.g. inductive detectors, radar, ma}gnetic apd ultrasonic
detectors, have been used abroad and some of these are being considered or are
undergoing trials in this country.

The first vehicle-actuated signals in Great Britain were inst'fllled in 1932 at
the junction of Gracechurch Street and Cornhill i.n the City of I.om?on.
Unfortunately history repeated itself, and when the signals were switched into
service an explosion occurred owing to seepage of gas into the controller
cabinet. Despite this unhappy incident vehicle-actuated SJgna}Is.soon pecame
established and three years later the first linked systems, consisting entirely of
vehicle-actuated controllers, were installed in London and Glasg_ow.

There are now about 4000 signal installations in Great Britain, about 1000
of these being in the Greater London area.

PRESENT-DAY TRAFFIC SIGNALS

Signal aspects

The signal sequence of traffic signals in Great_Brit_ain is red,. red/amber
shown together, green and amber. The amber period is standardized by the
Ministry of Transport at 3 seconds and the red/amber at 2 seconds._The
2-second red/amber is at present provided only by the latest types of signal
controllers, the older types giving a 3-second red/amber.

Intergreen period. The time from the end of the green period of the pl’}a?e*
losing right-of-way to the beginning of the_: green .perlocl of the phase gaining
right-of-way is called the ‘intergreen’ period. With the latest type of signal
controller the minimum intergreen period is normally 4 seconds, the amber

*Phase is the sequence of conditions applied to one or more streams of traffic which, during
the cycle, receive simultaneous identical signal indications
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period of one phase and the red/amber of the succeeding phase overlapping
by 1 second. The intergreen period can be extended to 5 seconds when the
amber and red/amber periods appear consecutively (sometimes called sequent
ambers). Further extension of the intergreen period produces a period of
‘all-red” between the amber and the red/amber. With the older controllers the
minimum intergreen period is 3 seconds, the amber and red/amber being shown
concurrently. Sequent ambers and all-red periods can be given, but the older

controllers do not give partially overlapping ambers. The various intergreen
periods are illustrated in Fig. 1.

Intergreen period: - * Lost time:

4 seconds + 3 seconds
Phase 1
Fhase 2

1
o 4 seconds
Intergreen pericd: Lost time:
5 seconds 4 seconds

e 4 P
1
rove - Y R ST

o 5 seconds
Intergreen period: Lost time:
12 seconds 11 seconds

Phase 1

Phase 2

o 12 seconds

Concurrent ambers (old type controller)

Intergreen period:. Lost time:
3 seconds 2 seconds
Phase 1
Phase 2
0 3 seconds

* See section Lost time' .

FiG. 1. Examples of intergreen periods at a 2-phase traffic signal

Types of signals available

There are essentially two types of signals in general use: fixed-time and
vehicle-actuated. Although most fixed-time signals have been replaced by
vehicle-actuated signals in Great Britain, in some countries, e.g. the U.S.A,,
fixed-time signals are far more numerous than the vehicle-actuated type. An
intermediate type, semi-vehicle-actuated signals, with detectors on the side
roads only, is discussed later.

Fixed-time signals

With fixed-time signals the green periods, and hence the cycle times, are
predetermined and of fixed duration. The controllers are simple and relatively
inexpensive but they are necessarily inflexible and require careful setting. They
are most successfully used in linked systems. They can be equipped with time
switches to alter the settings at certain periods of the day, to cover different
traffic conditions.

Vehicle-actnated signals

With vehicle-actuated signals the green periods are related to the traffic
demands, using detectors which are normally installed on all approaches. In
the absence of demands the signals will rest indefinitely on the phase which
was last served. With the latest British equipment the controller consists of
several low-voltage electronic timers. The following facilities are available:

Minimum running period. This is the shortest period of right-of-way which
is given to any phase and is long enough for vehicles waiting between the
detector and the stop line to get into motion and clear the stop line. On the
latest controllers the minimum running period is not fixed but varies between
7 and 13 seconds* according to the number of vehicles waiting. The minimum
value and the rate of build-up can be varied to suit different site conditions.
Under light flow conditions the minimum running period is automatically
reduced; this permits a quicker change of right-of-way, thus reducing overall
delay to vehicles, particularly when three or four phases are in use.

Vehicle-extension period. The green period may be extended beyond the
minimum running period by vehicles passing over the detectors. As each
vehicle crosses the detector the green period is extended by an amount called
the vehicle-extension period. In many of the older controllers this extension
was of a fixed duration, but in the latest controllers the extension is related to
the speed of the vehicle as measured at the detectors. It is automatically varied
to enable each vehicle to travel a pre-set distance (between 75 and 160 ft)
from the detector to a point generally 10 or 20 ft beyond the stop line. The
system is reasonably accurate for speeds between 15 and 30 mile/h but outside
these limits there is greater variation in the extension distances; at the higher
speeds there are inaccuracies in speed measurement, and at the lower speeds
it is necessary to impose a cut-off in the extension time in order to avoid
overlong extension periods. Extensions are individual and not cumulative and
the associated timer is only reset to a new value if the next extension exceeds
the unexpired time of the previous extension. When the interval between

*8 and 15 seconds on earlier models of the latest type of controller
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vehicles crossing the detector becomes greater than the vehicle-extension
period, right-of-way is transferred to the next phase if so required (this is
called a ‘gap’ change of right-of-way).

Pre-set maximum period. To prevent vehicles on a halted phase from waiting
indefinitely because of a continuous stream of traffic on the running phase a
maximum period is timed off, after which the signals change right-of-way
irrespective of the state of the vehicle-extension period. The maximum period
starts at the beginning of the green period if vehicles are waiting on any halted
phase, or at the time the first vehicle passes over the detector on any halted
phase, whichever is the later. Thus the period may be regarded as a maximum
waiting period rather than a maximum green period. It can be set within the
range 8 to 68 seconds.* When a change of right-of-way occurs owing to the
expiry of the maximum period, provision is made for the right-of-way to return
to the original road as soon as traffic conditions on the other roads permit
(this is called maximum reversion), and the minimum running period is then
normally set at 7 seconds but can be increased by movement of further vehicles
over the detector.

If the traffic is fairly heavy on all phases the green periods may run succes-
sively to maximum, giving in effect fixed-time operation. Many signals in large
cities operate in this manner during peak periods.

Variable maximum period. This is a facility which allows the maximum to be
extended automatically beyond its pre-set value if the average rate of traffic
flow at the end of the maximum period (on one or more of the running approaches
as desired) exceeds a predetermined critical value. Right-of-way can then
continue (provided there is no gap change) for so long as the average rate of
flow exceeds the instantaneous value of a limiting rate of flow against which
it is continuously compared—the value of the limiting rate of flow being the
critical value at the beginning of the extended period, and increasing steadily
thereafter. :

Variable intergreen period. Extra clearance may be required to protect the
passage of clearing traffic through an intersection before the next traffic stream
is released. If a phase change occurs at the end of the minimum green or
through a maximum termination or immediately at the end of a vehicle-
extension the whole of the intergreen period is required. This is illustrated in
diagram A of Fig. 2. It can be seen in diagram B that if the phase change takes
place 2 seconds after the end of the vehicle-extension period the ‘all-red’ may
be reduced by 2 seconds; this allows the same separation in time between the
two moving streams. Similarly if 4 seconds elapse (diagram C) before the
phase change then the extra intergreen period may be eliminated. This facility
may be used in conjunction with additional detectors within the controlled
area to extend the intergreen period, e.g. to control the all-red periods for
shuttle working on bridges. Fixed intergreen periods may also be employed
in suitable circumstances.

Sequence of phases. Normally the phases are served in cyclic order and if
there is no traffic requiring a particular phase it is omitted. Provision is made
where desired for reversion to a selected phase in the absence of demands
from other approaches.

*Traffic signals on certain holiday routes can have the appropriate maximum period increased
by a further 2 minutes by operation of a switch

-

Last 4-second additional
vehicle -extension  variable all-red
—_—
Phase 1
LR Minimum green
Phase 2
N 5 7
Opposing demand ~9-second
exists betore or mtergl_-een
arrives during this periced
period
Additional variable
Last all-red reduced to
vehicle -extension 2 seconds
Phase 1
Diagrdim Minimum green
B
Phase 2
e
Arrival of opposing _7-second
demand 2 seconds intergreen
after last vehicle — period
extension has expired
Last Additional variable
vehicle -extension all-red eli’,minuted
e
Phase 1
Diagram Minimum green
Phase 2
el Ly
Arrival of opposing 5-second
demand immediately intergreen
after expiry of last period

vehicle - extension
plus nominal setting
of additional variable
all-red

FiG 2. Variable intergreen period based on a 5-second minimum intergreen and
4-second additional variable all-red

Police facilities. A switch, accessible to the police, enables_ selection :t)etween
normal vehicle-actuated working, fixed-time working to maximum settings and

manual control by pushbutton.

Early cut-off. To facilitate a heavy right-turning movement from one
approach, the green time of the opposing arm can be cut off a few seconds
before the arm having the right-turn movement. The early cut-c?ﬁ" may 't_Je
either fixed-time or may be extended by a detector within the junction 51ted_ in
the path of right-turning vehicles (see Fig. 3). If the ‘both-way’ running period
for the main road is connected to Phase A of the controller, the early cut-.oﬁ'
to Phase B and the side road to Phase C, then the detector in the opposing
arm will normally call and extend Phase A; the detector in the approach with
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Phase A Both-way main road
Phase B Early cut-off
Phase C Side road

Call B,C
" Extend C

Direction of

/ heavy right turn
c

Call A B

Extend A A %J

MAIN ROAD Cx Alwg Call A
f’/ N‘A‘B
c
Extend B

SIDE
ROAD

Call B,C

Extend C |™

P Primary signal
-—S Secondary signal

With filter signal
== Detector

FiG. 3. Phasing and detector connexions with early cut-off

the heavy right turn will call only Phase A; the detector within the junction
will extend only Phase B. At junctions where the straight-on traffic is heavy
in relation to the right-turning traffic it may be necessary for both approach
detectors to extend as well as call Phase A but generally this is neither necessary
nor desirable. The side-road detectors call Phase B as well as calling and
extending Phase C. (With this detector arrangement the early cut-off is brought
in on every change to the side road and if this is not desired—e.g. under light
traffic conditions—the early cut-off phase may be switched in and out under
time-switch control. An alternative arrangement is for the detector within the
junction to call Phase B, the call being stored—if there is no outstanding
demand for Phase C—until a demand for Phase C is received. This arrangement
will not be satisfactory unless the detector can be so sited that right-turning
vehicles are bound to cross over it before stopping to make the turn; in
addition, the detector must not be traversed by straight-on vehicles.)

Late release. An alternative way of dealing with right-turning traffic is to
delay the start of the opposing traffic by a few seconds. It is difficult to arrange
satisfactorily for the duration of a late release to be vehicle-controlled and
hence it is usually a fixed-time period. Although less flexible than an early
cut-off, a late release is sometimes preferable (see ‘Phasing’). If the late-release

period is connected to Phase A and the ‘both-way’ running period to Phase B
of the controller, then the detector on the approach with the heavy right turn
will call A and B and extend B, whilst the detector on the opposing arm will
call and extend B only.

Combined early cut-off and late release. Where an early cut-off is used to
serve a heavy right-turn demand it is important that the right-turning traffic_
should wait till the end of the ‘both-way’ running period and not try to establish
a right-turning movement at the beginning of the period. This can be achieved
by starting the opposing stream 3 to 4 seconds before the stream with the right
turn (by a late release of the latter). A late release is therefore often provided
on one approach in conjunction with an early cut-off on the opposing one.
The phasing and detector connexions are shown in Fig. 4. (This arrangement
is generally unnecessary on dual-carriageway roads.)

Late release
Both-way main road
Early cut-oft

Side road

Phase
Phase
g Phase
Phase

o0 wP

Call C,D
Extend D

Direction of
heavy right turn

Cell AB c /
Extend B A-Bﬂ %0

MAIN ROAD i BFvl,XB,C Call B

Extend C

SIDE
ROAD

Call C,D
Extend D |™=

—J Primary signal
——-b Secondary signal
«A® with filter signal
= Detector

Fi1G. 4. Phasing and detector connexions with combined early cut-off and late release

Density control. This feature is available on certain older controllers but not
on the latest type, for which the variable maximum facility has been developed.
With density control the maximum period is automatically varied between a
high and a low limit depending upon the traffic flow (see Fig. 5). After each
vehicle passes over the detector the timing condenser in the maximum period
circuit is charged at a low rate for a certain pre-set interval of time. At the
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Maximum period Lower maximum Resulting maximum Higher maximum

expires 15 seconds 25 seconds 50 seconds
- A
Typical operaticnal
curve |
|
_ 200 ‘ * i
o /
w
=
@
T
c
(o}
o
o
=
E [
= |
=
~5
o 100
o
o
=
o
° |
SETTING OF THE CONTROLLER| |
Higher maximum 50 seconds
Lower maximum15 seconds
[¢]

30 40 50
Time (seconds)

FiG. 5. Example of maximum timing using density control

end of this interval the charging reverts to a high rate. Thus very heavy traffic
would prolong the low-rate charging interval so that the maximum period
would be equal (or nearly so) to the high maximum setting. With very light
traffic the maximum period would be little more than the low setting. Density
control was designed primarily for junctions where the phases frequently run
to maximum and where there is heavy traffic on one phase at one time of the
day and on a different phase at another time of day. The maximum periods
agtomatically adjust themselves to cater for such fluctuations in flow on each
phase.

The variable maximum facility has the advantage over density control that
the extension of the maximum is dependent on a heavy traffic flow at the end of
an _ngrmal maximum period and not on traffic flow throughout the green
period.

Semi-vehicle-actuated signals

With semi-vehicle-actuated signals detectors are installed on the side roads
pﬂy and the right-of-way normally rests with the main road, being transferred
immediately (or at the end of a pre-set period) to the side road when a vehicle
passes over the side-road detector. The green period on the side road can be
extended in the normal way by successive demands up to a pre-set maximum.
After right-of-way has been returned to the main road, it cannot be taken
away from the main road until the pre-set period has expired. Semi-vehicle-
actuated signals at times of light traffic are believed to have a higher accident
rate than fully vehicle-actuated ones; this is probably because of the immediate
signal response which an approaching side-road vehicle gets on crossing the
detector, thus causing the main-road stream to be interrupted quite arbitrarily.
A dangerous situation could arise if a main-road vehicle could not stop in time
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(owing to this arbitrary interruption of the green time) and a side-road vehicle
was allowed to enter the intersection at speed. This danger can be lessened by
introducing a ‘delayed-change’ facility so that the red/amber is delayed by
1 to 2 seconds after the vehicle crosses the detector. For this reason, and also
because of delay considerations, only signals with full vehicle-actuation are
installed in Great Britain.

Co-ordinated control systems

When two or more junctions are in close proximity on a main traffic route
some form of linking is necessary to reduce delays and prevent continual
stopping. The purpose of a linked system is to pass the maximum amount of
traffic without enforced halts, while allowing for the claims of cross-street
traffic. Sometimes minimum overall delay to all streams, including the side-
road streams, is sought. Alternatively, or additionally, linking may be employed
to prevent the queue of vehicles at one intersection from extending back and
interfering with another. The several basic forms of linking are described below.
Of these the simultaneous, alternate and flexible progressive systems require
a master controller and may be used where several installations are linked
together. Linking without a master controller, which. is generally employed
where only two installations are linked, but may be employed with more, is
described under ‘Tailor-made systems’. *

Simultaneous system (synchronized system). All the signals along the con-
trolled section display the same aspect to the same traffic stream at the same
time. This type of system encourages speeding as some drivers try to pass as
many intersections as possible before the signals change. Variations on this
basic system can be used with both fixed-time and vehicle-actuated signals to
give green times at each intersection corresponding to traffic needs. A common
cycle is used throughout and a master controller keeps the local controllers
in step.

Alternate system (limited progressive system). With this system consecutive
signal installations along a given road show contrary indications. The aim is
for vehicles to travel one block in half the cycle time. Drivers find that if they
exceed the design speed of the system they are stopped at each signal. This
system is not very suitable for streets where the distances between intersections
vary appreciably. Variations on this basic scheme can be made with both
fixed-time and vehicle-actuated signals under the control of a master controller.
The alternate system can be extended to allow adjacent groups of synchronized
signals to show opposite indications along the main route.

Flexible progressive system. The cycle time for each intersection in the
system is common but the ‘go’ periods are staggered in relation to each other
according to the desired road speed. This is intended to give a ‘progression’ of
green periods along the road in both directions. To arrive at the best arrange-
ment of the ‘go’ periods it is helpful to construct a time-and-distance diagram
as shown in Fig. 6. The amount of the cross-street traffic must be taken into
account in deciding the permissible length of the green periods on the main
roads and, in general, a compromise is effected between the various require-
ments. With unevenly, spaced junctions a compromise has also to be made
between the two directions and the resulting system often is basically a mixture
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FiG. 6. Time-and-distance diagram for a hypothetical linked system

of ‘alternate’ and ‘synchronized’ working. This system can be used to give a
‘preferential’ movement, e.g. in the morning peak to favour the inbound flow
at the expense of the fewer vehicles travelling in the opposite direction, and
vice versa in the evening peak (see ‘Delays and optimum settings of linked
signals’ for more details).

The flexible progressive system requires a master controller to keep the
‘local’ controllers at each intersection in step. Either fixed-time or vehicle-
actuated signals can be used. If vehicle-actuated signals are used the local
controllers at each intersection in the system operate according to the over-
riding progressive plan whilst there are continuous demands from all detectors.
If the flow falls and there is no longer a continuous demand on the detectors
at a particular installation in the system it would be free to operate as an
isolated vehicle-actuated installation, changing right-of-way when necessary to
suit the traffic arriving at the intersection. However, there is the proviso that
any change of right-of-way that takes place should not interfere with traffic
passing through the system in accordance with the progressive plan. This
means that there are certain periods in the cycle when a change of right-of-way
cannot take place because there would be insufficient time in which to regain
right-of-way for the road which, according to the progressive plan, is entitled
to it. There are also periods when a forced change of right-of-way can be
made to facilitate the working of the progressive plan.

One of t.he available flexible progressive systems incorporates three time
pulses, designated ‘I?revent’, ‘Privilege’ and ‘V.A.’, with each traffic phase.
The ‘Prevent’ pulse introduces a period during which the only change which
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can be made is to the phase which will next require right-of-way. Some
seconds later the ‘Privilege’ pulse permits a forced change to the required phase,
if this is not already running, and then holds the controller on that phase.
After the “Privilege’ period a ‘V.A.’ pulse either maintains the current phase
or permits the controller to change to another phase according to traffic needs,
ie. to operate as an isolated vehicle-actuated controller until the ‘Prevent’
pulse for the next phase is received.

An alternative system uses two time pulses for each phase, designated
‘Check’ and ‘Commence’. The ‘Check’ pulse is similar in effect to the ‘Prevent’
pulse of the other system. The ‘Commence’ pulse introduces a bias period
during which signals are biased to the selected phase. Demands from other
phases may be served if a gap occurs on the selected phase, but fresh demands
on the selected phase will, during this period, bring about an immediate change
to the selected phase (subject to expiry of the minimum green period on the
phase losing right-of-way).

When traffic is very light the progressive system may be considerably less
flexible than an unlinked system of vehicle-actuated signals because of its
mode of operation. This limitation can be partly overcome by a time switch
arranged to link and unlink all the signals in a system. A time switch can also
change the progressive ‘plan’ in a predetermined manner. Alternatively, traffic
integrators (devices for counting traffic) can be used to do this in accordance
with the traffic flows at one or more locations. The traffic integrator can also
vary the common cycle time. Since traffic integrators measure flow over a
period, they cannot vary the common cycle time from cycle to cycle according
to traffic needs. Where wide variations are required from cycle to cycle, either
in cycle time or in the proportions of time given to each phase, the tailor-made
systems described below are generally to be preferred.

Tailor-made systems. At the present time many schemes of linked signals in
Great Britain are designed specifically, or ‘tailor-made’, for particular locations.
These systems do not generally have a master controller to govern the operation
of several local controllers as this often leads to. less efficient control at
particular key intersections in the system. In a ‘tajlor-made’ scheme the signals
at the key intersection are usually allowed to operate in a fully vehicle-actuated
manner and to control the times at which the right-of-way is changed at the
neighbouring intersections. This may be to favour traffic leaving the main
intersection (which can be described as forward linking) or to prevent a queue
back from the key intersection interfering with the previous intersection (which
can be described as backward linking). The following are the most common
forms of link and may be used either for forward or backward linking:

(a) Commencement of a particular phase at the key intersection gives a
demand for a selected phase at the controlled intersection. Detector
operations at the key intersection may be repeated at the controlled
intersection.

(b) Commencement of a particular phase at the key intersection causes a
forced change to a selected phase at the controlled intersection (subject
to the minimum green on the running phase having expired).

(c) As (b) but in addition the maximum timer at the controlled intersection
is disconnected for the duration of the phase at the key intersection.
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(d) As(b)butin addition both the vehicle-extension timer and the maximum
timer at the controlled intersection are disconnected for the duration
of the phase at the key intersection. This facility can be used only when
there is a permanent demand for some other phase at the key inter-
section.

The transmission of the pulses from the key intersection may be instantaneous
or may be delayed to allow for the travel time between intersections. One
disadvantage of this method of linking is that progression towards the key
intersection is considerably less efficient than progression away from it, but
under heavy traffic this can in practice be an advantage since it lessens the
risk of congestion at the key junction by facilitating movement away from
rather than towards that junction. Each particular location should be studied
carefully to arrive at the most suitable system. More details of tailor-made
systems are given in Appendix 2.

Delays and optimum settings of linked signals. Little research has been carried
out on the optimum settings of linked signals. Delay, capacity, safety, stopping
and starting are all important parameters which should be considered. Even
if delay alone is considered there is little information available to guide the
engineer in choosing a system which takes account of the instantaneous
distribution of speeds, and variations in mean speed and traffic flow throughout
the day.

