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1. INTRODUCTION

In a traffic signal setting, the time from the end of the green period for a traffic
stream losing right-of-way to the start of the green period for a traffic stream gaining
right-of-way is termed as the i intergreen interval. The intergreen interval, provide a warning
to approaching vehicles that the green light is about to change to red, and sufficient time
for the vehicles in the intersection area to cross it. The intergreen interval, depending on
the actual signal-time setting, may be indicated with an amber light or an amber light
followed by an ‘all red’. The all-red period is the duration of signal indication, with red
light for all the streams of traffic at the intersection; and it is intended, on considerations
of safety, to provide a clear time gap between passing of the tail end of the preceding

traffic stream and the head of the succeeding traffic stream at the possible conflict area
of the intersection.

Determination of 1ntergreen interval is a crucial step in signal-timing design.
Whereas other aspects of timing focus on the efficiency of traffic moving through a
signalized intersection, the intergreen interval relates directly to safety, especially those
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elements associated with reassigning the right-of-way to conflicting traffic streams. When
a driver 1s nearer to the intersection at the onset ofintergreen interval (Amber light signal),
he/she is in a dilemma as to stop or not to stop. If he/she fails to respond safely, a major
right-angle collision may occur. On the other hand, if the driver over reacts, and applies
sudden brake, a rear-end collision is likely. Thus, safety becomes the major factor in
determining the intergreen interval.,

2. BACKGROUND

The background information provided in this section is general in nature and not
specific to field procedures followed in different countries. A driver approaching a
signalized intersection during the amber period will either have to stop at the stop line or
cross the stop line (before the signal turns red) and proceed to clear the intersection. Fig.
I shows the details of stopping and clearing distances for a vehicle approaching a
signalized intersection at the start of the amber signal. The stopping distance is the distance
required for the vehicles to stop before entering the intersection |[Fig. l{a}]. The stopping
distance can be caleulated as :

v :
=Bk g s ()

where,

X_=stopping distance in m: t = reaction time of drivers in s; v = approach speed in
m/s; a = deceleration rate in m/s”.

The crossing distance is the distance, on the approach, within which the vehicle
can proceed Lo cross the intersection before the end of the intergreen interval [Fig. I(b)].
A vehicle intending to cross the intersection, therefore, has to travel a total distance

equal to the sum of the crossing distance, the width of the intersection, and the length of
the vehicle, Thus,

X=IW-(W+L)  LiGiiidihaasnisiise (2)

where,

X_ = crossing distance in m; I = intergreen interval in §; v = approach (and crossing)
speed in m/s; W = intersection width in m; and L. == length of the vehicle in m.

The intersection width should be measured along the actual path of the vehicle
from the near-side stop-line to the far-side edge of the conflicting traffic lane, when
there is no pedestrian traffic. It should be measured to the far-side of the farthest conflicting
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Fig. 1. Geometry of Intersection for Designing Intergreen Interval

pedestrian cross walk when there is significant pedestrian traffic or when the cross-walk
is protected by pedestrian signals. Equation (2) assumes that the driver, when faced with
amber light, will proceed through the intersection with constant speed.

If the stopping distance, X is greater than the clearing distance, X . a dilemma zone
will exist within which, a driver faced with amber, could neither stop nor clear the
intersection [Fig, 2(a)]. If X < X , an option zone will exist within which the driver can
choose between stopping and crossing the intersection [Fig. 2(b)]. For X = X_, the failure
and option zones are eliminated.

The basic principle in determining the intergreen interval and the included amber
period, is to eliminate the dilemma zone. This is possible only when the stopping and
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Fig. 2. Definition of Dilemma and Option Zones
clearing distances are equal. Accordingly, equating the stopping and crossing distances
of equations (1) and (2), respectively, the required intergreen interval can be obtained as :

L+{W+L}
I=1+ %) e R (3

The variation of stopping distance with respect to the approach speed of the vehicle
15 curvilinear in nature as shown in Fig. 3(a). Whereas, the variation of crossing distance
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over the approach speed of vehicles, is found to be linear in nature as shown in Fig. 3(b).
The zones of safe stopping and crossing distances are also indicated in Fig. 3(a) and 3(b),
respectively. The superposition of the two plots [Fig. 3(a) and 3(b)] enables identification
of the distance (distance, on the approach, behind the stop-line) at which the dilemma
zone is eliminated by making the stopping and crossing distances to be equal [Fig. 3(c)].