With unequally spaced intersections on a two-way street, assuming constant
speed throughout the system, the through bands of the time-and-distance
diagram (see Fig. 6) do not coincide at every intersection. This means that at
certain intersections (e.g. intersections A, B, D and E in Fig. 6) the platoons
of vehicles from one direction arrive before those from the opposite direction.
This causes inefficient operation of the system because more green time is required
on the main road at such intersections for a given through-bandwidth and
hence less green time can be allocated to the side roads. Time-and-distance
diagrams are normally produced on a trial and error basis as outlined in
Appendix 3. However, Morgan and Little® have described a method for
synchronizing the signals on a route to produce bandwidths which are equal
and as large as possible, given the green and red durations for each signal and
the desired speeds of progression in each direction between adjacent signals.
Their method can be used to adjust the synchronization to increase one band-
width to some specified value (provided it is feasible) and to maximize the
other. Even though their method takes account of different speeds in the various
sections of the system it assumes that in any one section all vehicles travelling
in the same direction have the same speed. They discuss the merits and limita-
tions of other ‘bandwidth’ methods of synchronizing signals, namely, those
proposed by Matson, Smith and Hurd,® Petterman,(® Raus,(” Bowers,®)
Davidson,® and the Traffic Engineering Handbook. 1

Details of some interesting work on a mathematical treatment for linked
signals have been given by Newell,(1)U2) who took the variation in speed of
individual vehicles into account. He considered two cases: very light flow and
almost saturated flow. For light flow conditions@!) the mathematical analysis
indicated that with short distances between lights the optimum phasing
depended on the proportion of green time to cycle time allocated to the pro-
gressive phase; with large distances between lights it appeared that the usual
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progressive timing was likely to cause greater delays than a random syn-
chronization of the lights, but there are other schemes of synchronization
which would be better than the random arrangement. For very heavy uni-
directional traffic Newell!2 found, using certain assumptions, that the best
synchronization for consecutive pairs of lights gave the best overall synchroni-
zation for unidirectional traffic. The optimum scheme is one for which the
tail car of a platoon suffers no delay but the lead car is stopped. For heavy
two-way traffic his analysis suggested that the optimum scheme was likely to
be the one which was optimum for the direction with the lower flow. However,
Newell concluded that much more research was required on this subject and
the results should, of course, be tested under practical conditions.

A method of calculating the delay in a linked system, based on a graphical
description of the traffic flow, has been given in an unpublished paper® by
N. Forchhammer, a Danish signal engineer. The method can be used to
estimate the delay for different levels of flow through the system, assuming all
vehicles travel at the same speed. The effects of variation in mean speed can be
determined as well as the effect of having a distribution of speeds at very low
flows—this can give useful information on night-time settings. Using the
method described, alternative signal schemes can be compared quickly and
easily. A modification of Forchhammer’s method has been described by
Dick.(3)

The Laboratory has undertaken research on the simulation of a set of
fixed-time linked signals using an electronic computer.(4) A method of linking
fixed-time signals to give minimum delay over certain types of network has
been proposed by Whiting and described by Hillier®® in a paper which also
gives proposals for unconventional forms of signal control.

Linking a network of streets. All the systems of linking mentioned previously
can be applied, with varying degrees of success, to a network of streets. If the
network consists entirely of one-way streets with alternate directions a useful
basic system is the ‘quarter-cycle offset’ system in which the green periods at
adjacent intersections are displaced by a quarter of a cycle. Figure 7 shows a
grid network of streets with the time (in cycles) of the beginning of the green
periods marked at each intersection. The arrows show the platoons of moving
vehicles at the beginning of their green periods. With this type of system the
platoons travel one block in a quarter-cycle compared with a half-cycle with
the regular alternate system (for two-way streets). Since block lengths are
usually fairly short in the centres of urban areas, the cycle time which gives a
reasonable progressive speed is often much too short with the alternate systems,
whereas a more reasonable cycle length can usually be found when the
‘quarter-cycle offset’ system is used.

Area traffic control. Consideration is now being given to the use of digital
computers to provide systems of area traffic control. 1919 UNU8) The purpose
of such control is to reduce delays by

(a) better methods of linking signals according to the traffic situation at
any given time;

(b) diversion of traffic away from congested routes to alternative routes
where spare capacity is available; and

#<Calculation of delay in linked street signal systems based on a graphical description of
traffic flow in the system’
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(c) lane-switching, or switching of peak-period one-way systems, on tidal-
flow routes.

Digital computers can provide additional facilities for

(a) preventing forward movement from one signal installation when the
queue back from the next installation reaches a critical point;

(b) giving priority to forward movement at the next installation in order
to clear the queue;

(c) banning of right turns (accompanied by re-routeing) when this
manoeuvre causes disruption of through-traffic movement;

(d) switching in and out of special facilities for right-turning traffic in
accordance with the general traffic requirements of the area; and

(e) emergency arrangements for traffic control when normal conditions are
interrupted by accidents, roadworks, special events, weather and so on.

.

Pedestrian signals

At intersections controlled by signals the requirements of pedestrians are
catered for in two ways in Great Britain. One method is to provide a crossing
marked out in studs in front of the stop line (see Fig. 10) for use by pedestrians
during normal signal timings, i.e. no special phases are given for them. This
arrangement is normally used at intersections where turning traffic is not
heavy. In the second method pedestrians’ movements are controlled by separate
signals during a special phase. This is a more positive method as all traffic is
halted before the pedestrian phase is given, but it causes greater delay to
vehicles.

Pedestrian signals have two aspects. The current Traffic Signs Regulations
and General Directions1® provide for the introduction of one aspect showing
a red figure of a stationary man on a black background and the other showing
a green figure of a walking man on a black background*, but these signals have
not yet been introduced, and present signals show the word ‘WAIT’ in red on
a black background, and the word ‘CROSS’ in white or green on a black
background. With the present signals, the ‘CROSS’ indication is usually
displayed for a pre-set period of 6 to 10 seconds according to the pedestrian
flow, and is followed by a clearance period of 2 to 8 seconds during which all
Vehicle signals are at red and no signal is displayed to pedestrians. The “WAIT’
signal to pedestrians is then displayed coincident with the red/amber of the
next vehicular phase, and continues until the green pedestrian signal is next
given. The combined length of the pedestrian phase, the clearance period, and
the following red/amber period is usually based on the time taken to cross the
road at 4 ft/second. Where pedestrian flows are very heavy, longer times are
given if the traffic situation permits. If the transit time to the pedestrian crossing
for traffic starting up on the next vehicular phase is appreciable, appropriately
shorter times may be given. When, however, the transit time permits of a
reduced clearance period it is essential on multi-phase installations to ensure
that adequate clearance is given to each possible following phase, e.g. if reduced
clearance is given on phase change B to C (B being the pedestrian phase) a
longer clearance may be needed in the phase change B to D on occasions when
phase C is omitted.

A short all-red period is usually inserted before the green pedestrian signal
is displayed to ensure that traffic is clear of the crossing before pedestrians are
signalled to cross. The pedestrian phase may be introduced either (a) by
operation of a pushbutton—this is the normal arrangement and avoids un-
necessary delay to vehicles, or (b) automatically: this may be desirable
particularly with linked signal systems to prevent signals with a pedestrian
phase getting seriously out of step with adjacent signals.

Although pedestrians may normally be allowed to cross over any of the
approaches to an intersection there will usually be one on which the pedestrian
problem is most acute. The pedestrian phase should immediately follow the
end of the vehicular phase on this approach.

These signal arrangements can also be used for pedestrian crossings sited
between junctions. With one type of pedestrian-operated signal no vehicle
detectors are installed and right-of-way normally rests with the traffic, but

*The symbolic pedestrian signals described above are being introduced in accordance with the
recommendation of the Worboys Committee on traffic signs. Current experiments with
pedestrian signals may lead to changes in the operation of signals as described above
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when the pushbutton is depressed the pedestrian receives right-of-way im-
mediately (provided a pre-set minimum right-of-way period for vehicles has
expired since the pedestrian phase was last called). It is often possible to omit
vehicle detectors without difficulties arising, particularly in linked systems, but
where vehicle approach speeds are high the installation of detectors enables
the change to a pedestrian phase to be made wherever possible during a gap
in the traffic, thus avoiding arbitrary changes which, with a 3-second amber,
may give traffic insufficient warning to stop. In such cases the detectors, being
for fast vehicles, should be sited some 250 to 300 ft from the crossing rather
than at the standard distance—see ‘Location of detectors’.

One difficulty with pedestrian signals as described above is that the pedestrian
phase§ and clearance periods, being of fixed duration, have to be set to meet
average conditions. This results in unnecessary delays to vehicles when only
a few pedestrians wish to cross, and to inadequate time for pedestrians at their
peak periods. Experiments are, therefore, in hand with a more flexible type of
control for pedestrian crossings, where the signal sequence to vehicles includes
a flashing amber period following the red signal: during this period vehicles
must give way to any pedestrians wishing to cross, but may move over the
crossing in the absence of pedestrians. Detectors would be required only
where vehicle approach speeds were high.

Zebra crossings (uncontrolled) are a common type of pedestrian crossing in
urban areas but the delay which they cause to vehicles increases greatly with
increasing flow of pedestrians. With pedestrian flows across the road of more
than about 1000 per hour the signal-controlled pedestrian crossing gives less
delay to vehicles than the Zebra crossing.

The requirements of pedestrians are also discussed in ‘Location of signals’
and ‘Pedestrian crossings’.

Signal equipment

Controller and signal assemblies. Signal equipment for use in Great Britain
must conform to the appropriate British Standard concerning tolerances in
timing and the components and materials used. The current Standard, at
present being revised, is B.S.505:1939, ‘Road traffic control (electric) light
signals’.20)

The functional requirements of the equipment must satisfy the current
Ministry of Transport’s ‘Specification for Vehicle-Actuated Road Traffic
Control (Electric) Light Signals’.

Detectors. Detectors used in Great Britain are at present of the pneumatic
type, and consist of two tubes spaced a few inches apart. The time taken for
a vehicle to travel between the first and second tube provides the means of
speed-timing the vehicle-extensions. The two tubes also render the detector
inoperative to vehicles passing over in the opposite direction. Single-tube
detector pads, which are operated by vehicles crossing them in either direction,
are simpler and cheaper than unidirectional detectors which are only operated
by vehicles approaching an intersection. With single-tube detectors vehicles
leaving an intersection, especially on a narrow road, are liable to cross the
centre line (e.g. in passing a parked vehicle) and operate the detector pads for
that approach either causing the signals to change unnecessarily or prolonging
the green period unnecessarily and thereby increasing the delay to waiting

.

traffic. The difference in cost between single- and double-tube detectors is not
very great and it is doubtful if the saving is worthwhile. Double-tube detectors
which are arranged to give speed-timing and to be unidirectional are used in
Great Britain, except for all-red extending detectors on bridges with shuttle
working where ‘both-way’ operation is required.

Maintenance. Servicing of signals in Great Britain is normally carried out by
the installing company on a ‘beck-and-call’ basis. In other countries where
traffic signals are installed by British companies it is usual for the appointed
agents of the companies to be responsible for this service, which includes
inspection and overhaul every three months. Servicing normally includes
controller and detector maintenance and may also cover group lamp replace-
ment and maintenance of the optical systems. Premature lamp failures, cleaning
and painting are usually dealt with locally and possibly also group lamp
replacement and optical system maintenance.

In a balanced 2-phase installation lamps having a 1000-hour nominal life
are normally replaced in the red and green signals every three months, and those
in the amber signals every nine or twelve months. In unbalanced 2-phase
installations, or where there are more than two phases, the replacement periods
for the red and green lamps may need to be shorter. In extreme cases it may
be worthwhile to interchange the red and green lamps after six weeks, and
renew after three months. Internal cleaning of the optical system may be
combined with lamp replacement: external cleaning may be needed more
frequently at ‘dirty’ sites. A daily check for premature lamp failures and also,
if possible, for detector faults is recommended.

Detector faults (other than intermittent troubles) normally result in failure
to respond, or in a permanent demand. Assuming the signal installation appears
generally to be operating satisfactorily, failure to respond can be checked by
ensuring that each detector on a phase will, when depressed, initiate a demand,
or give an extension. A permanent demand will not only cause the signals to
switch to a phase in the absence of traffic but will hold the phase for the maximum
running period. At installations arranged to revert to a selected phase in the
absence of demands from other approaches, failure to respond can generally
be readily recognized by failure to give extensions, and permanent demand can
be recognized by holding to maximum. A permanent demand will of course
mask any other fault on other detectors on the same phase. Detection of faults
on linked systems is more difficult and requires a detailed knowledge of the
mode of operation.

WARRANTS FOR SIGNALS

In Great Britain there are no standard requirements on which the necessity for
signals is based, each situation being judged on its merits. Broadly speaking,
the three primary aims of signal control are:

(a) to reduce traffic conflicts and delay;

(b) to reduce accidents;

(c) to economize in police time.

The first of these aims is the most common justification for signals nowadays.
Delays at junctions of the priority type (major/minor) have been studied
theoretically@) and several comparisons have been made of the delays at
junctions with and without signal control, one example being shown in Fig. 8.
It can be seen that under light flows overall delay is greater with signals than
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without but the reverse is true under heavy flows. The diagram supports the
general finding that capacity is increased with signal control; this increase is
often considerable. Figure 9 shows a typical example of the comparison of
capacities. In order to give some idea of the magnitude of the maximum flows
which can pass through uncontrolled junctions the results of some calculations
for simple hypothetical T-junctions are given in Table 1. These are ultimate
theoretical capacities (with correspondingly very high delays on the minor
road). The capacities in these particular cases vary from 750 to 1650 vehicles
per hour; it is to be expected that, when the ratio of major to minor flow is as
high as 10:1, the maximum total flow entering the junction would be much
higher than when there are equal flows on both roads.

One of the main advantages of signal control is that it generally eliminates
much of the stress and difficulty of negotiating a heavily trafficked junction.
The Ministry of Transport considers the minimum justification for signal control
to be an average flow over 16 hours of the day of about 300 vehicles per hour,

LN

For details of the priority-type junctions and traffic signais used in this
example see Fig.8.

To obtain the ultimate capacity read off the maximum minor-road
flow for a given major-road flow and add these figures.
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Fic. 9. Ultimate capacity of hypothetical T-junction with traffic signals or priority-type
control

of which at least 100 vehicles per hour are on the minor roads. This would be
equivalent to a peak-hour total flow entering the intersection (taken as about
10 per cent of the 16-hour total) of about 500 vehicles per hour. These figures
are intended for guidance and not as absolute criteria, as many uncontrolled
junctions are working perfectly satisfactorily with flows substantially in excess
of these figures, as would be indicated by the figures in Table 1. The Ministry
has suggested that in certain extreme cases of junctions controlled by ‘Halt’
signs it may be reasonable to install signals when the side-road flow is only
80 vehicles per hour if the main-road traffic is very heavy and long queues
develop on the side road as a result. This again fits in reasonably well with
theoretical calculations, as it can be seen from the bottom row of the right-hand
column of Table 1 that the ultimate capacity of the minor road would be about
90 vehicles per hour when the ratio of major-road flow to minor-road flow
is 10:1.

Studies of accidents at a sample of 21 sites revealed a 40 per cent reduction22)
when signal control replaced no control, or control by ‘Halt’ or ‘Slow’ signs.
However, accidents were observed to increase when signals replaced round-
abouts (two sites) and to decrease when roundabouts replaced signals (three
sites).22) Other information on the safety aspects of signal control is given in
reference (23).

Signal control may be expected to reduce certain types of accident (e.g.
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Table 1
Calculated ultimate capacities of some typical T-junctions
ULTIMATE CAPACITY
(vehicles per hour)
Major/Minor flow ratio:
1 4 10
[v4 Bm Bm
6 3 1 1150 1400 1650
TYPE A*
(good visibility) 6 3 2 1100 1250 1450
6 3 3 1050 1100 1150
8 5 1 800 1000 1250
TYPE B*
(poor visibility) 8 5 2 800 950 1150
8 5 3 750 900 1000

# g is the minimum gap (seconds) in the major stream which will be accepted by one vehicle
from the minor stream

Bm is the minimum average time interval (seconds) between successive vehicles emerging
from the MINOR road, i.e. when there is no flow on the major road

BM is the minimum average time interval (seconds) between successive vehicles on the
MAJOR road, i.e. when the flow is saturated

collisions between vehicles moving at right angles to each other) but is likely
to increase some other types of accident (e.g. nose-to-tail collisions). A
knowledge of the average number of accidents per annum at a particular site,
and a study of movements before impact, may help in deciding whether signal
control will be beneficial, and whether or not there is a prima facie ,case
for considering signals on safety grounds. Records show that the average
number of personal-injury accidents per annum at signalled junctions is about
two for Great Britain and six for the Greater London area. It will be
appreciated that the actual number of such accidents varies widely from site
to site.

Signals are installed, even if the above warrants are not satisfied, if they are
needed to form part of a linked system.

Elimination of police control, even if only part-time, would almost always
be financially attractive, but the policeman has special advantages in dealing
with turning vehicles (because he can see their direction indicators), in helping
pedestrians, especially young children, and in dealing with jamming of the
intersection.

In the U.S.A., where fixed-time signals are common, the traffic warrants for
this type of signal are given in the Manual on Uniform Traffic Control Devices
for Streets and Highways.@® There are many times more signals per 100 miles
of urban road in the U.S.A. than in Great Britain,@® probably because of the
grid-iron pattern of streets common to most American cities, which lends
itself to linked signal systems. In the U.S.A. the minimum vehicular warrant
for fixed-time signals in urban areas is a major-road flow (both directions
combined) of 500 or 600* vehicles per hour for each of 8 hours of the day and
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a flow on the busier minor road (approach direction only) of 150 or 200*
vehicles per hour for the same 8 hours of the day. Where operating conditions
on a major road are such that minor-road traffic suffers undue delay or hazard
in crossing or entering the major road, the above warrants are adjusted to
750 or 900* vehicles per hour for the major road and 75 or 100* vehicles per
hour for the busier minor road. The minimum warrant for pedestrian signals
is 150 persons per hour crossing the major road on the busier crossing for
each of 8 hours of the day, coupled with a major-road flow of 600 vehicles per
hour for the same hours (1000 vehicles per hour if there is a median island).
In rural areas and in isolated built-up areas the minimum warrants are 70 per
cent of the requirements given above.

As in Great Britain, signals are installed even though the above warrants
are not satisfied if they are needed to form part of a linked system. No firm
minimum vehicular warrants are given in the U.S.A. for vehicle-actuated
signals, which are installed if other conditions indicate the need for them and
if they are likely to justify their cost.

LAYOUT OF INTERSECTION
AND SITING OF SIGNAL EQUIPMENT

The locations of signals, stop lines, lane lines, traffic islands, pedestrian cross-
ings, etc., recommended in Great Britain are shown in Fig. 10.

Location of signals

Normally one primary signal is installed 3 ft from the stop line, as shown
in Fig. 10, and a second primary signal is usually installed if there is a central
island. A secondary signal is commonly installed diagonally opposite the first
primary signal (i.e. on the back of the primary signal which faces opposing
traffic). The secondary may be opposite the outer approach lane or within an
arc of 30° towards the offside of the centre line extended into the junction from
the stop line, and should be as close as possible (see Fig. 11). If long distances
of the order of 180 ft or more are unavoidable, then additional signals may be
necessary.

If, at an intersection, the road opposite a particular approach is one-way
into the intersection it is normal practice in Great Britain to exhibit two green
arrows mounted side by side, as shown in Fig. 12, instead of the full-green aspect.

At sites where special pedestrian signals are not provided it is generally
desirable that the vehicle signal indications should be visible to pedestrians as
an aid in judging when to cross. At a simple four-way intersection having
primary and secondary signals on each approach a pedestrian wishing to
cross will usually have a view of at least two signals—one applicable to traffic
he is about to cross and one applicable to traffic on the other phase. These
indications, together with the pedestrian’s assessment of the traffic situation,
should be sufficient to ensure a safe crossing. If the intersection layout is not
simple, then additional signals (see Fig. 13) for pedestrians may be desirable.?>
Additional signals may also be needed in one-way streets where there may
otherwise be no signals in the pedestrian’s view. Where such additional signals
would show green towards any vehicle which happened to be travelling wrongly
against the one-way system it is desirable to mask the green signal so that
only a green cross (X) is visible.

*Depending on the number of lanes
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Second primary signal
(where there are two
or more lanes of

approaching traffic)

top line 8 or 12in wide

For details of carriageway
markings (including
position of arrows) see
table below

Detector 100-1301t _—
from stop line

B — g

Preferred minimum 5ft if
no refuge provided

L
51t minimum
10ft recommended

—

.

[

With narrow pavements
leading to the crossing
the 5ft minimum may
need to be reduced, but
should never be less

\:lhun 2ft

8-161t wide
pedestrian crossing
4 ft wide refuge

—P Primary signal
-—E Secondary signal

----- Pedestrian crossing

studs

CARRIAGEWAY MARKINGS

WARNING LINES e
30mile/h limit |40 mile/h limit 40 milefh limit
! 5% and derestricted
Centre | Lone |Centre | Lane | Centré'| Lane
lines lines | lines lines lines lines
Length of mark (feet) 12 12 12 12 18 18
Gap (feet) € 9 9
Width (inches) € 6 [ 4
Minimum number 7 5 10 b 10 -
of marks
ARROWS
Distance frem tip of 50 80 120
arrows to stop line 150 240 360
(feet) (maxima)

*Centre lines used together with lane lines for 4-and 6-
lane roads; for 2-and 3-lane roads lane lines only used

FiG. 10. Typical layout used in Great Britain for traffic signal installation

24

V\\

e—Pp Primary signal
0--)) Secondary signal

. Fic. 11. Typical layouts showing positioning of secondary signals

FiG. 12. Signal with two-green-arrow aspect
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Additional signals
for pedestrians

*P Primary signal
o-i/" Secondary signal

Fic. 13. Example of layout requiring additional signals for pedestrians

If more than two phases, or overlap phases, or filtration is employed, there is
a risk that signal indications will confuse or even mislead the pedestrian. This
arises since it is not practicable to present all indications being exhibited simul-
taneously which would be needed to determine what is happening—nor could
a pedestrian readily interpret all indications even if given. For such situations it is
generally preferable to leave the pedestrian to his own judgment of the traffic
situation. It will often be worthwhile to re-arrange the vehicle signals so as to
minimize the risk of pedestrians seeing vehicle signals which could be misleading.
For example, with an early cut-off, the approach on the side which is cut off
early may be arranged to have one primary signal on the nearside footpath and
one secondary signal on the trailing edge of the central refuge of the approach
concerned (instead of having a second primary on the leading edge of the refuge
and a secondary on the far side of the junction). By having both primary and
secondary on the approach to the junction there is less risk of pedestrians (and
also right-turning drivers on the phase which is cut off early) seeing these signals
and assuming, when they go to red, that all traffic movements in the junction
have been stopped.

Alternatively, pedestrians may be helped by other means, e.g. a special
pedestrian phase.

Carriageway markings

Drivers should be encouraged to queue in as many lanes as is practicable and
lane lines on the approaches can help in this connexion (see ‘Lane widths’).
Details of lane lines and centre lines (thickness, length, gap, etc.) are given in
the table in Fig. 10.

Carriageway markings within the intersection itself can assist drivers in taking
the correct path through a complicated intersection. They can be of assistance
also at junctions where there are opposing right-turners using the same phase
and passing each other on their nearsides (see ‘Layout for right-turning vehicles’).
In some countries dotted stop lines are marked in the right-turning lanes if
vehicles waiting to turn right are not prohibited from turning during the green
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pericd for opposing straight-through traffic (see Plate 1). Where there are two
or more lanes turning right from a single direction it is desirable to mark out the
path they should take with paint or studs in such a way that cross-traffic is not
confused by the markings. Plate 1 also shows an example of this in Germany.

Arrows together with abbreviated destination marks painted on the carriage-
way well before the intersection can often be useful in advising drivers of the
position on the road which they should adopt. In the queueing lanes arrows
should be used to denote the lanes allocated exclusively to a particular move-
ment of traffic, e.g. right-turning traffic. The table in Fig. 10 indicates where on
the approach arrows should be placed.

Studs are generally used to mark out any pedestrian crossing at the inter-
section (see ‘Pedestrian crossings’).

Traffic islands

Islands of 4-ft minimum width placed at or near the centre of the carriageway
as shown in Fig. 10 are used mainly for the benefit of pedestrians. However,
islands are also used for channelizing traffic: sometimes opposite islands are
offset to give greater width for traffic entering the intersection; sometimes the
islands are movable to facilitate reversible working of certain traffic lanes. When
islands are used the width remaining to traffic on either side of them must be at
least 14 ft for single-lane traffic and at least 18 ft on any side which normally
carries two lanes of traffic. Islands should contain bollards (illuminated at
night) with arrows indicating ‘Keep left’ or ‘Pass either side’ as appropriate.

Location of detectors

The current recommended distance (Great Britain) of the detectors from the
stop line is 130 ft, but on roads in urban areas which are narrow, winding or
which have appreciable gradients, or where speeds are not likely to exceed 30
mile/h, the detectors are located between 100 and 120 ft from the stop line. At
T-junctions with awkward turns the detectors on the side road are only 60 ft
away from the stop line.

For fast roads a new type of control equipment should shortly be in production
which will have detectors at a considerable distance from the stop line (of the
order of 500 ft) in addition to detectors in the normal position. Until this con-
troller is available for use on this type of road a system of double detection is
being used (see ‘High-speed roads’) with two detectors at approximately 130 ft
and 240 ft from the stop line.

GEOMETRIC DESIGN

Some aspects of geometric design, namely visibility, kerb radii, channelization,
etc., are dealt with in ‘Urban Traffic Engineering Techniques’®@ and in ‘Roads
in Urban Areas’® and are not covered in this Paper. Some of these aspects,
particularly channelization, are also considered in Special Report 74 of the U.S.
Highway Research Board @) and by Matson, Smith and Hurd, ) Feuchtinger, 27
and Korte, Macke and Lapierre.@®

The approach
Because signals permit traffic movement from any approach for only a
proportion of the time, it is sometimes necessary for the intersection approaches,
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Fic. 14. Simplified diagram of widened approaches at signal-controlled intersection

where queueing takes place, to be wider than the roads which feed these
approaches (see simplified layout in Fig. 14), in order to pass the required flow.
If the intersection already exists, the timing of the signals can be adjusted for a
given flow pattern to make the best use of the existing layout (see ‘OPTIMUM
SETTINGS: FIXED-TIME SIGNALS'). If the intersection is in its design stage, or if
some changes can be made to the layout of an existing intersection, then a
choice of approach widths may be available, after selection of which the green
times can be adjusted to give the correct capacities for those approaches.

In selecting approach widths, one criterion which can be used is the
minimization of the area occupied by the intersection. The selection of
approach widths (w; and w, as in Fig. 14) was considered by Webster
and Newby,) who assumed in their model that the maximum possible rate
of flow past the stop line was proportional to the width of the approach
(w1, ) and also that the widened sections of the approaches (lengths d;, d5)
were just long enough to accommodate the queues which could pass through the
intersection during fully saturated green periods. They ignored the area which
would be taken up, in practice, by tapers between the feeder roads and the
widened approaches. With these assumptions they concluded that over the
practical range of the ratio w/w, there was little difference in the required area
of carriageway, and they suggested a rule for determining the width ratio which
(a) gave greater widths as well as longer green times to the approaches carrying
the higher flows, and (b) minimized the sum of the approach widths at the
intersection.

By virtue of (a), extreme ratios of either approach width or green time are
avoided and the intersection is more adaptable to changes in flow pattern in the
surrounding area. The results of (b) are that it is more convenient (and perhaps
safer) for pedestrians crossing the road, clearance distances are reduced and
encroachment on pavements and frontage development is reduced.

Recently the Laboratory has constructed a more realistic theoretical model
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which includes tapers of 1 in 10 between the feeder roads and the widened parts
of the approaches, and the Laboratory’s Pegasus II computer has been used in
a wide variety of cases to find the signal settings and the ratios of approach
widths which minimize the areas occupied by the intersections. The optimum
ratios of approach widths were found to be materially the same as those given
by the simple rule proposed by Webster and Newby.@)*

The rule may be stated as follows:

For a normal two-phase cross-roads the approach widths should be pro-
portional to the square roots of the flows. The green times and lengths
widened should be in the same ratio as the widths, i.e.

£1=£1=§1:Jﬁ 0
wy, g2 d» q2

where ¢, and g, are the maximum flows on phases 1 and 2 respectively.
Thus, a major road carrying four times as much traffic as its minor cross-road
should have approaches which are twice as wide as the minor approaches and
have green times which are twice as long.

Any approach width deduced from the application of this rule is subject to
a minimum equal to that of the associated feeder road. Thus, where the rule
suggests a width less than that of the feeder road the width of the latter is used
and the green time made correspondingly less. The extra green time thus
allocated to the other phase results in less widening being necessary on those
approaches.

Generally, the maximum flows on the two (or more) arms of the same phase
are approximately equal (though often occurring at different times of the day
owing to tidal effects), but where this is not so the highest flow should be used
with the above formula to determine the approach width and then, after the
green time for the phase under consideration has been determined, the width
of the arm with the lower flow can be determined.

The rule can be extended to cover forks and other intersections controlled
by 3-phase signals by making the ratios of the widths

Wy D Wa 1 We = VG 3 V3 3 VErrerassarannonsasianssziss 2

As before, the green times and lengths widened have the same ratios. The rule
can in a similar way be extended to four or more phases.

For T-junctions with 2-phase control the ratios of widths, green times and
lengths widened should be

ﬁ=JiLand&=ﬁ= 241 e @
Wa 2g, g, d» q> )

where the suffix 2 refers to the stem of the T-junction. Thus, a major road
through a T-junction carrying four times as much traffic as the stem should
have a width 1-4 times that of the stem, a length of widening 2-8 times and a
green period 2-8 times as long as that of the stem. (See worked example No. 1
in Appendix 7.)

*A different approach to the minimization of the area needed at signals has been given by
Smeed and Hillier®®
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For a cross-roads where one of the arms is of insignificant traffic importance
and need not have widened approaches the T-junction rule would be more
applicable than the cross-roads rule.

It is suggested that these results should be used initially to obtain a pre-
liminary assessment of the approach widths; if necessary, the widths obtained
should be modified according to site conditions. In some cases the presence of
existing buildings near to the intersection may prevent uniform widening of the
approach from being carried out, and it may only be possible to flare the
approach. Where the approach is a dual carriageway extra space can be gained
by reducing the width of the central reserve (if more than 4 ft) to 4 ft.

Lane_widths

It is normal practice in this country for lanes to be 10 ft wide at an intersection,
though occasionally 9-ft lanes have to be accepted at some existing intersections.
Some countries have found that in certain cases capacity is increased by having
very narrow lanes(® (down to 7 ft) even though drivers of wider vehicles are
unable to keep within them. With queueing lanes wider than 10 ft it is likely that
capacity would be wasted, though this depends on traffic composition; for
example, where there is a high proportion of bicycles, or of wide vehicles, it
may be beneficial to have a wider nearside lane.

Some traffic engineers recommend having the same number of lanes on the
exit side of the intersection as there are straight-through lanes (partly or
exclusively used by straight-through traffic) on the approach side.GD62) If,
however, site conditions make it necessary to have fewer lanes on the exit side
of the intersection, a distance of about 300 ft on that side should be allowed for
merging to take place, though this could be reduced if there are many turning
vehicles at the intersection, i.e. fewer vehicles going straight ahead. It is most
desirable that vehicles travelling in through-lanes should not be obstructed by
either parked vehicles or waiting right-turners, and the latter should wherever
possible have their own lane or lanes.

Layout for right-turning vehicles

Opposing right-turners can turn on either the offside or the nearside of each
other. In the former case they have good visibility and can see an approaching
gap in the opposing stream in which to complete their turn. On the other hand,
if there are too many turners from the two directions for the storage space
within the intersection, the two streams may interlock causing congestion in the
intersection. With the nearside method locking cannot occur but visibility is
often restricted, and drivers usually have to wait until the end of the green period
before turning in order to be sure that there is no opposing straight-through
traffic. If the nearside method of turning right is used there may be advantages
in offsetting the centre line (or the central reserve) so that more space is available
to traffic approaching the intersection than to traffic leaving it. In some cases, it
may be desirable to place the opposing right-turners opposite each other as in
Fig. 15 (see also Plate 2). The layout suggested in Fig. 16 improves visibility for
right-turners by allowing the leading vehicles in the right-turning queue to see
round the opposing right-turners without encroaching on the straight-through
lanes. This figure also gives suggestions for appropriate carriageway markings
and details of phasing. Where the flow of right-turning vehicles is exceptionally
high and it is necessary to provide more than one lane in each direction for them,
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Fic. 15. Suggested layouts with right-turning lanes opposite each other

these lanes should be widened to at least 14 ft at the mid-point of the turn,

especially if the turn has a radius of less than 50 ft (see also ‘Carriageway
markings’).

Pedestrian crossings

The layout shown in Fig. 10 includes pedestrian crossings marked out in
studs; this is a usual feature of intersections where there are appreciable numbers
of pedestrians. A pedestrian refuge is usually placed at or near the centre of a
single carriageway if the widths remaining to traffic in the two directions are
sufficient (see ‘Traffic islands’). Where pedestrians have to cross a very wide
approach it is desirable to place the stop line well back from the crossing (about
20 ft) so that, when the vehicular phase begins, drivers can easily see if any
pedestrians have not completed their crossing and can delay their start accord-
ingly. It is desirable in some cases to restrict the crossing of pedestrians to
certain approaches at an intersection and guard rails can be used to prevent
pedestrians crossing at unmarked places (e.g. where filter streams may be moving
at times unexpected by the pedestrian). On one-way streets pedestrians can be
signalled to cross without any interference from turning traffic and without
reducing the green times to traffic, but on two-way streets it is sometimes neces-
sary to allocate a special phase to pedestrians if they are very numerous. More
detail is given in ‘Pedestrian signals’ and ‘Location of signals’. Experiments on
other methods of signalling pedestrians are currently in hand.
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FiG. 16. Arrangements for dealing with heavy right-turning movements on opposing
arms (see also Fig. 18)

Subways and footbridges provide a safer method of crossing the road, but
pedestrians do not always use them unless the alternative surface-level path is
such that it takes more time to cross. Guard rails are often used to make the
surface path less convenient.®3 It should be noted, however, that the effort
involved in using subways and footbridges is often not inconsiderable and further
that many people, particularly women and old people, have a reluctance to use
subways at night-time.

DESIGN OF SIGNAL SCHEMES

Phasing

The phasing depends mainly on the number of roads entering the junction
and the amount of right-turning traffic. It is desirable to reduce the number of
phases required to the least number which will work satisfactorily. Normally
2-phase control is satisfactory for straight cross-roads when there is not too
much right-turning traffic. Special provision for right-turners is rarely needed
for volumes of 60 per hour or less. This is because a small number of vehicles can
usually turn right without difficulty during the intergreen period following right-
of-way, and cycle times are on average 1 to 2 minutes, thus giving adequate
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Carriageway markings for double left-turning lanes at a signal-controlled intersection
in Germany (right-hand rule of the road)
Prate 1

Double right-turning lanes at an intersection in Slough, Bucks
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facilities for some 60 vehicles per hour. More can be accommodated if there is
room for them to wait in the intersection, and there may also be opportunities
for right-turners if the flow of opposing traffic is less than that on the approach
having the right-turn traffic. If, however, there are no gaps, or insufficient gaps
in the opposing traffic, and more right-turners than can wait in the intersection,
then special provision must be made. This will usually be by an early cut-off
or late release, or a combination of the two. Each arrangement has its advantages
and disadvantages. With late release it is not possible satisfactorily to vary the
duration with vehicle detectors according to the number of turning vehicles.
Furthermore, traffic behaviour is uncertain at the change to overlap—sometimes
the turning movement which has established itself will continue; sometimes the
opposing traffic will start immediately. It is difficult to overcome this by any
special signal indications. If a green arrow signal were to be used in addition
to the usual green signal during the late-release period there is a risk that drivers
would not notice when the green arrow was extinguished. These disabilities lead
to inefficiency in control and possible danger. On the other hand, the arrange-
ment may be desirable where there is only a single lane on the approach with the
heavy right turn (so that vehicles have a chance to turn both at the beginning
and end of the green period and so lessen the risk of blocking the lane) or where
the opposing arm is on a down gradient (so that vehicles turn only when oppos-
ing traffic on the down gradient is, and has been for some time, at rest).

The early cut-off period can be closely controlled with vehicle detectors and is
generally preferable with a multi-lane approach. It has a particular advantage
in that any complementary left-turning movement from the cross road can be
cleared by filter signal at the same time and without such traffic needing to
merge with any other traffic stream. The filter is automatically followed by a
green signal. Figure 17 illustrates the phasing arrangement and includes also
a short late release, so that the turning movement cannot establish itself at the
expense of opposing traffic at the beginning of the ‘both-way’ running period.
The early cut-off period can readily be indicated to turning traffic by displaying
a filter arrow beside the green signal during the early cut-off period (see Fig. 17).
Thus, where one turning movement is appreciably heavier than the other, an
early cut-off to facilitate the heavier turn is likely to provide the most satisfactory
control; this may be combined as in Fig. 17 with a late release to assist the lesser
turning movement. Where, however, two opposing arms of an intersection both
have substantial right-turning movements the situation is considerably more

. complicated, especially if such vehicles tend to turn on the offside of each other

(i.e. go round each other) rather than to turn on their nearsides. Although
junction layout tends to determine which movement will take place, the simpler
nearside movement can be encouraged and made safer where the lanes containing
turning vehicles can be directly opposite each other, as shown in Fig. 15. As
was mentioned earlier (in ‘Layout for right-turning vehicles’), the arrangement
shown in Fig. 16 is preferable, where the opposing movements of turning traffic
are separated completely from through movements. The phasing for this situa-
tion is given in Fig. 16. An adaptation of this for single carriageways is shown
in Fig. 18: this layout requires the use of double signal heads so that drivers are
fully advised of the permitted traffic movements.

A simple, but less efficient, means of dealing with opposing turning move-
ments is to provide a short all-red period between phases during which vehicles
held within the junction may clear. With all these solutions it may be necessary
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Fi1G. 17. Phasing arrangements for late release, early cut-off and filter

to limit the cycle time either to avoid undue interference by right-turning traffic
to the through-traffic movement in the junction or to avoid locking of right-
turners. In extreme cases it may be necessary to provide separate phases for
opposing approaches of a junction.

A 3- or 4-phase controller may be necessary at more complicated junctions
with five or more roads, and at ordinary cross-roads where a pedestrian phase is
required. Sometimes a staggered junction with a major road requires a 3-phase,
4-part signal installation where the major road is given two green periods in each
cycle and the less important roads just one each.

Standard controllers give up to six phases, of which not more than four can
be vehicle-actuated. An early cut-off or late release counts as a phase but an
extra clearance does not. Phases can be switched in and out under time-switch
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control so that where, for example, an early cut-off is needed to deal with turning
traffic at peak periods, but not at other times, the controller will switch in this
facility only at the required times. The possibility of prohibiting certain traffic
movements to enable the number of phases to be reduced should be explored.

With vehicle-actuated signals it is usually arranged that if no demand for a
particular phase is received then that phase is omitted from the cycle and delay
to vehicles is consequently reduced.
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Fic. 18. Alternative to arrangement shown in Fig. 16 where space is limited
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Filter signals

Filter signal lights mounted alongside the main signals are sometimes used to
permit movement of vehicles in the direction shown by the green arrow even
though the main signal is showing red. These signals can create problems for
pedestrians, particularly those crossing the road from which the vehicle emerges.
The vehicles in the filter stream also incur the risk of collision with vehicles in
the traffic stream with which they merge. For these reasons it is desirable to
restrict filtration against a red signal to sites where a substantial advantage in
handling traffic is thereby achieved and pedestrian needs can satisfactorily be
met despite filtration. Generally it is desirable also to limit filtration against a
red signal to periods in the cycle when such traffic will not be required to merge
with other traffic. Each situation should be judged on its merits to decide whether
a filtér light would be safe, and it may be desirable after installation to keep
careful watch on the site for some time. If the ‘filtered’ traffic cannot be separated
from the ‘through’ traffic by an island then it may be advantageous to set the
stop line well back from the pedestrian studs (say 20 ft) so that drivers and
pedestrians crossing the road get a better view of each other, and so avoid the
risk that a pedestrian may cross a line of waiting vehicles and walk right into the
path of vehicles moving in accordance with the filter signal. A better solution
is to provide guard rails where possible so that pedestrians cannot cross the
approach with the filter signal.

Because of a tendency for vehicles to continue filtering after a filter signal is
extinguished and no other change in signal indications occurs, it is a requirement
in Great Britain that filter signals shall always be followed either by a green
signal (when the tendency to continue running is of no consequence) or by an
amber signal. Usually control can be so arranged that filtration precedes a green
signal, but where this is not possible double signal heads are provided so that the
filter signal has its own amber and red. The full sequence with double signal
heads is:

Left-hand signal Right-hand signal
Red Red

Red/Amber Red/Amber
Green arrow Green
Green arrow Amber
Green arrow Red
Amber Red
Red Red

An alternative sometimes preferred to a left filter is a slip-road which allows
traffic to turn left continuously without coming under the control of the signals.
A dotted white line across the exit of the slip-road (where it joins the cross road)
1s normally required to indicate that caution is required by drivers using the
slip-road.

As mentioned earlier, filter signals are also used to indicate an early cut-off
period. A right-hand filter signal lights up alongside the full green at the begin-
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ning of the early cut-off. This reduces delays by indicating when the right-of-way
to the opposing traffic stream ceases.
Clearance periods

The intergreen period is arranged on the latest controllers to have a minimum
of 4 seconds (on the older-type controllers concurrent ambers gave a minimum
intergreen of 3 seconds). Intergreen periods may need to be extended from the
minimum of 4 seconds to some suitable value in the following circumstances:

(a) to allow vehicles to clear the intersection when the distance across the
junction is greater than normal (see below);

(b) to improve safety when the road carries fast traffic (where the special
equipment described later is installed the extra clearance is needed only
on a maximum change);

{c) on roads where there are appreciable numbers of right-turning vehicles
(although an early cut-off or late release will usually be more satisfactory);

(d) to improve safety for pedestrians and to assist them in crossing the road
at intersections where there is a high pedestrian flow but where provision
of a separate pedestrian phase is not practicable.

With regard to (a), a rough guide to the extra clearance time required can be
obtained from a consideration of the relative transit times to the probable
collision points, it being assumed that vehicles enter the junction at a constant
speed and that the probable collision points are at the intersections of the
(imaginary) centre lines of the traffic lanes extended into the junction. (In
practice, of course, there will be collision areas rather than collision points, since
vehicles have width and length, and in addition can swerve; also drivers will tend
to brake or accelerate to avoid a collision. To take account of all these factors
in determining extra clearance time requirements would be impracticable; it is
also unnecessary since the manoeuvrability of a vehicle tends to offset its size,
and the calculation on the assumptions quoted have been found to give reasonable
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The probable collision points for a typical junction are shown in Fig. 19.
Following the east-west phase the collision points of concern are F and H (since
for G and E the clearing vehicles will arrive earlier and the starting vehicles will
arrive later). G and E are the collision points of concern following the north-
south phase. The suggested procedure for calculating clearance periods is as
follows:

Measure the extra distance travelled to the probable collision points by
vehicles losing right-of-way compared with those gaining right-of-way and
call the larger one x ft. (For example if AF —BF=30 ft and CH—DH=35 ft
then x=35 ft.) If x is less than 30 ft then the minimum intergreen period
following the east-west phase should be satisfactory, but for every 30 ft or
part thereof that x exceeds 30 ft add 1 second to the intergreen. Repeat for
every possible phase change. If vehicle speeds on the clearing phase are sub-
stantially less than on the starting phase the calculated extra clearance time
may need to be increased. If the junction is on a steep up-grade, or if there is a
high proportion of slow-moving vehicles, 1 second should be added to the
minimum intergreen time for every extra 20 ft of clearance distance, instead
of 30 ft as given above.

CAPACITY

The amount of traffic that can pass through a signal-controlled intersection
from a given approach depends on the green time available to the traffic and
on the maximum flow of vehicles past the stop line during the green period.

Saturation flow

When the green period commences vehicles take some time to start and
accelerate to normal running speed, but after a few seconds the queue dis-
charges at a more or less constant rate called the saturation flow (see Fig. 20).
The saturation flow is the flow which would be obtained if there was a con-
tinuous queue of vehicles and they were given a 100 per cent green time. It is
generally expressed in vehicles per hour of green time. It can be seen from Fig. 20

Saturation flow
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Fic 20. Variation with time of discharge rate of queue
in a fully saturated green period
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that the average rate of flow is lower during the first few seconds (whilst vehicles
are accelerating to normal running speed) and during the amber period (as some
vehicles decide to stop and others to carry on). It is convenient to replace the
green and amber periods by an ‘effective green’ period, throughout which flow
is assumed to take place at the saturation rate, and a ‘lost’ time during which no
flow takes place. This is a useful concept because capacity is then directly pro-
portional to effective green time. In graphical terms this means replacing the
curve in Fig. 20 by a rectangle of equal area where the height of the rectangle is
equal to the average saturation flow. The base of the rectangle is called the
effective green time and the difference between this and the combined green
and amber periods is lost time.
. If G = combined green and amber periods (seconds)
g = effective green time (seconds)

¢ = cycle time (seconds)
! = lost time (seconds)
and s = saturation flow (vehicles per hour)
capacity = % vehicles per hour = usecissvme (4)
where gi= G—1.5econds ocsimusmmmsissims e (5)

Saturation flow and lost time can be measured on the road directly, and a
method for doing this is described in Road Note No. 34.G34

Estimation of saturation flow

Though a direct measurement of saturation flow and lost time is obviously
desirable in order to obtain reliable results this is not always practicable or
indeed possible, e.g. when designing new intersections, and rules based on
measurements of saturation flow carried out by the Laboratory at a large
number of intersections can be used. If ‘estimates of changes in saturation flow
resulting from proposed changes in the numbers of right-turners, parked vehicles,
or from a widening scheme are required, then the only method is to use the mean
results obtained from a number of sites.

Saturation flow depends on the layout of the intersection (especially the width
of the approach), the numbers of right-turning vehicles and goods vehicles, the
presence of a parked vehicle and many minor factors. Investigations were
carried out at about 100 signal-controlled junctions mainly in the London area
but including some in other large cities.

To supplement the observations of actual traffic on the road and to extend
the range of some of the variables, traffic experiments under ‘controlled” con-
ditions were carried out off the highway on a test track (see Plates 3 and 4)
and at the Laboratory’s research track (see Plate 5).