The formula for arriving at a value for intergreen interval, given in equation (3),
was developed by Gazis et al. (1960). The equation of Gazis et al. has been modified by
several researchers including Williams (1971); Parsonson and Santiago (1980):; and Bissel
and Warren (1981). A number of researchers have attempted to reassess the applicability
of the equation developed by Gazis et al. (e.g., May 1968; Wortman and Fox 1986; Lin
1986; and Lin, Corke and Vijaya Kumar 1987) and found that the equation in general is
valid for estimating intergreen intervals under most situations. Other researchers have
examined the reaction time and deceleration rate for use in the equation (e.g. Chang et al.
1985; Olson and Rothery 1972). Several studies have been conducted to determine the
intergreen interval on empirical basis (e.g. Lin and Vijaya Kumar 1988; and Horst 1986).
Sheffi and Mahmasani (1981), and Wortman and Mathias (1983) have studied the driver
behaviour on the onset of amber signal. Easa (1993) has proposed a reliability hased
design procedure for intergreen interval, In his study, he has considered the factors
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Fig. 3. Variation of Stopping and Crossing Distances with Respect to Approach Speed
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influencing intergreen interval as Interco-related random variables, and has arrived at a
solution through probabilistic approach. Satish Chandra (1999) applied the eguations of
Gazis to determine intergreen intervals at a few selected signalized intersections in Delhi
urban area, India, under heterogeneous traffic conditions; with the main objective of
studying driver behaviour.

From equation (3) it is clear that the important factors that influence intergreen
intervals are: (i) the reaction time of the driver; (ii) the approach speed of the vehicle:
(iii) the deceleration rate of the vehicle; (iv) the length of the vehicle; and (v) the geometry
of the intersection. Under fairly homogeneous traffic conditions, for a given intersection,
it is possible to arrive at a value of time that is required for a vehicle to reach the stop line
from the option zone [Fig. 3(b)]. Let this time be represented as t. Also, the signal-time
settings must address tc two conflicting objectives of maximizing capacity and safety
simultaneously. This can be done by determining the intergreen interval by taking the
possible conflict point in the intersection area as the reference point for calculating the
components of the intergreen interval (Fig. 4). Let the time taken by a vehicle of a
preceding stream to traverse the distance from the stop line to the possible conflict point
(the rear of the vehicle reaching the conflict point) in the intersection area, be t_. Also, let
the time taken by a vehicle of the succeeding stream to reach the conflict point (the front

t.— clearing time
f, - entering time

b w == ==
e |
—
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Fig. 4. Clearing and Entering Times with Respect to the Point of Conflict
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of the vehicle reaching the conflict point), from the corresponding stop line, be t . Then,
the required intergreen interval (1), for the given traffic and intersection conditions, can
be written as. I =1+t -1_(Retzko and Boltze, 1987). With this background information,
it will be worthwhile to see how the design of inter green interval is attempted in practice.

3. PRACTICE IN THE USA

The Institute of Transportation Engineers (ITE), USA, an advisory body dealing
with guidelines and standards on traffic and transport related aspects, has been modifying
its guidelines for determining intergreen interval. over the past, based on the outcomes
of several investigations carried out by a number of researchers on the topic. The Table
in Appendix | shows how the procedure of determining intergreen interval has undergone
change over the past,

It can be seen from the Table that the latest formula for calculation of intergreen
interval, as recommended by ITE. is as follows :
V o W+ L
2a+644g T e en—

y=1+

where,

y = the intergreen interval in s; t = reaction time of driver in s: a = deceleration rate
in ft/s"; g = grade of approach expressed as a decimal; W = width of the intersection in ft.;
L = length of the vehicle in ft.; and V = approach speed of vehicle in ft/s.

From equation {4), it is clear that the green signal for an entering stream of traffic
will be provided only after the tail of the leaving stream crossed the intersection area.
This, obviously, is a conservative approach leading to greater values of intergreen intervals
which may be resented by the road users. In fact, it is enough if the intergreen interval
enabled the tail end of the leaving stream of traffic just to cross the conflict area in the
intersection before the head of the entering stream of traffic reached the conflict area
(Retzko and Boltze 1987). This is the basic principle behind the German method of
design of intergreen interval. Thus, the principles and the procedure of determination of
intergreen interval, illustrated using equations ( 1) through (3), discussed under the section,
Background, are general in nature and not compatible with the German practice, discussed
in the following section.

4. THE GERMAN PRACTICE

As per the German practice (Richtlinien fur Lichtsignalanlagen, Ausgabe 1992-
Draft English Version: Guidelines for Traffic Signals, 2003, edited by the German Road
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Traffic and Transport Research Association), the intergreen time is given as :

EmEdbal. e (5
where,
T = the intergreen interval in s; t_= the approach time - the time taken by the last

vehicle in the approaching stream that crosses the intersection, to reach the stop line of
the approach, after the onset of the amber signal, in s; t_= clearing time - the time taken
by a crossing vehicle to reach a point in the 1nter-;¢Lt|nn from the stop line, such that the
rear of the vehicle is just clear of the possible conflict point with the succeeding stream
of traffic, in s; and t, = entering time - the time taken by the first vehicle of the succeeding
stream of traffic, to resch the point of possible conflict in the intersection area, from the
stop line of the approach, in 5.

The concept can be better understood by considering specific cases as illustrated in
the Guidelines for Traffic Signals.

Case 1: Straight-Ahead Traffic

This case is depicted in Fig. 5. hi this case, the approach time (1 ) for straight-ahead
vehicles, based on theoretical considerations and a number of field studies under varying
roadway and traffic conditions in Germany, has been taken as 3 s. for a maximum
allowable speed of 10 m/s. The clearing distance (d_}, as shown in the Fig., consists of
two parts: (i) the basic clearing distance (d,) which is the distance between the stop-line
and the point of possible conflict in the intersection area, measured along the
centerline of the traffic lane, and (ii) the length of the vehicle. The length of vehicle, as
an average, is taken as 6m. Then, the sum of the approach time and clearing time for this
case will be,

dy, +6
I+1 =3+ T — (6)
Case 2: Turning Traffic

This case is depicted in Fig. 6. The approach time for turning vehicles, has been
fixed as 2 s (a lesser value when compared to straight-ahead traffic because of the
unavoidable reduction in approach speed due to curvature). The clearing speed, on
empirical basis, has been taken as 7 m/s (relatively, a lesser value based on the same
reason cited earlier). The clearing speed will be reduced to a value of 5 m/s when the
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radius of the curve (R) along the inner edge of the turning lane is less than 10 m. Thus,
the sum of the approach time and clearing time, in this case, will be :

1, +6

[ +1.=2+ ”;1 when R > I0m = ascoccsidasiamiianms {7}
d, + 6

t4r =24 "'T) When R < 10 M e sbessbeanenas (8)

Case 3: Bicycle Traffic

This case has been depicted in Fig. 7. The approach time for bicycles, considering
the lesser speed of the vehicle, is taken as 1 s. The clearing speed, based on German
conditions, has been taken as 4 m/s. It may be noted, by referring to the Fig. that the
length of the vehicle has been neglected in calculating the clearing distance (It has been
found that the length of bicycles, being less than 2m, may not affect the clearing distance

e a e

-------------

| dy— basic clearing
distance
d. - entering distance

Fig. 7. Clearing and Entering Distances for a Crossing of Bicycles and Motorized Vehicles
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in the overall context. Thus, the sum of the approach and clearing times, in this case, will
thus be :

d
t+r=14 —;— ....................................... (9)

Case 4: Pedestrian Traffic

This case is depicted in Fig. 8. With reference to this case, it may be noted that, in
Germany, the signaling system for pedestrian movements does not have amber light
indication. The approach time for pedestrians, considering the very small value of
pedestrian speed (assuming that pedestrian will not step on 1o the road after the onset of
red for pedestrian movement), is taken as zero, The clearing speed of pedestrians, under
normal circumstances, is taken as 1.2 m/s. When the pedestrian signal has to cater to
handicapped or elderly people, a lower value may be taken. However, the value should
not fall below 1 m/s, as a very low cleanng speed assumed for pedestrian tratfic, will

dy,~ basic clearing I
distance *
d. -entering distance I
' e

Fig. 8. Clearing and Entering Distances for a Crossing of Pedestrians and Motorized Vehicles
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lead 1o additional delay for other road users. Thus, for a normal case, the sum of the
approach and clearing times, here, will be :

Entering Time

In the four cases considered, the method of arriving at the sum of the approach and
clearing distances was discussed. The entering time which is a component in the
calculation of intergreen interval [equation (3)], is determined by the following procedure.
Any motorized vehicle (other than public transport vehicles), on the onset of green signal,
is assumed to cross the stop-line at a maximum speed of 40 km/h (based on prevailing
speed limits in Germany). The entering time, then, is calculated as :

(3.6)d, .

t = 0 (11}

Public transport vehicles, considering their low maneuvering capability, are assumed
to enter the intersection (cross the stop-line) at a speed of only 20 km/h. Bicycles, if
jointly signalized with motorized vehicles, are not relevant in the calculation of entering
time, However, if bicycles, on separate lanes, are provided with exclusive signals, then,
the bicycles will be assumed to cross the stop-line, at the start of the green signal, at a
speed of 5 m/s. If the conflict area between pedestrians and vehicles begin directly at the
traffic lane edge. the “entering process™ is not taken into account. Otherwise, the entering
speed of pedestrians is taken as 1.5 m/s.