Effect of approach width. The saturation flow (s), expressed in terms of pas-
senger car units* per hour with no turning traffic and with no parked vehicles
present, is given by

& = 100WPIEALIE  concnmnisisrsismi e (6)

*Each type of vehicle is equivalent to a2 number of private cars in respect of its road-capacity
requirements. This is called the ‘passenger-car-unit’ (p.c.u.) equivalent and may vary between
different types of roads and intersections

39



where w is the approach road width in feet (measured from kerb to inside of
pedestrian refuge or centre line, whichever is the nearer, or to inside of central
reserve in the case of a dual carriageway). This result is applicable to approach
widths of from 18 ft to at least 60 ft (the maximum width tested). For widths
between 10 ft and 17 ft the saturation flow shows a slight step effect (see Fig. 21):

w= 10 11 12 13 14 15 16 17 ft
s = 1850 1875 1900 1950 2075 2250 2475 2700 p.c.u./h

5000 [

average slope between the stop line and a point on the approach 200 ft before it.
The results were based on gradients not exceeding 10 per cent uphill and 5 per
cent downhill and referred to sites where the slope continued through the
intersection.

Effect of composition. The effect of different types of vehicle on the saturation
flow at traffic signals is given by the following p.c.u. equivalents:

1 heavy or medium goods vehicle = 1% p.c.u.
1 bus = 2} p.cu.
1 tram = 24 p.cau.
1 light goods vehicle =1 pcmn
1 motorcycle, moped or scooterG® = } p.c.u.
1 pedal cycleG6 =1 p.c.u

4000

3000

/J
|

Saturation flow, s (passenger car units per hour)

ﬁ /
2000 _{1
_' // No parked vehicles |
52160 W\7 [ No right-turning traftic ‘
7 | No two-wheeled vehicles | |
1000 Y AN 1
/ | |
/
/ {
|
A [ |
/ 1
]
[o] 10 20 30 40

Approach width, w (feet)

Fic. 21. Effect of approach width on saturation flow

The width is assumed to be constant for at least the length of the approach
(defined as the length which will accommodate the queue which can just pass
through the intersection during a fully saturated green period). If the approach
is flared, the method given in Appendix 4 can be used to estimate saturation
flow and effective green times. For approaches of non-constant width see
Road Note No. 3434 for effective approach widths.

Saturation flow was found to be lower than the values given above by about
6 per cent in the off-peak period; this may have been because drivers were then
in less of a hurry. The rules given above are considered sufficiently accurate for
most practical purposes for both peak and off-peak periods.

Effect of gradients. For each 1 per cent of uphill gradient the saturation flow
was found to decrease by 3 per cent, and for each 1 per cent of downhill gradient
the saturation flow increased by 3 per cent.(5) The gradient was defined as the
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The p.c.u. equivalent of heavy vehicles was found to be the same on gradients
(within the limits given in the previous section) as on level approaches.

Effect of right-turning traffic. If the right-turning movements from opposite
directions cause the intersection to lock (see “Layout for right-turning vehicles’
and ‘Phasing’) then the capacity of the intersection cannot easily be assessed.
In practice, locking should be prevented by using one of the methods described
earlier. Under non-locking conditions the effects of right-turning traffic depend
on whether or not conflicting traffic moves on the same phase and on whether
or not the right-turning traffic is given exclusive lanes. There are four possi-
bilities:

(i) No opposing flow, no exclusive right-turning lanes. An overall figure for
saturation flow for the approach (irrespective of turning movements)
can be obtained using the rules given above.

(ii) No opposing flow, exclusive right-turning lanes. The saturation flow of
the right-turning stream should be obtained separately. It has been
found (37) that the saturation flow (s) of a stream turning through a
right angle depends on the radius of curvature (r) and is given by

5= 11¢8%(/)—r p.c.u./h for single-file streams,* ............... @)
ands = % p.c.u./h for double-file streams,*............... ®

where r is measured in feet. (See part 1 of worked example No. 2 in
Appendix 7.)

(iii) Opposing flow, no exclusive right-turning lanes. The effect of right-
turners under these circumstances is three-fold. Firstly, because of the
opposing traffic, they are delayed themselves and consequently delay
other (non-right-turning) vehicles in the same stream; secondly, their
presence tends to inhibit the use of the offside lane by straight-ahead

*For r= w, i.e. for the straight-ahead path, the values obtained from these expressions are
1800 and 3000 p.c.u./h for single- and double-file respectively. These compare closely with .
observed straight-ahead values of 1850 and 3200 p.c.u./h for 10 ft and 20 ft lanes respectively
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vehicles owing to the risk of being delayed and, thirdly, those right-
turning vehicles which remain in the intersection at the end of the green
period take a certain time to discharge and may delay the start of the

cross-phase. !
The first two of these effects can be allowed for by assuming that on the

right-turning saturation flow, i.e. the maximum theoretical flow of
right-turning vehicles (s-) passing through gaps in the opposing flow,
assuming this latter flow were running continuously. To convert s- to
the maximum number of right-turning vehicles per cycle (n) that can
take advantage of gaps in the opposing stream, the following equation

average each right-turning vehicle is equivalent to 1% straight-ahead can be used (see Appendix 5 for derivation):

vehicles. 38) .
The third effect is more complicated. Right-turners may discharge - S ©
through suitable gaps in the opposing stream. Observations indicate that s—q

a gap (o) of 5 or 6 seconds is typical. Figure 22 has been constructed
from theoretical results®l) for two situations, (1) when the opposing
flow is in a single lane and @ is assumed to be 5 seconds and (2) when
the opposing flow is in two or more lanes and @ is assumed to be 6

where g and s are the flow and saturation flow values for the opposing
arm and g and ¢ are the green time and cycle time respectively. If g and ¢

S

seconds. The graph shows, for a given opposing flow, the effective _ Intergreen period
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Fic. 22. Estimation of the effective right-turning saturation flow (sr) for use with
equation (9) (see also Appendix 5)
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FiG. 23. Examples of times of discharge of right-turning vehicles during (a) intergreen
period and (b) early cut-off period



are in seconds s- should be expressed in vehicles per second before
substitution in equation (9).

The difference between the average number of right-turners per cycle
and n- gives the average number waiting at the end of the green period
(nv). The rate of discharge of these vehicles is approximately one every
21 seconds. If it is assumed that the first of the waiting right-turners
crosses a point on the centre line of the junction just as the signal turns
to red (i.e. 3 seconds after the beginning of the intergreen period), then
the second reaches this point 2% seconds later, the third 5 seconds later,
and so on (see Fig. 23). For there to be no wastage of time between the
right-turners clearing and the cross-traffic starting the first vehicle on

_the cross-phase should arrive at this point just 2% seconds after the last
right-turner. If it assumed that the first vehicle on the cross-phase takes
about 3 seconds from the start of its own green period to accelerate
from rest and reach this point (i.e. arriving 3 seconds after the end of
the intergreen period) then, neglecting variations in the number of right-
turners waiting, there would be no wastage of time if the intergreen
period were 2% nw seconds. If /, the intergreen time, is less than 2% nw
the difference gives a rough estimate of the extra delay to the start of
the cross-traffic. With random numbers of right-turners arriving per
cycle the total delaying effect on the start of the cross-traffic will be
greater than if the average number were assumed to arrive each cycle,
but for most purposes it is probably unnecessary to take this into
account.

In estimating whether a particular sequence of signal timings will give
the required capacity it is necessary to make calculations of this type.
It is also desirable to carry out this procedure when determining the
length of a fixed early cut-off period (see (b) in Fig. 23), or, in certain
cases. the length of an intergreen period, where an early cut-off period
is not practicable. Figure 23 (b) shows that a fixed early cut-off period
(as defined in the diagram) should be equal to 2% nw less the length of
the intergreen period following the early cut-off. A variable early cut-off
period should have a maximum length sufficient to cater for at least
twice the average number of right-turners remaining at the end of the
both-way green period because of random effects. (For small values of
7w the maximum should be longer, e.g. for nw=1, four times, and for
nw—=2, three times the value 2} n».) Even longer times may be justified
at sites where right-turning vehicles which become trapped would be
unduly obstructive.

Worked example No. 2 (Part 2) in Appendix 7 illustrates the method
outlined above.

(iv) Opposing flow, exclusive right-turning lanes. There should be no delay to
the straight-ahead traffic using the same approach as the right-turners,
but there will be an effect on the cross-phase and this should be calculated
as outlined in (iii) above.

Effect of left-turning traffic. The effect of left-turners on saturation flow
depends on the sharpness of turn and on the pedestrian flow. The rules regarding
the effect of curvature given in the previous section for right-turning traffic can
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equally well be applied to well-defined left-turning streams. Where, however,
left-turners in small numbers are intermixed with straight-ahead vehicles it is
unnecessary to make a correction for them as the general saturation-flow
relations given earlier include the effects of the left-turning traffic (forming
about 10 per cent of the whole traffic) present when the studies were made. If
left-turners form appreciably more than 10 per cent of the traffic a correction
could be made for the excess over 10 per cent by assuming each left-turner is
equivalent to 1} straight-ahead vehicles.G?)

Effect of pedestrians. The effect of the pedestrian flow has not been determined
accurately and probably depends to a large extent on the particular conditions
of the site. It is suggested that for average pedestrian flows no corrections are
needed since pedestrians were present when the original studies were made, but
for abnormally high pedestrian flows the effect should be taken into considera-
tion when classifying the site according to the rules given below in ‘Effect of site
characteristics’.

Effect of a parked vehicle. It has been found that the reduction in saturation
flow caused by the parked car nearest to the stop line on the particular approach
is equivalent to a loss of carriageway width at the stop line, and can be expressed
approximately as follows:

Effective loss of carriageway width

&(z'k:_Z_S) ft(1if pOSTHVE) «oiccavusanmsrscannss (10)

=55-
where z (= 25 ft) is the clear distance of the nearest parked car from the stop
line (ft)* and k is the green time (seconds). If the whole expression becomes
negative the effective loss should be taken to be zero. The effective loss should
be increased by 50 per cent for a parked lorry or wide van.

Effect of site characteristics. Many other factors affect the saturation flow,
but to a much smaller extent than those already discussed. These factors have
been grouped together to give an assessment of the type of site. Sites are classified
as good, average, or poor according to the description given in Table 2 (see also
Plates 6, 7 and 8).

For the three classes of site the percentages above and below the standard values
of saturation flow given previously are shown in the table. Interpolation between
these categories would seem reasonable. It may be useful to note that out of
about 100 sites the lowest percentage of the standard saturation flow was 70
and the highest recorded was 135.

Worked example No. 3 in Appendix 7 illustrates the way the results in this
section can be used to estimate saturation flow.

Lost time

Experiments in London have shown that, in the average signal cycle, lost
time caused by starting delays and reduced flow during the amber period amounts
to about 2 seconds per phase but is very variable, values from 0 to 7 seconds
having been observed. The same average value has been found for intersections

*For z < 25 ft the distance should be taken as 25 ft
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Table 2
Effect of site characteristics on saturation flow

Percentage of

Site Description standard
designation saturation flow
Good Dual carriageway. 120*

No noticeable interference from pedestrians,
parked vehicles, right-turning traffic (either
owing to their absence or because special
provision is made for them). Good visibility
and adequate turning radii.

- Exit of adequate width and alignment.
(See Plate 6.)
Average Average sites. Some characteristics of ‘Good’ 100
and ‘Poor’.
(See Plate 7.)
Poor Average speed low. 851

Some interference from standing vehicles,
pedestrians, right-turning traffic. Poor visi-
bility and/or poor alignment of intersection.
Busy shopping street,

(See Plate 8.)

* Highest value recorded 135
out of 100 observation sites
1 Lowest value recorded 70

with gradients (within the ranges previously specified). In addition to the lost
time for a particular approach a certain amount of time in the cycle is lost owing
to all-red periods. Figure 1 shows the relation between the intergreen period
and lost time. Thus, if the intergreen period is 7 seconds and the starting delays
plus unused amber time are / seconds of each combined green and amber period,
then the lost time corresponding to each change of right-of-way is (I—a)+/
seconds where g is the amber period. Generally /=2 seconds, which, with a
3-second amber period, gives a lost time of (/- 1) seconds at each phase change.

Capacity of the whole intersection

The capacity of the whole intersection is dependent on the total amount of
lost time (L) in the cycle. Lost time* is Z(I - a)+ ZI which becomes Z(I—1)
seconds when /=2 seconds and a=3 seconds. The rest of the cycle is ‘useful’ time
and is shared among the phases. If the signals are correctly set it will be seen later
than the ‘predominant’ approaches of the phases (i.e. those with the highest
ratios of tlow to saturation flow) all reach capacity simultaneously. The other
approaches will therefore have spare capacity. The ultimate capacity of the inter-
section can be defined as the maximum flow which can pass through the inter-
section with the same relative flows on the various approaches and with the
existing proportions of turning traffic. Assuming that right-turners do not cause
the saturation flow to fall after the first few seconds of green time, then the
capacity will increase as the cycle time increases, since the ratio of lost time to
useful time decreases (the effect becomes negligible when the cycle is very long).

* ¥ (sigma) denotes the summation over all phases

In practice, it is usual to set an upper limit of 120 seconds for the cycle time,
although in special cases this is increased. If the capacity were taken as the flow
which could just be accommodated by such a cycle the delays would generally
be excessively high. A practical capacity of 90 per cent of this maximum possible
flow, which produces generally acceptable delays, is recommended.

In general, if the ratio of the flow to the saturation flow of the predominant
arm of each phase is denoted by y, then the cycle time, c¢m, which is just long
enough to pass all the traffic, is given) by

where Y is the sum of the y values over the phases and L is the total lost time
{2 -a)+ Zl}. The maximum value of ¥ which can be accommodated is

therefore

If, for practical purposes, cm is taken as 120 seconds and Ypract. is 90 per cent
of the maximum possible ¥ value then

YpracL —_— 09 —00075 L ........................... (13)

where L is in seconds. The percentage reserve capacity is then given by

100 Yoeact. — X)
FEEET T s (14)

(See worked examples Nos. 4 and 7 (part 2) in Appendix 7.)

DELAY

It is estimated that in Great Britain delays at traffic signals amount to about
100 million vehicle-hours each year. If a saving of only a few per cent could be
effected by using improved methods to set signals the financial saving would be
considerable.

Although delays at signals have been studied on the road most of the Labora-
tory’s work was done initially by simulating traffic behaviour at signals on a
special purpose computer®® and later on a general purpose computer (the pilot
ACE which was at the time housed at the National Physical Laboratory).®)
In the simulation technique, artificially generated traffic of a random nature was
used to feed the computer. It was assumed that once the signals turn green
traffic discharges during the green period at a constant rate (the saturation flow)
as long as the queue exists.

Some later theoretical work which takes account of bunching in the arrival
pattern has been carried out by Miller.¢D

Delay with fixed-time signals

Computations of delay were carried out for a variety of flows, saturation
flows and signal settings, and from the results a formula was deduced for the
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average delay on any single approach to an intersection controlled by fixed-time
signals (or, of course, vehicle-actuated signals operating on a fixed cycle because
of heavy traffic demands, i.e. during peak periods). The details of the simulation
method are given in reference (1) and only the results are given here. It was
found that

2(1-2)  2¢(1-x)

where d = average delay per vehicle on the particular arm

A = proportion of the cycle which is effectively green for the phasc under
*  consideration (i.e. g/c)
x = the degree of saturation. This is the ratio of the flow to the maximum
possible flow under the given settings of the signals and equals g/As
¢, g, q and s are as defined earlier (see Glossary in Appendix 1 for
definitions)

If ¢ is in seconds, g should be in vehicles per second to give the delay in seconds.
The last term of the equation has a value in the range 5 to 15 per cent of d
in most cases. A rough approximation to the delay may therefore be given by

3
S VI W (q%) ik - (15)

9 |c(l—2n)? x2 ]
d=_{2(1—1x)+ 2q(l—x)f ........................ (16)

To enable the delay to be estimated more easily, equation (15) has been written
as

A=l 1B € s (17)
g

(1-2)2 ,  x?
= J\x)’B_Z(l =

where A = and C is the third term. A and B have been

tabulated (see Tables 3 and 4) and C has been calculated as a percentage of the
first two terms of equation (17) and is given in Table 5 in terms of x, A and
M where M (=qc) is the average number of vehicles arriving per cycle. (See
worked example No. 5 in Appendix 7.) A nomogram for the determination
of delay based on equation (15) has been produced by Dick.“2

The delay formula has been tested under actual road conditions at several
fixed-time and vehicle-actuated intersections,®) “3) and the variation between
observed and calculated values was no greater than would be expected owing
to random fluctuations (see Fig. 24).

The way the delay varies with traffic flow is illustrated in Fig. 25 in a typical
case (g=30 seconds, c=60 seconds, s=1800 vehicles per hour).

It will be seen that when the flow reaches about 90 per cent of the ultimate
capacity (900 vehicles per hour in this case) the delay rises steeply. Computations
of delay were made for values of x up to 97-5 per cent of saturation. Theoretically,
the delay increases to infinity as the flow tends to the ultimate capacity, but in
practice the level of flow rarely remains at a high value for a long period; for
example, the flow falls off at the end of the peak period, and the queues generally
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Table 4
xz

Tabulation of B = m

x 0-00 0-01 0-02 0-03 0-04 0-05 0-06 0-07 0-08 0-09

0-1 | 0-006 | 0-007 | 0-008 | 0-010 | 0-011 | 0-013 | 0-015 | 0-017 | 0-020 | 0-022
0-2 | 0-025 | 0-028 | 0-031 | 0-034 | 0-033 | 0-042 | 0-046 | 0-050 | 0-054 | 0-059
0-3 | 0-064 | 0-070 | 0-075 | 0-081 | 0-088 | 0-094 | 0-101 | 0-109 | 0-116 | 0-125
0-4 | 0-133 | 0-142 | 0-152 | 0-162 | 0-173 | 0-184 | 0-196 | 0-208 | 0-222 | 0-235
0-5 | 0250 | 0-265 | 0-282 | 0-299 | 0-317 | 0-336 | 0-356 | 0-378 | 0-400 | 0-425
0-6 | 0450 | 0:477 | 0-506 | 0-536 | 0-569 | 0-604 | 0-641 | 0-680 | 0-723 | 0-768
0-7 | 0-817 | 0-869 | 0-926 | 0-987 | 1-05 113 1-20 1:29 1-38 1-49

0-8 | 1-60 173 1-87 2-03 221 241 2-64 | 291 3:23 3-60

09 | 4-05 4-60 5-28 618 7-36 9:03 |11:5 157 240|490

have insufficient time to build back to the lengths required to give excessively
long delays. Furthermore, drivers, on seeing the end of the queue a long distance
away from the intersection, may well turn off and find some alternative route
under these conditions and this has, in fact, been observed at a particular
junction in central London which was running to capacity for a large proportion
of the day.®® The average delay at this junction was several minutes.

The average value of the delay is usually the one which is quoted and used in
calculations, but it is often useful to know the variability of delays. Fluctuations
in delay are primarily due to random fluctuations in the numbers of vehicles
arriving at an intersection. Results obtained from observations of delays at
several sites in London have shown the standard deviation to be about three-
quarters of the mean delay; computations carried out using simulation methods
with random traffic gave a standard deviation greater than this.

Delay with vehicle-actuated signals

When the green periods are running to maximum because of heavy traffic
demands (i.e. during peak periods) the average delay per vehicle may be esti-
mated from the fixed-time signal delay formula (equation (15) above). This
has been tested in practice at several vehicle-actuated intersections in the London
area and good agreement was obtained between observed and theoretical values
(see Fig. 24).

When the green periods are not running to maximum it is much more difficult
to derive a simple method for predicting the delay to vehicles. However, a few
computations of delay using the computer mentioned earlier have shown that
the delay obtained with a vehicle-extension period of about 4 seconds (i.e. the
minimum practical value for older controllers employing fixed-time extensions)
is roughly the same as the value of delay obtained from the fixed-time formula
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Correction term of equation (17) as a
percentage of the first two terms

Table 5

x w 2'5 5 10 20 40
A

0-2 2 2 1 1 0

0-4 2 1 1 0 0

0-3 0-6 0 0 0 0 0
0-8 0 0 "0 0 0

- 02 6 4 3 2 1
0-4 3 2 2 1 1

04 06 2 2 1 1 0
08 2 1 1 1 1

02 10 7 5 3 2

0-4 6 5 4 2 1

0'5 06 6 4 3 2 2
0-8 3 4 3 3 2

02 14 11 8 5 3

0-4 1 9 7 1 3

0-6 0-6 9 8 6 5 3
0-8 i 8 8 T 5

0-2 18 14 11 7 5

0-4 15 13 10 7 5

0-7 0-6 13 12 10 8 6
0-8 11 12 13 12 10

0-2 18 17 13 10 7

0-4 16 15 13 10 8

0-8 0-6 15 15 14 12 9
0-8 14 15 17 17 15

0-2 13 14 13 11 8

0-4 12 13 13 11 9

0-9 0-6 12 13 14 14 12
0-8 13 13 16 17 17

0-2 8 9 9 9 8

0-4 7 9 9 10 9

0-95 0-6 -7 9 10 11 10
0-8 7 9 10 12 13

0-2 8 9 10 9 8

0-4 8 9 10 10 9

0-975 0-6 8 9 11 12 11
0-8 8 10 12 13 14

by substituting in this formula calculated values of optimum cycle time and
green time (not necessarily the values observed in practice). The results given
later in ‘COMPARISON OF FIXED-TIME AND VEHICLE-ACTUATED OPERATION’ confirm
this finding, and in ‘OPTIMUM SETTINGS: FIXED-TIME SIGNALS’ it is shown how the
optimum settings are obtained. It is recommended that the following method

be used:

.

S ——

1

)

3)

Calculate the optimum cycle time and optimum green times for the flows
at the particular times of day. (See ‘OPTIMUM SETTINGS: FIXED-TIME
SIGNALS’.)

Even if these values are outside the ‘practical’ range, substitute them in
the formula for delay (equation (15)) to find the average delay per
vehicle. Alternatively, the tables may be used. The result obtained is the
delay which would be expected with an efficient vehicle-actuated instal-
lation (i.e. one with speed timing or with a low fixed-extension period).
With a fixed vehicle-extension period of 10 seconds, fixed-time operation
would virtually be obtained with all except light flows, whilst for a fixed
vehicle-extension period of 6 or 7 seconds the delay would probably be
about halfway between the calculation based on optimum timings (steps
(1) and (2) above) and on maximum periods. (See worked example No. 3
in Appendix 7.)

Effect of a parked vehicle on delay

A vehicle which parks on the approach to a signal-controlled intersection

causes the saturation flow to be reduced (see ‘Estimation of saturation flow’).

=0 125~1____ Degree of
saturation(x)

/

- \\ 7 P

30 N / /

B
b
N\

TR _
\>//\<\ /mw

at beginning of green

i
|

Average number of vehicles in queue

(o] 5 10 15 20 25 30
Number of cycles

—— Starting from zero queue

——— Starting from queue of 32vehicles
Green time: 30 per cent of cycle
Vehicles arriving per cycle:l10

Tratfic: random

Fic. 26. Mean queue lengths as equilibrium is approached
53



This causes a sudden change in the degree of saturation, i.e. in the ratio of flow
to maximum possible flow. Similarly, when the vehicle leaves there is again a
sudden change in the degree of saturation. In the research into delays outlined
above it was assumed that conditions were in a steady state, i.e. that the flow
was varying randomly about a constant mean. Simulations have, however, been
carried out to investigate variations in the queue, and hence in the delay, when
there is a sudden change in the degree of saturation, and some of the results are
shown in Fig. 26. It can be seen that, even with a zero queue initially, equilibrium
is reached within a few cycles for degrees of saturation less than 0-9, but for
degrees of saturation between 0-9 and 1.0 the queue takes a long time to settle
down (theoretically an infinite time for x=1). Above x=1 the queue increases
rapidly at first and then continues to increase more slowly; for x>1-1 the queue
increases more or less linearly with time.

Thus, it is approximately correct, and sufficient for practical purposes, to say
that equilibrium is attained immediately following an increase in the degree of
saturation which results in a final degree of saturation of less than 0-9, and it
can be shown®3) that in these situations the total extra delay to other vehicles
owing to the presence of a vehicle parked for a time T is

ceag(1—2)2 (X—x)., (X—x) (X+x— Xx)
2(1—rx) (1—7\X)T+ 2(1—-x) (1-X) ¥

In the example -
Parked vehicle causes 40 percent increase in the degree
of saturation
Vehicle parked for 20 cycles
50 per cent green per cycle
Flow of 10 vehicles per cycle
Points obtained from computed results from simulations

70 T
|
60 I
|
g | /
G I
-— 50 1
5|2 y Curve 1
. I| obtained from 1
Els || simulations
2|8 40 0 1
£
O e I/
-1 | \)/F
5|8 20 # =
©|e Curve given by I / Curve given by i
2 3 equation (18) I / equation (19) |
P|” 20 1 4= i
x \I I ;
W | o 1
[ / / |
10 ‘r; Py -
I‘I/"—' ngested interpolation
7~ for 0-9<X<1-1
. l_. R H | : !

0-5 0-6 07 0-8 0-9 1-0 11 1-2 1-3 1-4 X
0-4 0-5 0-6 0-7 0-8 0-9 1-0x
| ! | I 1 | |
Degree of saturation (X whilst parked vehicle is present,
=< with no parked vehicle)

Frc. 27. Example of extra delay to other vehicles caused by a parked vehicle
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where X and x are the degrees of saturation respectively with and without the
parked vehicle present, and A is the ratio g/c. If ¢ is in seconds, g should be in
vehicles per second.

It is also approximately correct to say that for X > 1-1 the queue increases
linearly with time and on this assumption the extra delay experienced by vehicles
passing through the intersection can be shown to be®s)

gxX=1) (¥—x) 12
2X%(1—x)

For 0-9 < X < 1-1 the extra delay has not been determined mathematically.
Simulations to determine the extra delay have been made in a number of cases
and the solid curve in Fig. 27 shows some typical results. The dotted curves are
derived from the two expressions given above. If the two dotted curves are joined
by a straight line between X=0-9 and X=1-1 a very rough approximation to
the true curve, as given by the simulated results, is obtained.

Some results of calculations based on these formulae are given in Table 6.
It can be seen from the table that the total extra minutes of delay caused by a
vehicle parking close to a signal-controlled intersection can be very large, and is
sometimes out of all proportion to the gain to the driver or owner of the vehicle
parking; for example, on a 20-ft approach with a vehicle parked for 30 minutes
75 ft from the stop line when the flow is 1200 p.c.u./h the aggregate extra delay
to the other vehicles is 1000 minutes.

An expression has also been derived for the duration of the effect of the
parked vehicle, i.e. the time the vehicle is parked plus the time required to
disperse the queue, for those situations where the parked vehicle raises the
degree of saturation to greater than unity. The duration of the effect is given by

(g—28)T
As—g

where S and s are the saturation flows with and without the parked vehicle
present.

The maximum individual delay is imposed on the vehicle which arrives just as
the parked vehicle is about to leave (the queue is at its maximum at this time).
The extra delay over and above that which this vehicle would have had in the
absence of the parked vehicle is given by

for cases where X > 1. (See worked example No. 6 in Appendix 7.)

55



Table 6

Total extra delay (minutes) to other vehicles due to
a parked vehicle

(cycle time 1 minute; proportion of green time per
cycle 50 per cent)

Distance of Duration Flow
Approach parked vehicle of (passenger car units per hour)
width from stop line parking
(feet) (feet) (minutes) 800 1000 1200 1400
16 25 10 55% 290
30 310 2600
. 75 10 50* 240 t T
30 290 2200
150 10 16 150*
30 47 1250*
20 25 10 21 80* 358 3400—
30 62 650* | 3320 | 31000
75 10 8 33 125* | 1500
30 23 99 1000* | 14 000
150 10 2 6 27 170
30 6 i) 81 1500
24 25 10 5 11 38 125*
30 14 33 114 1100*
75] 10 3 6 17 100*
30 9 19 51 700*
150 10 1 2 5 15
30 3 7 15 o

* Estimated by interpolation

T These flows were not attained with the available green time, even in the absence of a parked
vehicle
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OPTIMUM SETTINGS: FIXED-TIME SIGNALS

Cycle time

In deducing an expression for the cycle time which gives the least delay to all
traffic, it has been found sufficiently accurate to select one arm only from each
phase to represent that phase. Provided (as is usually the case) the lost times
are more or less the same for different arms of the same phase, the arm with the
highest ratio of flow to saturation flow is selected as the predominant arm and
this ratio is denoted by the symbol y. Cases where the lost times are different
for approaches belonging to the same phase are considered later.

By differentiating the equation for the overall delay at an intersection with
respect to the cycle time it was found® that the cycle time with the minimum
delay could be represented by

1-5L45 1-5L+5
Co = — seoondsi  .senenn 22
1-y1—y2—....pn 1-Y @2)
where y4, ¥5. ... yn are the maximum ratios of flow to saturation flow* for
phases 1,2 ....n, Y= Zy and L is the total lost time per cycle (in seconds).

This cycle time will be referred to as the ‘optimum cycle time’.

Under light traffic conditions the optimum cycle time as deduced from this
formula may be very short. From a practical point of view, including safety
considerations, it may be desirable to regard a cycle time of about 25 seconds as
the lower limit. It may also be desirable to regard a cycle time of about 2 minutes
as the upper limit, since the gain in capacity with very long cycles is often
insignificant. This limit may be exceeded only in exceptional circumstances (e.g.
at multi-phase junctions or under conditions where at times the primary function
of the signals is to facilitate traffic movement on one route at the expense of
another, for example at weekends on holiday routes).

Some examples of the variation of delay with cycle time are shown in Fig. 28.
It has been found that for cycle times within the range three-quarters to one-
and-a-half times the optimum value the delay is never more than 10 to 20 per
cent above that given by the optimum cycle. For most practical purposes this
result may be used in deducing a compromise cycle time when the level of flow
varies considerably throughout the day. It would, of course, be better either to
change the cycle time to take account of this or, as is more common, to use
vehicle-actuated signals. However, if it is desired to use a single setting of fixed-
time signals, the simple approximate method outlined below may be used.

(1) Calculate the optimum cycle time for each hour of the day when the
traffic flow is medium or heavy, e.g. between the hours of 7 a.m. and 7
p.m., and average the results over the day.

(2) Evaluate three-quarters of the optimum cycle time calculated for the
heaviest peak hour.

(3) Select whichever is the greater as the cycle time.

*When using this formula for setting signals, measured, rather than estimated, saturation
flows should be used wherever possible. This is because small changes in the assumed satura-
tion flow result in relatively large changes in calculated cycle time (for minimum delay) as
capacity is approached
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2-PHASE, 4-ARM INTERSECTION

Equal flows on all arms

Equal saturation flows : 1800 vehicles per hour
Equal green times

Total lost time per cycle : 10 seconds
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F1G. 28. Effect on delay of variation of cycle length

Green times

A simple rule for setting the green times to give the least overall delay to all
traffic using the intersection was derived from the delay equation.® It was
found that the ratio of the effective green times should equal the ratio of the
y values, i.e. '

L (23)
g2 Y2

where g, and g, are the effective green times of phases 1 and 2 respectively.
This rule can be extended to 3- or more phase operation. Strictly, the green-
time ratio should be made a few per cent nearer to unity if the y-value ratio
differs appreciably from unity, but for most practical purposes the effect is too
small to be of significance (see page 11 of reference (1)). Also, it has been shown
that where the two arms of a single phase have different values of the ratio g/s,
approximately minimum overall delay is still obtained by dividing the cycle
according to the y values as given above, even though the g/s ratio of the other
arm(s) of the phase may vary between zero and y.
If co— L is the total effective green time in the cycle the above rule gives

I % T
g1 Y(C‘ )

Y2
g,==%(co—L)
ete. Y
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The procedure when dealing with early cut-off periods, etc., is illustrated in
‘Treatment for special cases’.
_ The way in which the delay varies with the ratio of the green periods is shown
in I_:ig. 29 for four different cycle times. If the delay should be kept within the
limits of IQ to 20 per cent above the minimum possible, the green times (assuming
the cycle time is the optimum value) should not differ from the optimum values
by more than one-fifth of the total lost time per cycle. This means that the
proportional latitude for green-time setting is very much less than that for the
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F1G. 29. Variation of delay with ratio of the green times
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cycle-time setting. If the cycle time is shorter than the optimum value the
latitude is reduced even more, but if it is longer than the optimum value the
latitude is increased, e.g. in the example illustrated in Fig. 29 the change in
gNs OF gew necessary to shift from one asymptote to the other is 10 seconds
when ¢=40 seconds (optimum), but when ¢=80 seconds the corresponding
change is 30 seconds. Thus it is better to have a cycle time longer than optimum
if there is the likelihood of appreciable error in setting the green-time ratio.

Where the level of traffic flow is varying throughout the day and a single
value of green time is required for each phase, it is suggested, in view of the
findings given above regarding latitude, that the total effective green time in
the cycle (co— L) should be divided in proportion to the average y values (for
each phase) for peak periods only, i.e.

g1_ ek s (25)
g2 (Pdpeak

where (y)peak is the average y value during peak periods for phase 1, and
(¥ 2)peak that for phase 2. If these values are likely to be appreciably different
from the optimum ones for any peak period the cycle time should be increased
to a value greater than that which would otherwise be obtained from the rules
given under ‘Cycle time’ above.

Just as it was necessary to set limits on the cycle time for practical purposes,
so it is necessary to avoid having green times too short and this is catered for
automatically with existing controllers which have a minimum green period of
7 seconds.

Worked example No. 7 in Appendix 7 illustrates the method of calculating
the optimum settings of fixed-time signals and the reserve capacity.

Treatment for special cases

Saturation flow which falls off during the green period. It should be noted that
constant saturation flow has been assumed in the derivation of the cycle-time
formula. If the saturation flow falls off throughout the green period (e.g. owing
to heavy right-turning movements or to a flared approach), this formula does
not hold.

If, however, the shape of the saturation-flow histogram is similar to that shown
by solid lines in Fig. 30 and can reasonably be replaced by the quadrilateral

Rate of discharge of queue

Fic. 30. Histogram of saturation flow where rate of discharge falls off steadily with
increasing green time
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shown by the dashed lines and having the same area, then the procedure des-
cribed in Appendix 6 and illustrated in worked example No. 9 in Appendix 7
can be used to determine the optimum cycle time and green times.

In some cases the saturation flow falls off in a fairly definite step (see Fig. 31)
after several seconds of green time to a lower and constant value, e.g. when right-
turners block one lane. In this case there are two possible saturation flow values
and two lost times depending on when the green time ends. Usually the drop in
saturation flow takes place in the first 10 seconds of green time and it is unlikely
that a practical optimum green time would end prior to this; thus only one
combination of saturation flow and lost-time values need be considered, and
this combination is shown in Fig. 31. If the step occurs later in the green period
it is unlikely that, on averaging the results for a number of cycles, the step would
remain sharp; it is far more likely that the mean saturation flow curve would
approximate to the type given in Fig. 30.

Lost times and y values different for arms belonging to the same phase. Since it
is not obvious which arm of a particular phase is the predominant one when the
lost times and y values are different, each arm in turn should be taken as the
predominant one and the optimum cycle time calculated using the appropriate
combination of y and / values. The predominant arm is the one which requires
the_longcr cycle time and it is this cycle time which should be selected as the
optimum one.

Early cut-off or late-release features incorporated in the cycle. The phase
which benefits from the early cut-off can be said to consist of two stages, (1)
flows A and B together (see Fig. 32) and (2) flows A and R together. Con-
sidering arm A, the g/s value for flow A should be based on a saturation flow
for the straight-ahead flow only, or if the latter quantity has to be estimated it
should be made appropriate to the width of the approach less the width of the
right-turning lane or lanes. If no lanes are marked and the right-turning traffic
flows in single file, 9 ft of width could be allowed for it. The g/s value for the
right-turning traffic should preferably be based on a measured saturation flow.
In the absence of this a saturation flow of 1600 p.c.u./h for one lane and 2700
p.c.u./h for two lanes turning right may be assumed if the turn is shallow. For
sharp turns the rule given in “Effect of right-turning traffic’ should be used.

Lost time = 4, + &,
(£, in this example is negative)

Saturation flow

S | S S =S

Rate of discharge of queue
B e ey

'—’{21!'" Time ———
|

F1G. 31. Histogram of saturation flow where rate of discharge falls off sharply during
the green time
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Arm B

(g/s)g

(qis)y (gls)g ‘
Arm A

F1G. 32. Designation of flows and g/s values when early cut-off used

The y value for the two stages taken together will be (g/s)s-+(g/s)r or (g/s)a
whichever is the greater. If (g/s)s+(g/s)r >(g/s)a, then the y value for the first
stage will be (g/s)s and that for the second stage (g/s)r. If, however, (g/s)a is
the greater, then the green time which flow A requires should be divided in
proportion to the g/s values of streams B and R. Thus, the y value for the first
stage would be

(g/s)s+(g/s)r

and that for the second stage

(g/s)r (q/$)a
(g/s)s+(q/s)r

The normal rules for signal settings can then be used with these values.
The procedure is similar to that given above when there is a late-release
feature.

Separate right-turning lanes. When the right-turning lanes are separated from
the other traffic, calculations of the g/s values should be made for each
independent stream.

The y value for the phase as a whole will be the larger of the two values
calculated.

Further guidance on saturation flow under different conditions of right-
turning traffic is given in Road Note No. 34.G%

Separate left-turning lanes. When there are exclusive left-turning lanes
separate calculations of the g/s values should be made for the left-turning

Fea ]

streams as well as for the other traffic, and the larger g/s value taken to represent
the phase as a whole.

If there is a slip-road so that left-turning traffic can flow at any time, without
coming under the control of the signals, the y value for the phase should relate
to the flow and saturation flow of the other traffic, i.e. that excluding left-turners.
Some guidance on saturation-flow measurements under these conditions is
given in Road Note No. 34.G4

When there is a left filter and there are exclusive left-turning lanes the pro-
cedure to be adopted is similar to, though a little more complicated than, that
given above for use when there is an early cut-off feature. Suppose the left filter
coincides with the green period for arm C (see Fig. 33), then there are two

Arm B
(CHS)B
B
(ars)e Aitn D
———————
Cc
Arm C (a/sip
E A D
1
Phase 1 ; e
-
il

(als) (q/s)a

Arm A ==t
Phase 2 [S—
i[5
ey
Phase 3 .I.'\ T

F16. 33. Designation of flows and g/s values when left filter used (assuming left filter
running during the green period for Arm C)

possibilities to consider: (1) when the left-turning flow is so great that it requires
more green tirhe than phase 1 and phase 2 traffic combined, and (2) when the
left-turning traffic can quite adequately be catered for during these two phases.
If the intergreen time between phases 1 and 2 could be ignored it would only be
necessary to compare the magnitudes of (g/s). and (g/s)ag*+(g/s)c, but in
most cases this is not so and a derivation of the optimum cycle time has to be
made in order to determine which flows predominate. In the first of these two
cases, the cycle time (call it ¢;) would be

1-5(I314153—2a+ L +Ip)+5
1—(g/s).—(g/s)p

*(g/s)a,s means (g/s)a or (g/s)s, whichever is the greater

ey = seconds
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where 75 is the intergreen period between phases 3 and 1, a is the amber period
and /[ is the lost time for flow L. The meanings of the other symbols are obvious.
In the second of the two cases

i 1 5(13 1 +Il 2+[23 — 3a—|-lc+lA.B+!D)+5
1-(g/9)c—(g/9)as—(g/s)p

seconds.

C2

The predominant arms are those whose y values give the larger value of cycle
time.

If ¢ is the larger then the y values of phases 1 and 2 individually should be

(9/5)c (g/s)L (9/5)aB (g/s)L
(9/s)c+(g/s)as (9/s)c+(g/s)an

(See “Overlapping phases’ and also worked example No. 10 in Appendix 7.)

respectively.

Use of left filter with no exclusive left-turning lanes. In this case an estimate
has to be made of the number of vehicles likely to be able to take advantage
of the left filter, which will depend on the flow of left-turning traffic and on the
geometry of the intersection. Both these factors can affect the likelihood of
left-turners being blocked by those proceeding straight ahead. Vehicles which
are able to take advantage of the left filter (expressed as a flow) should be
subtracted from the combined flow, and the g/s value for this arm based on the
flow so modified.

Overlapping phases. In many complicated signal systems several streams are
allowed to flow concurrently without necessarily starting and stopping at the
same time. The calculation of the y values and the optimum signal settings is
complicated in these cases. To illustrate the method to be adopted an example
has been worked out in Fig. 34. A plan of the intersection is shown in (a) and
the flows, saturation flows and ratios of flow to saturation flow are given in (b)
for the various main movements. The phasing is illustrated by the diagrams
shown at the top of the table in (c). Since the various phases overlap it is con-
venient to divide the cycle time into the separate stages shown. Calculations of
intergreen time based on the rules given earlier for clearances are shown next
in the table. Most of the intergreens take the minimum value of 4 seconds, but
one intergreen has to be made much higher to avoid possible conflict between
right-turning vehicles starting up from the S.E. arm and the last right-turning
vehicle from the W. arm. The dashes between certain stages indicate that there
is no intergreen time. The lost times are one second less than the intergreen times.
In the following row of the table the ratios of flow to saturation flow for all the
main movements (indicated in the small diagrams at the top of the table) are
given. Where a movement lasts for more than one stage this is indicated. It can
be seen that for stages 3 and 4 there are several movements and combinations
of movements taking place simultaneously. In the fifth row of the table the
highest flow/saturation flow values are selected for the y values and the approp-
riate lost times are repeated in this row. It is not obvious which of the alter-
natives for stages 3 and 4 is the appropriate one to use so both are given. At
the bottom of the table a calculation of cycle time indicates which of the alter-
natives is the correct one.

Practical points in setting signals

Criteria for optimum settings. Minimum overall delay has been used as the
criterion in deducing optimum signal settings. Consistent with safety require-
ments this appears to be reasonable provided that the delay to any particular
stream does not become excessively high in relation to that of other streams.
The delay formula or tables may be used to check that delays are reasonable.

Other rules, which may be more arbitrary, could be applied in this connexion;
for example, it may be considered that the average delay to any one stream
should never exceed, say, three times the average delay to other streams or
that not more than one per cent of the vehicles should be delayed more than a
set time, e.g. 3 minutes.

Complicated situations. Many intersections are complicated either in layout,
traffic composition or movement, but generally the effects of these are reflected
in the measured values of saturation flow and lost time which are substituted
in the signal formulae. However, unusually large numbers of right-turning
vehicles, slow-moving vehicles, pedestrians, etc., can and should be catered for
by special phases, all-red periods, etc., as discussed earlier.

Queues. If there are nearby junctions it is desirable to know how far the
queue is likely to extend, and a formula has been derived(® for predicting the
average queue (V) at the beginning of the green period. This is generally the
maximum queue in the cycle and is given approximately by

N= g(g-{-d), or N = gr, whichever is larger ............... (26)

where r is the effective red time, ¢ is the flow (same units of time as r and d) and
d is the average delay per vehicle.

This formula underestimates the extent of the queue by 5 to 10 per cent as it
assumes that vehicles do not join the queue until they have reached the stop
line. This assumption was made in order to simplify the theoretical model used
for computing delays and queues. A correction for this formula is given in
reference (1).

Of perhaps more importance than the average queue is the extent of the queue
in certain infrequent cases, e.g. the queue which will be exceeded only once in
20 cycles and the queue which will be exceeded only once in 100 cycles. Values
of these critical queues have been computed and are given in Tables 7 and 8.

Stops and starts. An expression for the proportion of vehicles which stop at
least once (F) has been deduced: ()

Formulae for the average number of stops and starts per vehicle have also been
derived and are given in reference (1). These factors may be important when
considering wear and tear of vehicles, fuel consumption and annoyance to
drivers.



Table 7 i Table 8

Critical maximum queues (1 in 20) Critical maximum queses (1 in 100)

Probability of the maximum queue in any cycle exceeding the

Probability of the maximum queue in any cycle exceeding / :
critical value given in this table is 1 per cent

the critical value given in this table is 5 per cent
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Number of fully saturated cycles. Curves have been produced showing the
proportion of cycles which are fully saturated) (see Fig. 35). Measurement of
this quantity may provide a relatively easy way of determining the degree of
saturation at a junction, and hence the amount of reserve capacity.

It has been shown that the degree of saturation should be the same for all
the predominant arms (maximum g/s values) of an intersection when the signal
timings are optimum and is given by

where xo is the degree of saturation under optimum conditions.

All the results given in this paper on delays and signal settings refer to equilib-
rium conditions. If, however, more traffic is arriving at an intersection than can
be discharged the results obtained do not apply because the queue will steadily
increase, and a method has been suggested in ‘Effect of a parked vehicle on
delay’ for dealing with this situation.
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FiG. 35. The proportion of all cycles which are fully saturated

OPTIMUM SETTINGS: VEHICLE-ACTUATED SIGNALS

All the results given previously for fixed-time signals apply equally to vehicle-
actuated signals which are operating on a fixed cycle because of heavy traffic
demands. They can be used reasonably well for vehicle-actuated signals which
are frequently ‘running to maximum’. Where, however, there are frequent ‘gap’
changes these results are not applicable directly, and consequently more simula-
tion work was carried out specifically for vehicle-actuated operation. As before,
it was assumed that traffic was random and that saturation flow was constant.
Examples of the variation of calculated delay with vehicle-extension period and
maximum period are shown in Fig. 36. It would appear that for minimum delay
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F1G. 36. Calculated effect of the vehicle-extension period and the maximum period on
delay at vehicle-actuated signals

a fixed vehicle-extension period should be as short as is practicable so that the
signals just allow the queue to disperse before changing to the other phase if
there is waiting traffic. This is difficult to attain in practice because, unlike the
theoretical model assumed, the discharge rate varies within a cycle and between
cycles, and a vehicle-extension period which is just greater than the average
discharge interval would under actual conditions frequently cut off part of the
queue. This would have an adverse effect on delay. Furthermore, safety require-
ments demand that a fixed vehicle-extension period should not be too short (say,
at least 4 seconds) and this state of affairs is not then likely to arise. Speed-timed
extensions are terminated as soon as the vehicles initiating them have entered
the junction, so that in general they will be shorter than the corresponding
fixed-time setting which could be employed. It is not desirable that they should
be further reduced.

It will be seen from Fig. 36 that the best value of the maximum period does
not vary much with different vehicle-extension periods, and the results of the
fixed-time work may reasonably be used as a guide to the value of the maximum
period. In any case, the majority of vehicle-actuated signals act virtually as
fixed-time signals in heavy traffic. However, if signal timings are not to be checked
very often it would be advisable to set the maximum periods a little on the long
side, to account for future growth, particularly if the vehicle-extension period
is short. Alternatively, the variable maximum facility could be used, and in this
case the pre-set maximum may be set somewhat on the short side.
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COMPARISON OF FIXED-TIME
AND VEHICLE-ACTUATED OPERATION

Figure 37 shows the results of carrying out simulations to compare vehicle-
actuated (solid curves) and fixed-time operation (curve A) for a hypothetical
four-arm intersection. The vehicle-actuated signals had fixed extension periods
and pre-set maximum greens chosen to suit high-flow conditions. It can be seen
that under light-flow conditions the delay is much lower with vehicle-actuated
signals. At higher flows the vehicle-actuated signals are running to maximum
more often and the two types of curve converge. The point at which this occurs
depends largely on the value of the vehicle-extension period. In this example
the saturation flow is assumed to be constant at 1800 vehicles per hour, corres-
ponding to a discharge interval of 2 seconds, so that when the vehicle-extension
period is 24 seconds the signals change soon after both queues have dispersed.
With a longer vehicle-extension period the signals run to maximum at much
lower flows.

l Equal flows on each arm
e—

Saturation flow :
1800 vehicles per hour

l Lost time: 3 seconds
60— per phase

A Fixed-time signals with
—~ T~ "~ green periods equal to the
2 maximum greens
5 — — B _ _  Fixed-time signals with
e optimum settings
& ———— — Vehicle-actuated signals .
40— maximum green: 44 seconds
L4
s
=
o Maximum
o flow
@
(-8
>
£
z Vehicle-
extension
@ period
o
2 8 seconds
g 4 seconds
< 2% seTonds
o} 1000 2000 3000 4000

Total flow (vehicles per hour)
FiG. 37. Comparison of vehicle-actuated and fixed-time signals (4-way intersection)

In the fixed-time case (curve A) the green periods are equal to the maximum
greens of the vehicle-actuated signal. However, when the green periods are
optimum values (according to rules given in this Paper) for each distinct value
of flow the delay is represented by curve B, which is practically identical with the
vehicle-actuated curve corresponding to a vehicle-extension period of 4 seconds.
Thus, vehicle-actuated signals with fixed extensions (particularly if they are
long ones) are unlikely to be better (except under very light traffic conditions),
and may be worse, than fixed-time signals adjusted to optimum settings. This
result is mainly of theoretical interest,* however, because of the practical

*The result is of considerable importance in estimating delay at vehicle-actuated signals (see
“Delay with vehicle-actuated signals’)
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Table 9

Effect on delay of a change in traffic pattern

2500 vehicles per hour entering the

junction
8 | Saturation flow on each arm: 1800
— - vehicles per hour
A ———
I B Lost time: 3 seconds per phase
Maximum green times with vehicle-
actuated signals: 44 seconds
Average delay per vehicle
Details of controller (seconds)
Ratio of flows (A/B):
1 1-5
Vehicle-actuated signals 2t b L L
with vehicle-extension
periods of (seconds): i 18 e i
8 22 24 33
Fixed- | 44 seconds green per phase 23 29 overloaded
time ; A
signals Optimum settings 18 17 16

difficulty of continuously adjusting fixed-time signals so that the settings are
always optimum. (By comparison, one setting only of the vehicle-actuated
signal is mecessary to cater for the whole range of flows shown in Fig. 37.)
There is also the further point that under light and even moderate traffic con-
ditions practical limits have to be set on the duration of a green signal, thus
preventing very short cycles with fixed-time signals and making such signals less
efficient.

Vehicle-actuated signals with speed-timed extensions, however, should show
an advantage over fixed-time signals even if the latter could be adjusted con-
tinuously to the flow for the particular time of day, since the speed-timed
extensions are likely, on average, to be less than 4 seconds.

Because vehicle-actuated signals with short extensions are self-adjusting to
traffic requirements it is possible safely to select somewhat longer maximum
green periods than the appropriate green periods for fixed-time signals and so
provide for short-period bursts of traffic of a non-random nature such as may
arise, for example, from a nearby factory at closing time. In particular, it is often
desirable to set the maximum of an early cut-off period to a longer setting than
the calculated one having regard to the dislocating effect on the general traffic
flow of right-turners which have been held.
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A comparison of vehicle-actuated and fixed-time working has also been made
for cases where the total flow entering the junction is assumed to be constant
but the ratio of the flows on the two phases varies from 1:1 to 24:1. This is
illustrated in Table 9, where it can be seen that the vehicle-actuated signal with
short vehicle-extension periods (without any change in the signal settings) gives
no increase in delay as the traffic pattern alters and only a slight increase when
the vehicle-extension period is 8 seconds, whereas the fixed-time signal becomes
overloaded with the 23:1 flow ratio. If the fixed-time controller could provide
optimum settings for each flow ratio chosen then the delays would be com-
parable with those of the vehicle-actuated signal working with a short vehicle-
extension period.

Thus, the real value of a vehicle-actuated signal is not that it caters for the
random variation of traffic about the expected mean, i.e. variations in flow
from cycle to cycle, but that it can deal satisfactorily with non-random bursts
of traffic as well as with long-term variations both in the mean values of the
total flow and in the flow ratio of the phases, provided the vehicle-extension
period is sufficiently short. There is also, of course, the further advantage that,
wherever possible, all signal changes are made during a gap in the traffic on the
running phase, thus minimizing the risks inherent with arbitrary changes of
right-of-way.

SPECIAL USES OF SIGNALS

Congested roundabouts

It is well known that a roundabout can “lock’ when the flow entering the
roundabout approaches the capacity. The operation of the roundabout is said
to be unstable in these regions of flow as driver behaviour may cause the round-
about to lock at flows well below the values which have been known to pass
through it without any congestion.

In an attempt to improve capacity and reduce the chances of locking, traffic
signals have been installed experimentally on the approaches to four round-
abouts which formerly required police assistance during most peak periods (see
reference (46) for details of one of these experiments). The signals were installed
between 100 and 200 ft from each roundabout so that drivers, even though
passing a green signal, would approach with caution and would not expect a
‘guaranteed’ free passage. Also, by setting the signals back it was intended that
drivers would observe the zebra crossings, which had to be retained as the
signals were operating only during peak periods. It was not possible to determine
the improvement in capacity after the signals were installed as the maximum
observed flows prior to signal control were found to vary over quite a large
range, owing to the instability of operation. However, it was not uncommon
for the flows under signal control to be 50 per cent greater than those which
previously had led to locking of the roundabout. The performance with signals
has therefore been compared with police control, with which there was no
danger of locking taking place.

Signal control was found to increase the capacity by about 10 per cent above
that with police control at two of the roundabouts, which were of the cross-
roads type (four approaches). At two other roundabouts which were more
complex, having six approaches, signal control gave no increase in capacity over

~ A

police control. Locking was not entirely eliminated and usually occurred when
the traffic signals temporarily allowed more traffic to enter the roundabout than
could leave. It was found that increasing the all-red periods as traffic increased
reduced quite substantially the number of occasions when locking took place,
without causing a decrease in capacity. )

The control equipment was arranged to enable the pohc.el_nan on c!uty to
extend manually the all-red time during any cycle, if .condmons required it.
More recently, a loop detector surrounding the central island has been u§ed(47)
together with its associated equipment, to assess the amount of traffic in the
roundabout and to adjust automatically the all-red period in each cycle accord-
ingly. The results have been very promising, and at the par_ticular test site no
lock-ups have been reported whilst the equipment has been in use.

It is interesting to note that at the two roundabouts of the cross-roads type,
where the signals have been in operation for some years now, the capacity has
increased quite appreciably. Although this is partly due to minor layout improve-
ments and improvements in signal control it is quite likely that some improve-
ment has also resulted from drivers becoming thoroughly used to the system.

An alternative treatment of congested roundabouts, which has proved very
successful, is the use of priority signs on the approaches.(23)(48) In some instances
roundabouts have been removed entirely, and replaced by signals,_where ghe
volume and distribution of traffic have enabled a significant increase in capacity
to be so achieved. Wherever this is contemplated the possibility of an increase
in accidents should be borne in mind.@2

High-speed roads

When vehicles are travelling at moderately high speeds on roads where there
are traffic signals, drivers may sometimes find themselves unable either to stop
in time when the signals change to amber or to continue at the same speed and
pass through the junction before the ‘red’ commences. Inyestlgatlons have been
made® on a disused airfield to find comfortable stopping distances for most
drivers, at various speeds, when the lights turn to amber and at what distance
from the lights drivers decide to carry on and cross on the red. The results have
been used for the design of a new type of control equipment, for use on fast
roads, which will give each vehicle an extension of the green from the moment
at which the vehicle can no longer make a comfortable stop. Normally, the
extension of the green commences when a vehicle crosses the detecto_r.

Two detectors are required, one at about 500 ft from the stop line and the
other at the normal distance. When a vehicle crosses the outer detector its speed
is measured and the time is computed at which the vehicle, continuipg at constant
speed, will reach the position at which it could no longer stop with comfort if
the lights should turn to amber. Whilst this period is being timed off the signals
are not prevented from changing to the side road, but if they have_: not changed
at the expiry of this time the vehicle-extension period commences in the norrpal
way. The second detector provides a “fine control’ and modifies the extension
based on a new estimate of the vehicle’s speed.

Until this new controller is completely developed a system known as doubl_e
detection is being used. A detector is installed at both 13_0 and 2510 ft (approxi-
mately) from the stop line and vehicles receive an extension of .nght-of-v_vay on
passing over each detector, the length of the extension being just sufficient to
take the vehicle at its measured speed from one detector to the next and from



the second detector to the intersection. The disadvantages with this method are
(1) 240 ft is not far enough away from the intersection for most vehicles travelling
at over 45 mile/h to stop in time and (2) slow vehicles are given two fairly long
extensions of right-of-way which decrease the chances of a ‘gap’ change of
right-of-way. Sometimes the more distant detector is placed only in the faster
lanes, thus minimizing the second shortcoming.

Shuttle working (roadworks, bridges, etc.)

The formulae for delay, green times and cycle time given in this Paper can be
adapted for use at roadworks and bridges where shuttle working is controlled
by traffic signals. Saturation flow should be obtained by counting the number of
vehicles () entering the controlled section from the time the first vehicle in the

Ny . - . . .
queue passes to the time the last vehicle in the queue passes and recording this
time interval (f'seconds). Vehicles arriving after the main body of the queue has
passed should be ignored as they are not passing through at the maximum rate.

The saturation flow is

5 3600 (n—1)

vehicles PELHOUT. ..cocvuisiinissssisses (29)
About half-an-hour’s observation should be sufficient to give a reasonable
result. The saturation flow should be measured in both directions—more or less
the same results should be obtained. In addition to this information the time
taken for the last vehicle in the queue to traverse the controlled section should be
noted on a few occasions and the mean value found (7 seconds). The signal cycle
to give the least overall delay is

3t+5
= ] TN L =N SR
N seconds (30)
SA 5B

where ga and gg are the flows (vehicles per hour) in the two directions and
sa and sp are the corresponding saturation flows. For fixed-time working the
green times, ga and gg (assuming s, =sg) are given by

c—2t

A=
1+2
ga

BEEODS, suv v anesmaTa st (3D

and gg=c—-2t-—gA ................................. (32)

and the all-red time at each change of right-of-way should be ¢ seconds. With
vehicle-actuated working the maximum green times may be set somewhat
longer. If detectors for extending the all-red period are installed the all-red
extension should be sufficient to ensure that the slowest vehicle will travel from
one detector to the next before the extension has expired and the maximum
all-red should be sufficient to cater for the slowest vehicle. It should be noted
that where all-red extending detectors are installed it is usual for the last one
or two to be unidirectional, responding only to vehicles entering, so that the
signals can change as the clearing vehicle is running out of the controlled area.

Fixed-time signals should be reset (manually or by time switch) for each peak
period, off-peak (daytime) and off-peak (night-time) working in order to give
reasonable service.
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APPLICATION OF INFORMATION
GIVEN IN THIS PAPER

The information given in this Paper can be used as follows:

)

@

&)

*)

&)

In the various stages of design of a signal scheme at an intersection, e.g.
phasing, geometrical layout of the intersection for a given capacity,
siting of components, carriageway markings, optimum signal timings to
give the least overall delay to vehicles.

In evaluating the delay, queues, capacity, etc., for any existing or pro-
jected signal-controlled intersection which does not form part of a linked
system.

In estimating in advance the effect on delay and capacity of proposed
changes in the numbers of right-turning vehicles, goods vehicles, buses or
parked vehicles. Similarly, the effect of widening an approach to an
intersection can be estimated, and an economic assessment of the benefits
of an improvement scheme can be related to its cost.

In designing new intersections to fit the expected traffic, various types of
intersection can be compared from the standpoint of delays, accidents
(using results published elsewhere)@2(@3) capacity and cost.

In the design of a linked system of traffic signals.
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APPENDIX 1
GLOSSARY, SYMBOLS AND USEFUL EQUATIONS

The following symbols are in alphabetical order, with the only Greek symbol
appearing at the end. Useful equations are also included in this list.

a Amber period (3 seconds in Great Britain)
¢.  Cycle time
Co Optimum cycle time—the cycle time which gives the least average
delay to all vehicles using the intersection

. %ﬂ seconds (L in seconds) ................. 22)

Cm Minimum cycle time—the cycle time which is theoretically just long
enough to pass the traffic through the intersection.

d  Average delay per vehicle on a single approach to an intersection.
It is the difference between the average journey time through the
intersection and the time for a run which is not stopped or slowed
down by the signals

e (1=ap x2 (c) } @+
“2(1—-7\x) +2q(1~x)—065 (q—z) . 7 R T (15)

Approximate form of d

32
d= % { zc((ll_ g) ; 2q(;62_ x)} ........................... (16)
Using Tables 3, 4 and 5 for values 4, B and C
d— i +§ B o T an
E  Proportion of vehicles which are stopped by the signals at least once
E= %:_; .......................................... @7

G  Combined green and amber periods

G=k+a=g+i

~o

Effective green time—the sum of the green period and the amber
period less the lost time for the particular phase

F=G2  ssmessesseeriisesostus RS (%

For optimum conditions

BLadll e (23)
g2 VY2

where suffix 1 and suffix 2 refer to phase 1 and phase 2

g1 =J% (N ) P —— (24)

Intergreen time—time from end of the green period of the phase
losing right-of-way to the beginning of the green period of the phase
gaining right-of-way

Controller setting of green time
k=G-a

Lost time for a single phase—the time in a cycle which is effectively
lost to traffic movement in the phase because of starting delays and
the falling-off of the discharge rate which occurs during the amber
period

I=G-g

Total lost time per cycle—the sum of the lost times for each phase
and those periods when all signals show red or red with amber

If /=2 seconds and a=3 seconds, L= X (I—1) seconds

Average number of vehicles arriving per cycle on the particular
approach

M =gqc
Average queue at the beginning of the green period
N=g (g—i-d) or N = gr, whichever is larger.................. (26)

Flow—average number of vehicles passing a given point on the road
in the same direction per unit of time

Effective red time—time during which the signal is red or red with
amber on a particular phase, plus the lost time for that phase

r=c—g
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s

=

Phase

Satu_ration flow—average rate of flow past the stop line over that

portion of the green period during which there is a queue, but ignoring

the first few seconds of green whilst the rate of discharge is increasing
s = 160 w for w between 18 ft and 60 ft. For w between 10 and 17 ft
see ‘Estimation of saturation flow’

Width 9f approach at the stop line—measured from kerb to inside of
pedestrian refuge or centre line, whichever is the nearer, or to inside
of central reserve in the case of a dual carriageway. For approaches of
non-constant width (e.g. flares, bell-shapes) w refers to the effective
width (see ‘Estimation of saturation flow”)

Degree of saturation—ratio of the flow to the maximum fiow which
can be passed through the intersection from the particular approach

x=i

As

Degree of saturation when the cycle time and green times have
optimum values

Maximum ratio of flow to saturation flow for a given phase

q

y=_
A

Summation for the whole intersection of the y values corresponding
to each phase

Y= 2y
Proportion of the cycle which is effectively green for a particular phase

7\=

o0

A phase is the sequence of conditions applied to one or more streams

pf t}'aiﬁc which, during the cycle, receive simultaneous identical signal
indications
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APPENDIX 2

TAILOR-MADE LINKED SIGNAL SYSTEMS

The term ‘tailor-made’ has been used for the linking systems described in this
Appendix because of the extensive variety of links and linking combinations
available to meet differing traffic requirements. It follows, therefore, that
wherever linking is contemplated a careful assessment of traffic needs is essential
if the most effective linking arrangement is to be selected.

Linking is generally employed either to facilitate movement of traffic through
two or more junctions (forward linking), or to prevent the build-up of a queue
at one junction from interfering with the preceding junction (backward linking).
In either case it is unusual for any two or more junctions which are linked
together to be of equal importance; generally one junction will be of greater
importance and this becomes the ‘key’ intersection—it originates the linking
pulses which are fed to the ‘controlled’ intersection(s). Where several junctions
are linked together it is not essential for all controlled intersections to be linked
directly to the key intersection. A controlled intersection from the key inter-
section may itself be the controlling intersection for a third intersection, thus
giving a form of cascade control through the system. Provided the intersections
along a route are in decreasing order of importance a cascade control using the
first intersection as key may offer advantages, but where, say, the third inter-
section along the route from the key intersection is more important than the
second, it will generally be advisable to control both directly from the key
intersection. Special forms of linking are available for the unusual situation of
linking between intersections of equal importance.

In order to facilitate consideration of the various links available, they have
been numbered and also divided into three groups. Groups I and II are con-
cerned with linking between junctions of unequal importance and Group III
with linking between junctions of equal importance. In Group I, the pulses
from the key intersection influence the controlled intersection immediately, and
these links are generally suitable either where intersections are close together (so
that vehicle transit time between intersections does not have to be taken into
account) or where the purpose of the link is to prevent build-up of queues between
the intersections. In Group II, the facilities are similar except that the pulses
from the key intersection are delayed before they influence the controlled
intersection: the delay may correspond to vehicle transit time, to provide
progression, or with the period required to fill a reservoir space between inter-
sections.

Group I—No delay links
Facility No.

1. Detector

Description

Commencement of a particular phase at the key inter-
section causes a demand for a selected phase at the con-
trolled intersection, and, in addition, detector operations
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la.Lock
(Note 1)

2. Forced change
(Notes 1 and
4)

2a. Forced change
and lock
(Notes 1 and
4)

on one or more approaches during the particular phase
at the key intersection are repeated to the selected phase
equipment at the controlled intersection.

This is the loosest form of link available and is suitable
where there is no need to influence the local control other
than by providing advance indication of the approach of
vehicles to the controlled intersection. Under light traffic
conditions it will tend to reduce delays in the direction of
progression, but will have negligible effect under heavy
traffic conditions.

As facility No. 1 above, and, in addition, right-of-way
is maintained on the selected phase at the controlled
intersection for the duration of the particular phase at the
key intersection.

This link is useful where there is no need to force
controllers to be in step, but where it is desirable to hold
them in step if they happen to be so. It will tend to reduce
delays in the direction of progression under light and
moderate traffic conditions but will have little effect under
heavy traffic conditions.

Commencement of a particular phase at the key
intersection causes a forced change to the selected phase
at the controlled intersection (either immediately or, if
the minimum green period is in operation, at the end of
such period).

This link is appropriate where it is unnecessary to
provide progression from the key intersection to the
controlled intersection (the street may be one-way in the
opposite direction) but where, because of restricted
reservoir space available between the junctions, it is
desired to ensure that the cycle time at the controlled
intersection does not exceed that at the key intersection
(so that a platoon of traffic is passed from the controlled
to the key intersection for each cycle of the latter). The
link simply pulls the controlled intersection into syn-
chronism if it tends to lag.

As facility No. 2, and, in addition, the forced change is
followed by right-of-way maintained at the controlled
intersection for the duration of the particular phase at the
key intersection.

This arrangement can be used where it is desirable for
controllers to be in step, but where it is not essential to
override local conditions to achieve this. Whilst they are
in step, however, the controlled intersection cannot make
a ‘gap’ change. This form of linking provides a bias in
favour of the route from the key to the controlled inter-
section without ensuring progression.

N

2b. Forced change
and re-set
maximum
(Notes 1 and
4)

2c. Forced change
and
disconnected
maximum
(Notes 1 and
4)

2d. Forced change
and
disconnected
timers

As facility No. 2, and, in addition, if the selected phase
is already running, the maximum timer is re-set (Note 2).

The signals remain with phases linked as long as
platoons are sufficiently concentrated to prevent gap
changes. The link is useful, therefore, where it is desired
to favour concentrated platoons, but where difficulties
will not arise if gap changes occur. Where a more rigid
link is needed this facility (2b) may be combined with 2a
to prevent gap changes, and in this form it can be useful
both to facilitate progression and to prevent queue
formation.

As facility No. 2, and, in addition, the maximum timer
for the selected phase is disconnected for the duration of
the particular phase at the key intersection.

This link is particularly useful where it is desired to
limit the running time of a particular phase at the con-
trolled intersection except when a platoon is passing
through both junctions. It is of especial use where long
cycle times may occur at peak periods at the key junction,
and on these occasions a shorter cycle time is permissible
at the controlled junction. At such times the controlled
junction can be arranged to give a sequence: side-road,
short main-road, side-road, long main-road, etc. As the
cycle time at the key intersection shortens, the second
side-road phase at the controlled intersection is pro-
gressively reduced until it is eliminated and the two
junctions then work to a common cycle time. With this
facility gap changes are permissible.

As facility No. 2, and, in addition, the vehicle timer and
maximum timers are disconnected for the duration of the
particular phase at the key intersection (Note 3).

This link is the most rigid one and makes the con-
trolled intersection a slave of the key intersection during
the phase in which the link is applied. It can be used for
progression or for queue prevention.

Group IT—Delay links

These links are similar to those in Group I, except that a delay period is

3a. Delayed lock
(Note 1)

4-4d. Delayed
forced change
etc.
(Notes 1 and
4)

incorporated to allow for the transit time between intersections, or the queue
build-up time. The links available are:

As la, except that the start of the linking pulse is
subjected to a pre-selected delay period.

As 2-2d respectively, except that the start of the linking
pulse is subjected to a pre-selected delay period.
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Group ITI—Links for junctions of equal importance
5. Maximum Maximum timers on selected phases of two controllers
are disconnected until both controllers are showing green
on the selected phases.
This is the loosest form of Group III linking.

5a. Maximum Maximum timers on selected phases of two controllers
and pulse are disconnected until both controllers are showing green
on the selected phases and, in addition, commencement
of the selected phase at either controller causes a demand
for the selected phase at the other controller (Note 1).
This link gives advance indication at one junction of a
s demand originating at the other.

5b. Maximum and This link is an extension of 5a in that the detector
detector operations during the selected phase at either controller
are repeated to the selected-phase equipment at the other

controller (Note 1).

This provides a fairly rigid link between two con-
trollers. Where an even more rigid link is needed con-
sideration should be given to using the more rigid links of
Groups I or I or, alternatively, of using a single controller
for the two junctions.

Note 1. This facility may be made conditional on a demand having been received from a
local source for the selected phase at the controlled intersection, in which case it may be
described as ‘conditional ...... linking’. Alternatively it may be conditional on two, three or
four demands having been received for the selected phase, in which case it may be descnbed

as ‘two, three or four vehicle conditional ...... linking’.

Note 2. Facility 2b (or 4b) may be combined with facility 2a (or 4a) where linking is required
to be more rigid than 2b (or 4b), but where the special conditions for 2¢ and 2d (or 4c and 4d)
are not met,

Note 3. Facility 2d (or 4d) may be used only where there is a continuous artificial demand
for a phase other than the particular phase at the key intersection, or where the particular
phase is always automatically followed by another phase; or alternatively, an additional
timer may be provided to limit the maximum running period on the selected phase.

Note 4. When an arbitrary change is brought about under 2, 2a-d, or 4, 4a-d, arrangements
are made for the right-of-way to return to the phase losing right-of-way.

Q4

APPENDIX 3

THE MANUAL PREPARATION OF TIME-AND-DISTANCE DIAGRAMS

This Appendix is a copy of a paper produced by the Ministry of Transport and
based on a paper originally prepared by the Vehicle-Actuated Road Signal
Development Association, who have given permission for its reproduction.

1. Object

With the ever-increasing volume of traffic in towns, there is a corresponding
increase in the number of signal-controlled intersections. In order to reduce
cumulative delays to vehicles on and crossing a particular route it is desirable
to link controllers together in such a manner as to provide a progressive flow
along the route. Before the linking can be achieved, a time-and-distance diagram
of the route must be prepared.

2. Initial information (See also Appendix B)

2.1. A traffic count should be taken at each intersection of the proposed link.
This requires an initial decision on the number of intersections to be included
in the scheme which may have to be modified later, dependmg on what is prac-
ticable. A record should be made of the number of vehicles in each hour of a
16-hour period on every approach and a note made of whether vehicles entering
the junction from each approach go straight on, turn right or turn left. Two or
more counts may be taken to illustrate wet and fine conditions, or any other
special consideration.

2.2. If the available figures are out of date, then an ‘increase’ factor based on
estimated traffic growth should be used. Consideration should in any case be
given to the effect of traffic growth.

2.3. A scale diagram of the intersections showing gradients and any proposed
civil engineering modifications should be provided. From a knowledge of the
route a desired progression speed (or speeds) throughout the system can be
estimated.

3. Number of phases

The determination of the number of phases does not form part of this note
but is an essential prerequisite to the production of time-and-distance diagrams.

4. Determination of cycle time and split

4.1. The optimum cycle time for peak-period conditions (as assessed from
the traffic count) for each intersection should be calculated (see Appendix A)
from a knowledge of the number of phases, the length of any all-red periods,
saturation flow and lost time. It may be necessary to perform several calculations
for an intersection if the traffic census shows discrete patterns for different
times of day, or days of week.

4.2. The intersection that is most heavily loaded and which requires, therefore,
the longest cycle time, is designated the key intersection. The cycle time for this
intersection should be used throughout the link. A different key intersection (and
a different cycle time) may have to be designated for each of the different traffic
situations that occur during a week, e.g. peak and off-peak, weekday and week-
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end. It will then be possible to decide on the number of plans required to meet
the various traffic situations.

4.3. For each plan the actual times for each phase at the key intersection
should be determined. The shortest and longest acceptable green times for the
main route (i.e. the route with progression) should be determined for all other
intersections (see Appendix A). These calculations will also give the longest
and shortest green times for the side-road phase(s).

5. Preparation of the diagram

5.1. The preparation of time-and-distance diagrams as outlined in this note
is essentially a matter of trial and error, the aim being to make each attempt an
imprevement on its predecessor. As a start, the proposed progression speed line
(see paragraph 5.2.) for the direction of major flow is drawn through the origin of
the time-and-distance diagram. Horizontal lines are then drawn across the
diagram for each intersection at the appropriate distance from the start of the
route (see diagram). The green and red periods (for the main route) at each
intersection are now located, preferably on separate pieces of paper which can
be adjusted as in 5.3, and the first time-and-distance diagram is thus formed.
There will be a progression band along the main route at the desired speed.

5.2. The existing speed or travel times may be modified to allow for expected
changes when the signals are installed and/or linked. In general an improvement
can be anticipated. A survey should reveal whether a constant speed is approp-
riate. Physical characteristics of the road, e.g. gradients and curves, or traffic
volumes may suggest that different speeds are appropriate for different sections
of the route.

Longest acceptable
main-route green
Intersection i
A = 5 ! | Shortest
Shortest acceptable { acceptable
| main-route green side-road
o Al i green
—_— Q
c
g
=
L
(=)
1
|
= = %
Direction of major route
(the route with progression)
Key — —
intersection
Time —=
Plan of

route

Preparation of time-and-distance diagram
R6

5.3. In general, the longest acceptable main-route green periods at other
intersections will be longer than that at the key intersection. The ‘spare’ green
should be allocated as required to clear traffic turning into the main route at
preceding intersections (to prevent these vehicles delaying the through platoons),
to traffic in the opposite direction on the main route and to meet any other local
traffic conditions.

5.4. The green and red periods for the opposite direction should be examined
to see if they are suitable for the amount of traffic in that direction. Particular
care should be taken to ensure that important side roads cannot be blocked by
stored traffic and that satisfactory provision has been made for any significant
traffic movements which use the main route for only a short distance within the
main progression. The positions of green periods at intersections may be varied
to assist other movements provided the cumulative adverse effect on the main
progression is limited.

5.5. Where two linked systems cross one another, that intersection may be
the key, and each system will have the same cycle time.

6. Comments

6.1. In general, opportunities for leaving the system should be greater than for
entering.

6.2. To achieve an acceptable progression for both directions a change in the
cyclic order of multi-phase intersections can be of assistance. Occasionally a
change in cycle time is also of assistance but this usually means a longer cycle
and lower speeds unless alterations to traffic movements at the key intersection
permit a reduction.

6.3. It may be found that a time-and-distance diagram produces a zone in
which cross-traffic cannot be accommodated. This will mean that either the
diagram will have to be adjusted or another possible progression used, or that
the cross-traffic at these points will have to be eliminated (by using one-way
streets, for instance). It should be pointed out that within these ‘impossible’
zones, the main-route traffic can more easily make right turns. As a corollary
to this, it is difficult to provide right turns at common points, and consideration
may have to be given to prohibiting such movements.

7. Use of the diagram

When the optimum time-and-distance diagram has been drawn the pulse
positions appropriate to the equipment should be determined from the diagram
and the linking equipment can then be set up. The diagram indicates the cycle
time for the system, the split at each intersection, and the offset time between
successive intersections along the route.

8. Conclusions

8.1. The time-and-distance diagram is an aid in the setting up of a linked
system. It is built up on a series of approximations and the designer must have a
good knowledge of traffic behaviour.

8.2. After the linked system has been put into operation it may be necessary
to make adjustments to the system to meet any changed traffic conditions. The
diagram will then have to be re-drawn.

8.3. It is obvious that the difficulty of obtaining a satisfactory time-and-
distance diagram is increased with every new intersection considered. It would
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appear that in practice the manual production of a time-and-distance diagram
becomes very laborious if the number of controlled intersections on the route
exceeds six.
8.4. The procedure for preparing a time-and-distance diagram for a one-way
system is similar to, although simpler than, the procedure described above.
February, 1965

APPENDIX A

CALCULATION OF CYCLE TIME AND RANGE OF ACCEPTABLE GREEN
TIMES TO PASS TRAFFIC ON ROUTES WITH PROGRESSION
Cycle- time
For an isolated signal installation, where the mean traffic level is constant,
and where vehicle arrivals on the approaches are at random it has been shown*
that the cycle time for minimum delay is given by the expression (see below for
definitions of terms and units)

_ 15045

o seconds
1-Y
and the cycle time which is just sufficient to pass the traffic offered is given by
L
M == —————  cssessssssssssssssscnsasnsannrrrrans 1
G =g — M

This is the minimum possible cycle time and is associated with excessively long
delays. In designing linked signal installations a cycle time should be chosen
which provides a margin over the cycle time just sufficient to pass the traffic
through the key intersection. In practice it will generally be appropriate if the
minimum cycle time chosen is such that the installation is then loaded to 90
per cent of its capacity, i.e.

0-9L
e e T 2
0:9=F @

Cycle times should not normally exceed 120 seconds. Storage problems etc.
may require the use of a lower value. If a cycle time lower than that given by
equation (2) has to be used, then a check should be made, using equation (1), to
ensure that the system will be capable of carrying the traffic.

Cpract, =—

Range of acceptable green times

After the cycle time for the linked system (c;), has been determined the effective
green times for the various phases at the key intersection will be

%@ﬁmwn

With an assumed standard amber of 3 seconds and a standard lost time per phase
of 2 seconds, the actual green times are

J% e B (3)

*WEBSTER, F. V. ‘Traffic Signal Settings’. Road Research Technical Paper No. 39. London, 1958
(H.M. Stationery Office)

P

This formula gives the actual green times for the key intersection. For all other
intersections in the system the formula may be regarded as giving the shortest
acceptable green time (see diagram) for the main route (i.e. the route with
progression). To obtain the Jongest acceptable green time for the main route a
calculation is made of the shortest acceptable green time(s) for the side-road
phase(s), i.e. the time just sufficient to pass side-road traffic with the side road(s)
loaded to 90 per cent of capacity.

With the same assumptions as before of amber time and lost time per phase,
the shortest acceptable side-road green time

__ VsIDECI _
00 | N P e S 4

The longest acceptable main-route green time will then be ¢; minus the sum
of the side-road greens (on separate phases) calculated according to equation (4)
and minus intergreen times. It should be noted that where ¢, is less than the
value calculated according to equation (2) the longest acceptable main-route
green times calculated by this method may be less than the values given by
equation (3), in which case the equation (3) figures should be used and should
not be varied (see example below).

On occasions it may also be necessary to check the minimum time required
for traffic in progression to pass through an intersection in one direction or the
other (particularly where the flow bands on the two directions do not correspond
in time). Equation (3) should be used with the ratio of flow to saturation flow
for the direction in question inserted for y.

All these quantities (except ¥) should be in seconds.

¢ = cycle time for minimum delay with random traffic
¢m = minimum cycle time to pass traffic
Cpract. = practical minimum cycle time
¢; = common cycle time for linked system
L = total lost time per cycle = Z(/—1), where the amber period is 3
seconds and the lost time per phase is 2 seconds
I = intergreen time
Y = Xy where y; is the maximum ratio of flow to saturation flow for
phase 1

Example
(a) Suppose that at the key intersection yyamw = ysmpe = 04 and ZI=12
seconds.
It follows that ¥=0-8 and L=10 seconds.
According to equation (2)

.
0-9-0-8
and according to equation (3) the green times should be

Cpract. = = 90 seconds,

0-4
ﬁ(SO)—l = 39 seconds.

This is the shortest acceptable green time for the MAIN route.
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If at intersection A (see diagram) yyamn=0-4 and ysppe=0-38 and Z[=12
seconds then according to equation (4) the shortest acceptable green time
for the SIDE road would be

0-38
W(90)— 1 = 37 seconds.

The longest acceptable MAIN-route green is therefore 90 —12 —37 = 41
seconds.

This is 2 seconds more than the shortest acceptable MAIN-route green
(i.e. green bandwidth for the progression).

(b) Suppose that the cycle time cannot be made as long as 90 seconds, but
only 60 seconds.
“Equation (3) gives the green times at the key intersection as

g—:g (50) —1 = 24 seconds.

This is the shortest acceptable green time for the MAIN route.
At intersection A the shortest acceptable SIDE-road green (from equation
(4) is

00398 (60)— 1 = 24-3 seconds

and the longest acceptable MAIN-route green is 60— 12—24-3 = 23.7
seconds. This is less than the shortest acceptable value calculated above
(24 seconds). The value of 24 seconds should therefore be taken as the
green time for the MAIN route at intersection A.

A check can be made to see whether the SIDE road is given sufficient
green as a result of increasing the MAIN-route green at this intersection;
the SIDE road needs at least 0-38 (60) —1=21-8 seconds. The value given
is 60 —12—24=24 seconds and is therefore satisfactory.

APPENDIX B
PRELIMINARY WORK INVOLVED IN PREPARATION OF TIME-AND-DISTANCE DIAGRAM

1. Drawings

. Layout of drawing—time on horizontal axis, distance on vertical axis
. Decide scales to be used for time and distance

. Decide details to be shown to identify intersections and phases

. Prepare master copy of blank diagram

. Reproduce blank prints for working use

Heading on diagram to show name of main route, cycle time and times
of operation (or plan number)

2. Surveys

a. Measure flows and distribution at all intersections

b. Measure journey times along route

c. Investigate need for any traffic engineering measures, e.g. waiting and/or
loading restrictions

d. Note sections of route where storage of vehicles possible and estimate
storage capacity

e. Note any particular need for clearance to prevent obstruction of side
movements, i.e. where no storage can be allowed
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APPENDIX 4

EFFECT OF A FLARED APPROACH AT A SIGNAL-CONTROLLED INTERSECTION

Figure 38 shows an approach with a half-width (w-+w) at the intersection,
tapering to the normal half-width w over a distance d;. Two cases are con-
sidered; case 1 where the length of flare d is less than d'; (the length of approach
occupied by the queue which can just pass through the intersection during a
fully saturated green period) and case 2, where d, is greater than d';.

In the first case the saturation flow can be considered to be constant and the
effective green period to be increased because of the extra vehicles which the
taper can accommodate; in the second case, although the saturation flow falls
off steadily throughout the green period to a value appropriate to the width at A
(see Fig. 38 (case 2)) it is convenient to regard this value as the appropriate
saturation flow and to assume the effective green time to be increased because
of the extra vehicles accommodated in the triangle ABC.

In case 2, unlike case 1, the saturation-flow level and the gain in effective
green time depend on the length of the green period.

It can be seen that
d'| = suwugy = sugd

where s, = saturation flow per unit width
we = width of a lane
g = effective green period
v = average distance between successive vehicles (front to front) in a
stationary queue
A = vwu = effective queuing area of a vehicle (which may be taken as
about 220 ft2)

Case 1 (d';>d;)

The saturation flow in this case is considered to be constant at a value approp-
riate to the width w and the effective green time is increased. o
From Fig. 38 (case 1) it can be seen that the area of the flare is —;Z_l To a

widy

first approximation this space could hold 24 vehicles.

The time taken by these vehicles to discharge at a saturation flow of s.w 1s
wid;
2Asuw

Case 2 (d(<d,)
In this case both the saturation flow and the effective green time are increased.
91
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The saturation flow (sa) appropriate to the width at A is given by
Sa = su (w-+wi)

The increase in effective green time is determined as follows:
di (wi—wh) dy (wi—wh)

The triangle ABC has the area 24

and can contain

vehicles.

The time taken by these vehicles to discharge at a saturation flow of 54 would
be

dy (wi—wh)
2Asu (W+W 1)
which is the gain in effective green time.

The value of d'; for optimum settings is difficult to determine but a method is
given in Appendix 6.

L.

g

Case 1 (d{=d,)

L Rl C ‘}‘Wl

T -

Case 2 (dj=d,)
F1G. 38. Flared approaches at signal-controlled intersection
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APPENDIX 5

NUMBER OF RIGHT-TURNING VEHICLES ABLE TO DISCHARGE
THROUGH GAPS IN THE OPPOSING FLOW

The only period in the cycle when waiting right-turning vehicles can discharge
through gaps in the opposing flow is from the end of the saturated flow of the
opposing stream to the beginning of the red period. The first step is to calculate
the length of this period.

It is assumed that there are no vehicles remaining in the opposing queue at
the end of the green period—this is approximately correct with vehicle-actuated
signals operating not too near to capacity.

If the saturated green time for the opposing flow is denoted by gs then the
number of vehicles discharged during this time is (r+gs)g where r is the effective
red time and g is the opposing flow. The time they take to discharge is

e (r+g5)q
s
where s is the opposing saturation flow.
Thus S N (. SOOI i |
R (1)

where ¢ and g are the cycle time and effective green time respectively.
If the unsaturated green time is denoted by g, then

8u=g—&s
Substituting from equation (5-1)
g5—gc
g =S s s 52
g = (52

The proportion of unsaturated time, gu/c, is

g—ge (5-3)
c(s—q)
The second step is to calculate the effective right-turning saturation flow,
i.e. the maximum flow through gaps in the opposing flow assuming 100 per cent
unsaturated green time. Use is made of Tanner’s formula®@V to give the curve
shown in Fig. 22 (p.42) where two typical cases are considered.

Case 1. Single-lane opposing flow

The minimum acceptable gap, o, in the opposing flow through which one
right-turner can discharge is assumed to be 5 seconds. The minimum headway
in the opposing stream, Bo, is assumed to be 3 seconds and in the right-turning
stream, Br, 2% seconds. This gives a saturation flow of 1200 vehicles per hour
for the opposing flow and 1440 vehicles per hour for the unobstructed right-
turners (i.e. when there is no opposing flow).
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Case 2. Opposing flow in two or more lanes

The numerical values chosen for o, B. and B-are 6, 1 and 24 seconds respect-
ively. This gives a saturation flow of the opposing arm of 3600 vehicles per hour.
The value of 6 seconds for « is slightly greater than in case 1, to allow for the
greater distance in crossing the opposing flow.

Over most of the range there is little difference in the two curves shown in
Fig. 22 and it was felt that no additional curves, based on other values of the
parameters, were necessary.

The effective right-turning saturation flow s. (through the opposing gaps)
can be read off the curves in Fig. 22. The actual flow of right-turners through
gaps in the opposing stream, ¢, can be estimated for the given signal settings
by multiplying s- by the proportion of unsaturated green time (equation (5-3)),

ie.
gs—gc | :
gr = Sr {W} .............................. (S 4)

This can be expressed in terms of the number of right-turning vehicles per
cycle (nr), i.e.

- g5s—gc
ﬂrMSr( s—g ) .............................. (5 5)
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APPENDIX 6

OPTIMUM SETTINGS WHEN SATURATION FLOW FALLS OFF
WITH INCREASING GREEN TIME

Observations have indicated that at most sites where saturation flow falls off
gradually with increasing green time, the saturation flow histogram (see Fig. 30
on p.60) can be represented approximately by a quadrilateral, shown by the
dashed lines in Fig. 30, where the area enclosed by the quadrilateral is equal
to the area under the histogram.

It is assumed that in calculations of optimum settings a histogram of saturation
flow is available as a starting point. The appropriate value of saturation flow
to be used in calculating the optimum settings is that obtaining just as the amber
period begins, because it is this value which determines the variation, caused by
small changes in the green time, in the numbers of vehicles crossing the stop line
under capacity conditions. Over a small range of green times about this particu-
lar value the saturation flow can be considered to be constant. The problem
then is to find the length of green time which corresponds to a saturation flow
(just as amber begins) and which, when substituted in the formulae for the
optimum settings, produces the original green time. This has to be arrived at
through successive approximations. Before a procedure for doing this is outlined
some of the expressions used in this procedure will be deduced.

Theory

Suppose initial observations of saturation flow on phase 1 of a 2-phase
intersection give the histogram shown in Fig. 30. Assume for simplicity that the
other phase has a normal constant saturation flow. The quadrilateral ABEF,
shown by the dashed lines, can be drawn from the original histogram, where E
is arranged to be at the beginning of the amber period and the two triangles
ABG and EHF have the same areas as the corresponding portions under the
histograms. Let s and sg be the saturation-flow levels at B and E respectively.
If the green time ended earlier than shown, say at C, then the saturation flow
at the commencement of amber would be s; as shown. Let us assume that the
fall-off during the amber period would be as shown by the dotted line CD, i.e.
taking time B as before, then

s =s3—1$.(sB—sE) .............................. (61)

where y; and y are as shown in the diagram.
The effective green time, g4, can be calculated from the areas shown on the

diagram.
The total area of the quadrilateral ABCD is 4sg a+% (ss+51) v1+35:8.

It is also, from the definition of effective green time, equal to g15;.

_ (o+v)sp+(B+711)81
. 2.5'1

Thus, g
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If G is the combined green plus amber period the lost time is
S £y | Uy R S (6-3)

The value of g is not necessarily the optimum green time. A first approximation
to the optimum green time (which can then be compared with g;) will be
calculated assuming (probably wrongly at this stage) that s; and /; are the
appropriate values of saturation flow and lost time.

The optimum cycle time is

1-5L+5
Co =
1-Y

whete L is the total lost time in the cycle and ¥Y=y;+y,. The suffixes refer to
phase 1 and phase 2 and the individual y values are given by

q1 9z

=t and yoe—24

Fi 51 Y2 5,

where ¢ and s denote the flows and saturation flows respectively.
The value of L is given by

L=I1+I,+I;+I,—6seconds ...c..coeuerreninnnnnnn. (6-5)

where 7 is the intergreen time in seconds (the 6 seconds in the expression is the
duration of the two amber periods).

The total effective green time in the cycle, co— L, should be divided between
the phases in the ratio y,/y,. Call these green times g7 and g,. Thus

gi=%1 (L)

Substituting for ¢, from equation (6-4) we have

r_ Y .
gi= TI_H{S+L(Y+%)} ........................ (6°6)

The value of g so obtained should be compared with the value of g; used
initially. A value halfway between the two effective green times should be
adopted and the calculations repeated to find a second approximation to the
optimum effective green time.

Thus, calling the new value of G, G,

= G+gi—% ........................ 67)

After a few iterations there should be little difference between g4 and g';; in
other words, values of saturation flow, lost time and effective green time have
been found which satisfy the requirements of the histogram and also the
formulae for optimum signal settings.

Procedure

The procedure for calculating the optimum settings for a 2-phase inter-
section where phase 1 has a falling-off saturation flow and phase 2 has a constant
value is given below.

Gl i)

10.
11.

12,

13,

14.

15

. Construct the quadrilateral ABEF on the histogram of the observed satura-

tion flow (see Fig. 30).

Make the areas ABG, GBEH, and EHF equal to the appropriate areas
under the histogram, and arrange that the point E comes at the beginning
of the amber period. If the histogram continues beyond F this portion
should be included in the area EHF.

Read off sg, sg, a, B and 7.

Select a value for G as the starting point for optimum timing calculations.
Calculate y; = G—a— a, where a is the amber period.

Calculate 5, = sg— 7_"{1 Tl Cotmdareashdubenstannietd st cadobtnonaa (6-1)
Calculate the effective green time
gy SIS B TS, | 62)
231
Calculate the lost time (this may be negative)
Ly =GPl | asssiressisines iy st s irsidont sew et s ammaiee (6-3)

Calculate the total lost time per cycle
L =[;+1,+1;+1,— 6 seconds

where I is the intergreen time and the suffixes refer to phases 1 and 2
respectively.
Calculate y, = 2% and y, = 12

51 Sa
where g, and g, are the flows on the two phases and s, is the constant
saturation flow of phase 2.
Calculate ¥ = y1+y,. ) )
Calculate a first approximation to the optimum green time assuming
sy and /; are the appropriate values.

= L BT T NE s 66
g1 Yi—1) 4L ( ‘3:)} (6-6)
Select a new value of G, call it G’

G = c,urgl%'1 ................................................... 67

Return to step 4 and work through the calculations again, substituting G’
for G and at each step using the newly derived values of the parameters.
The values which remain constant are o, B, ¥, Sg, Sg, @, G 1, 425 52, V2, [2,
Il and 12.

Continue with the iterations until the optimum green time deduced, the
saturation flow and the lost time are all correctly related.

Calculate the optimum effective green time of phase 2 by substituting the
newly derived values in the following equation

Y2
S0 —0n =
: Xy

See worked example No. 9 in Appendix 7.
Q7



APPENDIX 7
WORKED EXAMPLES TO ILLUSTRATE METHODS GIVEN IN THE PAPER

Example 1. Approach widths
The estimated flows in the design year are 300 vehicles per hour on the south
arm of a T-junction and 2400 vehicles per hour on the east and west arms.
What ratio of approach widths should be considered as a first step in the design
of the signal-controlled junction and what green-time ratio would be necessary ?
From equation (3) in “The approach’

WEWZJQEWZ 2400=2

ws 2g5 600

and SEV — J 29ew _ /4800 _
&s gs 300

Thus, consideration should be given, as a first step, to making the east-west
approaches twice as wide as the south approach and having four times as much

green time.

Example 2. Right-turning vehicles
Part 1. At an intersection where the right-turners from a particular arm have
their own lane and are not hindered by an opposing flow, they follow a path
having an average radius of curvature of 30 ft. What is the estimated saturation
flow of this stream?
From equation (7) in ‘Effect of right-turning traffic’
e 1800 B 1800 % 30
1+5/30° 35
If the layout is altered so that the right-turners can proceed in double file
with an average radius of curvature for both lanes of 35 ft, what is the estimated
saturation flow for the combined stream ?
From equation (8)

= 1545 p.c.u./h

o 3000 _ 3000%35
1+535 40

Part 2. What fixed early cut-off period is necessary to cater for a right-turning
flow of 570 vehicles per hour at an intersection where the right-turners are in a
single lane with a headway under saturated conditions of 24 seconds per vehicle
and where there is an opposing flow of 750 vehicles per hour in two lanes? The
effective green time for the opposing flow is 30 seconds and the cycle time is 60
seconds. The saturation flow of the opposing arm is 4750 vehicles per hour.

From Fig. 22 (p. 42), s» can be seen to be 510 vehicles per hour, and sub-
stituting in equation (9) in ‘Effect of right-turning traffic’ gives

510 | 30(4750)— 750(60)
"~ 3600 4750 — 1750

= 3-5 vehicles per cycle

= 2625 p.c.u./h

r

nNno

The right-turning flow of 570 vehicles per hour gives an average of 9-5 vehicles
per cycle.

Thus, on average, six right-turners will be left at the end of the green period
and they will take 6 X 23=15 seconds to discharge.

A fixed early cut-off period plus the following intergreen period should in
this example be 15 seconds (see Fig. 23, p. 43). Thus, assuming the intergreen
period is 4 seconds, the early cut-off period should be set at 11 seconds (or the

nearest controller setting).

FiG. 39. Layout used in worked example No. 3

Example 3. Saturation flow

Part 1. An approach to a signal-controlled intersection has the layout shown
in Fig. 39. The intersection is in a busy shopping street with many
pedestrians. There is a 3 per cent uphill gradient. What is the saturation flow
of the approach in p.c.u./h?

The standard saturation flow is 160w (see ‘Estimation of saturation flow’).

The site can be classed as a ‘poor’ site, thus s = 1601?:085 w,

To correct for the gradient, multiply by 12616’ 1€,

= 160x0-85x0-91w
= 124w

ta

Since w=22 ft, s=2730 p.c.u./h.

Part 2. 1f 20 per cent of the vehicles turn right, and they are not given exclusive
lanes for queueing in, what is the saturation flow under these conditions of the
approach described in Part 1?

Each right-turner can be said to be equivalent to 13 straight-ahead vehicles.
Out of every 100 vehicles the 20 which turn right are equivalent to 35 straight-
ahead vehicles. Thus, 100 vehicles of mixed turning movements are equivalent

to 115 vehicles going straight ahead.

2730100

5 = 2380 p.c.u./h.

The saturation flow is therefore



Part 3. Taking the same intersection as above and assuming that the traffic
consists of 61 per cent light vehicles, 20 per cent heavy vehicles, 9 per cent
motorcycles and 10 per cent pedal cycles, what is the saturation flow in motor
vehicles per hour?

Out of every 100 vehicles 61 ‘lights’ are equivalent to 61 p.c.u.
20 ‘heavies’ are equivalent to 35 p.cu.

9 motorcycles are equivalent to 3 p.c.u.

10 pedal cycles are equivalent to 2 p.ew

100 vehicles

1 :
90 motor vehicles J &€ equivalent to 101 p.c.u.

N

2380:<90

Thus the saturation flow is 101

= 2120 motor vehicles per hour.

Part 4. If the green time is 30 seconds and a car parks 75 ft clear distance from
the stop line, what is the saturation flow (in p.c.u./h) of the above approach
whilst the vehicle is parked ?

The effective reduction in carriageway width (from equation (10)) will be

0-9 (75-25)
—_— 7 ft
30
The approach now has the equivalent of an 18-ft width instead of a 22-ft
width.

Since the saturation flow is linear over this range the saturation flow, whilst
the vehicle is parked, is

55— =4 ft

2380><£ p.c.u/h = 1950 p.c.u./h

The result obtained in Part 2 is used here because the answer is required in
p.c.u./h.

Part 5. What is the loss in capacity of the above approach caused by the
parked vehicle ? Assume the effective green time is 50 per cent of the cycle time.

Without the parked vehicle s=2380 p.c.u./h. The capacity is 50 per cent of
this, i.e. 1190 p.c.u./h.

With the parked vehicle present s=1950 p.c.u./h and the capacity is 975
p.c.u./h.

The loss in capacity is therefore 215 p.c.u./h.

Example 4. Practical capacity

In designing a signai-controlled four-way cross-roads, where the flows are
2700 vehicles per hour on the east and west arms and 300 vehicles per hour on
the north and south arms, what is the practical limiting value of ¥, and what
saturation flows should the approaches accommodate? The total lost time, L,
per cycle can be assumed to be 10 seconds.

From equation (13) in ‘Capacity of the whole intersection’

Yoract. = 0-9—-0-0075 (10) = 0-825

From equation (1) in “The approach’

Wew _ J gew J27m
Wns qNs

The saturation flows will also be in this ratio.

: Thus SEw = 35NS and Jew = 9 gns
‘ Therefore YEW = 3 ¥ns
|

For ¥Ypract.=0-825, this gives ypw=0-619 and yns=0-206.

For flows of 2700 and 300 vehicles per hour the saturation flows are 4360
vehicles per hour for the east-west arms and 1455 for the north-south arms.

Example 5. Delay with fixed-time signals

seconds. What is the average delay per vehicle?
The delay is given by equation (17) in ‘Delay with fixed-time signals’:

d=éasloc
q
¢ = 60 seconds

= G- 1= 32—-2=30 seconds

1=§=05
C.
_ 9 _ 1020 — 085
YT s 0-5(2400)
From Table 3 (p. 50) A =0- 217
cA =13-
From Table 4 (p. 51) B = 2- 41
B_ 241 _ o,
q 1020/3600
' M= @(60) =17-0

From Table 5 (p. 52) C = 12-3 per cent of first two terms
d =13-0+8-5-C

g 5J_2_3(21 5)
—21-5-2+6
d = 189 seconds.

1N

One approach to an intersection has a flow of 1020 vehicles per hour, a
saturation flow of 2400 vehicles per hour, a combined green and amber period
of 32 seconds and a cycle time of 1 minute. The lost time owing to starting
delays and the reduced flow during the amber period can be assumed to be 2



Example 6. Delay caused by vehicle parked on the approach

What is the total duration of the effect of a car which parks for 30 minutes
at an intersection where the flow is 1125 p.c.u./h? The saturation flows of the
approach with and without the parked car are 1950 and 2380 p.c.u./h respectively
and 2 is 0-50.

The parked vehicle raises the degree of saturation to greater than unity;
equation (20) on p. 55 gives the duration of the effect as

@—2S)T _ (1125-975)30 . .
—g  190-T1125 O nnutes

G

The effect of the parked vehicle lasts for 39 minutes after the vehicle has left,
during which time drivers arriving will be unaware of the cause of the extra
delay. What is the maximum individual delay?

This is given by equation (21) as

" 1
TN
x(1-3)
1125 1125
h =-——=0945and X=—=-=1:154,
where x 1190 X 575

The maximum individual delay is therefore

0-945 (0-154) 30

B minutes = 3-8 minutes.

Example 7. Fixed-time signals

Part 1. Optimum settings. Flows and saturation flows at a 2-phase signal-
controlled intersection are as given in the table below. Both intergreen periods
are 9 seconds and the lost times due to starting delays etc. are 2 seconds per
phase. What are the optimum cycle time and optimum green times for minimum
overall delay?

North  South East West

Flow (g) in vehicles/hour 600 450 900 750
Saturation flow (s) in vehicles/hour 2400 2000 3000 3000
Ratio g/s 0-250 0-225 0-300 0-250
y values 0-250 0-300

An expression for the lost time per cycle is given in ‘Capacity of the whole
intersection’:

L= Z(I-a)+ ZI
= 6-+-6+4-2-2 seconds

= 16 seconds

The optimum cycle time can be obtained by substitution in equation (22) in
‘Cycle time’:
P 1S{ieyys 129
°~ 1-0250—0-300 0-450
The total effective green time per cycle is co— L which is
64— 16 = 48 seconds

= 64 seconds

The effective green times can be obtained from equation (24) in ‘Green
times’: »

0-250

MO Y P, 48) = 22 seconds
gNs % (co—L)= 0550( )

0-300
8EW = 5550

Since G = g+,
Gng = 24 seconds and Gew=28 seconds.

(48) = 26 seconds

Part 2. Reserve capacity. What is the percentage reserve capacity of the
intersection described in Part 1? Assume that the practical capacity is 90 per
cent of the flow which can be accommodated with a 120-second cycle with the
flows in the same ratios as given above. )

When the cycle time is 120 seconds, ¢— L will be 104 seconds (L retains its
value of 16 seconds). The green times should therefore be

0-250
104) = 47 seconds
) 8Ns = 5=y (104) =
0-300
104) = 57 seconds
8w = 0550 (104) =

North  South  East West
Ultimate capacity (‘gcs—) in vehicles/hour 940 780 1425 1425

909, of ultimate capacity in vehicles/hour 850 700 1280 1280

Present flow (g) in vehicles/hour 600 450 900 750
Reserve capacity in vehicles/hour 250 250 380 530
Percentage reserve capacity 42 56 42 71

The intersection therefore has a 42 per cent reserve capacity.

This result could, of course, have been obtained much more simply using
equation (14) in ‘Capacity of the whole intersection’:

Percentage reserve capacity = w
From equation (13) ¥prac. = 0-9—0-0075L
= 0-9-0-0075 (16)
=0-78
From Part 1 of this example, ¥ = 0-55
Therefore, substituting in equation (14) gives reserve capacity=42 per cent.



Example 8. Average delay with vehicle-actuated signals

What is the estimated average delay at vehicle-actuated traffic signals working
with a speed-timed vehicle-extension period which, on average, approximates to
(a) 4 seconds (b) 7 seconds ? The maximum flows, saturation flows and maximum
periods are as given below. In this example, both arms of phase 1 are identical
and both arms of phase 2 are identical. The total lost time, L, is 10 seconds.

Phase 1 Phase 2

Flow in vehicles/hour 400 600
Saturation flow in vehicles/hour 2000 2000
y values 0-2 0-3

Thehoptimum cycle time with fixed-time signals would be

1545

_— = 40
1-03 seconds

Co
: 0-2
The green times would be g; = 03 (30) = 12 seconds

and g, — % (30) = 18 seconds

The steps involved in the calculation of delays using Tables 3, 4 and 5 are set
out below.

Delay with Delay with

optimum settings maximum settings

Phase 1 ~ Phase2  Phase1  Phase 2
Maximum period (seconds) — — 30 45
G (seconds) — — 33 48
g (seconds) 12 18 31 46
¢ (seconds) 40 40 87 87
A 0-300 0-450 0-356 0-530
x 0-667 0-667 0-561 0-367
M (vehicles/cycle) 5 7 10 15
Average delay (seconds) 16-1 11-3 24-4 1533

Weighted mean delay (seconds) 13-3 18-9

Thus, with a 4-second vehicle-extension period the mean delay would be
expected to be 13 seconds; with a much longer vehicle-extension period, when
the signals generally run to maximum, the delay would be about 19 seconds,
and taking a value midway between the two for a 7-second vehicle-extension
period gives 16 seconds’ delay.

Example 9. Saturation flow falling off with green time

Observations of saturation flow at an intersection indicate that the rate of
flow falls off on phase 1 in a similar way to that shown in Fig. 30 (p. 60), but on
phase 2 the saturation flow is constant. The flows on phases 1 and 2 are 600 and

104

1000 vehicles per hour respectively. The saturation flows at points B and E in
Fig. 30 for phase 1 are 3600 vehicles per hour (i.e. 1-0 vehicles per second) and
2340 vehicles per hour (i.e. 0-65 vehicles per second) respectively and for phase 2
the saturation flow is 2400 vehicles per hour. The values of @, B and v are
7, 4 and 13 seconds respectively. Lost time due to starting delays on phase 2
is 2 seconds and the intergreen times between both phases are 5 seconds each.
What are the optimum green times?

The procedure given in Appendix 6 is followed step by step below.

Ste .
nol.) First run Second run Third run
3 | Select G=23 seconds Select 17 seconds | Select 16 seconds
4 | y1=13 seconds 7 seconds 6 seconds
5 | s1=1 -0—!—% (0-35)=0-65 vehicles/second 0-81 vehicles/ 0-84 vehicles/
13 second second
6 | & =0 (]‘0)12107(0'65) =23-9 seconds 14-1 seconds 12-8 seconds
7 | /;=23-23-9= —0-9 seconds 2-9seconds 1 3-2 seconds
8§ | L=-09+2+10—-6=5"1 seconds 89 seconds 9-2 seconds
600
= =(-256 0-206 0-199
2 | 7173600 0-65)
1000
=——=0-417 0-417 0-417
Y273400
10 ¥=0-256-1-0-417=0-673 0-623 0-616
p OB S UL o, d 13-1 seconds 12-9 seconds
11 lgii— 0673 (0327) =12-8 seconds
12 | G'=23+ wzﬂ-tt seconds 16-5 seconds 16-1 seconds

The value G’ obtained from the third run is so close to the value selected for
that run that no more runs are necessary. A value of 16 seconds can be accepted
as the optimum G value for phase 1. The saturation flow is 0-84 vehiclesjsecor}d,
the lost time 3-2 seconds and the effective green time 12-8 seconds. The effective
green time of phase 2 using the normal rules will be

Py 0417 12-8) = 26-8 seconds
gz—yl(gl) 0_199( )

G, = 26-8-+-2-0 = 28-8 seconds
Thus, G, and G, should take the values 16 and 29 seconds respectively.
105



Example 10. y values with left filter

At a junction of the type shown in Fig. 33 (p. 63) the flows and saturation
flows take the values shown in the table below. The left-turning traffic from
arm A has an exclusive lane and is allowed to flow on a filter during the green
period for arm C. The lost time for each traffic stream is 2 seconds and the
intergreen times are 4 seconds each. What are the appropriate y values?

Arm A
Straight ahead | Arm B | ArmC { Arm D
Left-turning and
~ right-turning

Flow (vehicles/hour) 450 900 600 300 400
Saturation flow

(vehicles/hour) 1000 3600 1800 2000 1600
Flow/saturation flow 0:45 0-25 0:33 0-15 0-25

The method used is that given on pp. 62—6 If the left-turning flow predomin-
ates
2, 1-5(4+4-6+2+2)+ 5
! 1-045-025

14
—_— = 4 * (4
03 6-7 seconds

If streams A or B, and C predominate

_ 15 (4+44+4-9+24242) + 5
1-0-33-0-15-025

Ca

1

co

=5
27

|

= 68-5 seconds.

o

Since ¢, is larger than ¢, arms B, C and D are the predominant ones and the
y values are 0-15 (phase 1), 0-33 (phase 2) and 0-25 (phase 3). The value of
Y is 0-73.

)
@)
®
&)
(10)
(1)
(12)
(13)
(14)

(15)

(16)
a7
(18)
(19

(20)
(21)
(22)
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INDEX

Alternate system, 11
Approach, 27, 40
flared, 40, 91
width,
effect on saturation flow, 39
selection of, worked example, 98
Area traffic control, 15

Bridges, signals at, 76

Capacity, 20, 38
of the whole intersection, 46
worked example, 100
practical, worked example, 100, 103
reserve, worked example, 103
Carriageway markings, 26, 30
Clearance periods, 37
Collision points, 37
Composition of traffic, effect on saturation
flow, 41
worked example, 100
Controller, signal, 5, 11, 12, 13, 18, 34
Co-ordinated control systems,
see Linked signals
Cycle time, 46, 57, 76, 85, 88

Delay, 47, 67
effect of parked vehicle, 53
worked example, 102
fixed-time signals, 47, 72
worked example, 101
linked signals, 14
variation with cycle time, 57
ratio of green periods, 59
vehicle-actuated signals, 51, 72
worked example, 104
Density control, 9
Design,
geometric, 27
signal schemes, 32
Detectors, 18
location of, 7, 10, 18,27,75

Early cut-off, 7, 26, 33, 44, 61
combined with late release, 9
worked example, 98

Filter signals, 36
worked example, 106
Fixed-time signals, 5 '
comparison with vehicle-actuated signals,72
delay, 47
worked example, 101
optimum settings, 57
worked example, 102 :
Flared approach, effect on saturation flow,

Flexible progressive system, 11

Glossary, symbols and useful equations, 78
Gradients, effect on saturation flow, 40
Green times, 29, 39 58, 76, 88, 91,95

High-speed roads, 75

Intergreen period, 3, 6, 37, 44
Islands, traffic, 27

Lanes,
markings, 26
widths, 30
Late release, 8
combined with early cut-off, 9
see also Phasing
Layout,
of intersection, 23
for right-turning vehicles, 30
Left filter, 36
without exclusive left-turning lanes, 66
Left-turning traffic, effect on saturation flow,
44, 62
Limited progressive system, 11
Linked signals, 11
alternate system, 11
flexible progressive system, 11
for networks, 15
limited progressive system, 11
simultaneous system, 11
synchronized system, 11
tailor-made systems, 13, 81
time-and-distance diagrams, 14, 85
Lost time, 39, 45, 61

Maintenance, 19

Markings, carriageway, 26, 30
Maximum period, 6, 9, 71
Minimum running period, 5

Network of streets, linking of, 15

Overlapping phases, 66

Parked vehicle,
effect on delay, 53, 102
effect on saturation flow, 45
worked example, 100
Pedestrian,
crossing, 17, 31, 36
effect on saturation flow, 45
refuge, 27, 31
signals, 17, 23
Phases, overlapping, 66
sequence, 6
Phasing, 7, 9, 17, 30, 32, 61, 62, 66
worked examples, 104, 106
Police facilities, 7

Queues, 54, 67

References, 107
Refuge, pedestrian, 27, 31
Reserve capacity, 47
worked example, 103
Right-turning vehicles, 7, 8,9, 32, 93
effect on saturation flow, 41, 62
worked examples, 98, 99
layout for, 30
Roadworks, signals at, 76
Roundabouts, congested, 74

Safety, 10,17, 19, 23, 31 33, 36, 37, 74, 75
Saturated cycles, number of, 70
Saturation flow, 38, 76
effect of
approach width, 39
flared approach, 40, 91
gradient, 40
left-turning vehicles, 44, 62
parked vehicle, 45
pedestrians, 45
right-turning vehicles, 41, 62
site characteristics, 45
traffic composition, 41
estimation of, 39
worked examples, 98, 99
falling off during green period, 60, 95
worked example, 104
Semi-vehicle-actuated signals, 10
Settings, optimum, 57
criteria for, 67
fixed-time signals, 57, 60
worked example, 102
linked signals, 14
practical points, 67
saturation flow falling off during green
period, 60, 95
worked example, 104
separate left-turning lanes, 62
separate right-turning lanes, 62
vehicle-actuated signals, 70
Shuttle working, 76
Signals, traffic, 3
aspects, 3
assemblies, 18
controller, 5,11,12, 13, 18, 34
equipment, 18
filter, 36
fixed-time,
see Fixed-time signals
for shuttle working at roadworks, bridges,
etc., 76
history of, 2
linked,
see Linked signals

location of, 23

maintenance, 19

schemes, design of, 32

settings,

see Settings, optimum

special uses, 74

types in use, 5

vehicle-actuated,

see Vehicle-actuated signals

warrants, 19
Simultaneous system, 11
Stops and starts, 67
Symbols, list of, 78
Synchronized system, 11

Tailor-made linked signal systems, 13, 81

Time-and-distance diagrams, 11, 14
manual preparation of, 85

Traffic,
composition, effect on saturation flow, 41
islands, 27

Traffic signals,

see Signals, traffic

Vehicle-actuated signals, 5, 35
comparison with fixed-time, 72
delay, 51

worked example, 104
optimum settings, 70
semi-, 10
Vehicle-extension period, 3, 70, 72

Warrants for signals, 19

y values, 57, 60, 61, 95, 104
early cut-off, 61
late release, 61
left filter, 62, 66
overlapping phases, 66
separate left-turning lanes, 62

worked example, 106

separate right-turning lanes, 62
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