The German guidelines include a plot for each of the four different cases relating
the basic clearing distance (d ), the entering distance (d ) and the thee components of
intergreen interval namely, t . t . and t . The plots for the four cases, made on the same set
of axes, are shown in Fig. 9. It can be seen that the minimum intergreen interval for any
given case can be determined as the difference between the values of {l. + T._--" and L. For
example, the intergreen interval for a case involving straight-on motorized vehicles (Case:
1), with a basic clearing distance of 20 m and entering distance of 15 m, the value of (1t
+1 )is equal to5.5 (corresponding to 20m), and the value of t_is equal to 1.3 (corresponding
to 15 m). Therefore the intergreen interval required for this case is 5.5-1.3=42say5s
{after rounding to a higher whole number for safety reasons).

5. IMPLEMENTATION

Field implementation of the calculated intergreen interval implies the incorporation
of the calculated values in the signal cycle-time setting in such a way that the time
allotted to the different streams of traffic to safely cross the intersection, is optimal. For
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Fig. 9. Plot Showing the Variation of Approach, Clearing, and Entering Times for
Various Types of Traffic

this purpose, for a given stream of traffic, the intergreen times have to be calculated for
all possible combinations of conflicting traffic flows, and the time intervals that are
appropriate have to be chosen for the signal phase involving the subject stream of traffic.
The implementation will be easier if pedestrians, bicycles, motor vehicles, and public
transport vehicles were considered as four separate groups for the purpose of signaling,
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though two or more of them may be combined in certain cases, It is usual to compile the
calculated intergreen intervals in the form of a matrix for better understanding of the
inter-correlation in the timings, between the different traffic streams involved at an
intersection. As an illustration of this process, the layout of a typical signalized intersection
{under German conditions) with the signals for the different streams of traffic indicated
therein, and the corresponding matrix of intergreen intervals for the different streams of
traffic, along with the signal timing diagram, is given in Appendix I1.

6. APPLICATION FOR MIXED TRAFFIC

The design of intergreen interval in signal-time settings, as indicated earlier, is
directly related to the level of traffic safety at signalized intersections. Hence, the design
needs special attention, with due consideration to the extent of mix of different types of
vehicles in the traffic streams. Traffic in developing countries, such as, India, is highly
heterogeneous comprising vehicles of wide ranging static and dynamic characteristics.
As could be understood by the foregoing discussions, the most important factors that
influence the value of intergreen interval at signalized intersections are: (i) the approach
speed of vehicles, (ii) the deceleration rate of vehicles, (iii) the vehicle length, (iv) the
reaction time of drivers (v) the width of the intersection, and (vi) the gradient of the
approach to the intersection, if any. It can be seen that, of all these factors, the ones that
are related to vehicles, are only the first three, namely, approach speed, deceleration
rate, and vehicle length. These are the three factors which needs special attention in the
case of mixed traffic when compared to homogeneous traffic conditions,

As 15 evident from the earlier discussions, the intergreen interval needs to be designed
exclusively for each of the different types of vehicles passing through an intersection,
taking their respective approach speed and deceleration rate into account. The intergreen
interval between any two signal phases will then be decided by taking into account the
different types of vehicles involved in the phases and their approach, clearing, and entering
times. Accordingly, under mixed traffic conditions, as the first step in the design of
intergreen interval, the different types of vehicles involved in the traffic are to be grouped
based on their approach speeds, deceleration rate, and overall length. Based on the three

factors (all considered simultaneously), the vehicles, under Indian conditions, can be
grouped as follows,

(1) Bicycles and Tricycles, (ii) Motorised Two-Wheelers, (iii) Mororised Three-
Wheelers, (iv) Cars and Light Commercial Vehicles, and (v) Buses and Trucks. Then,
for the given intersection, considering its relevant geometric features, the approach,
clearing and entening times for the six categories of vehicles are to be calculated separately.
The intergreen interval is to be amived at by considering the vehicle groups that will pass
through the intersection in the concerned pair of signal phases.
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Out of the two methodologies, for determination of intergreen intervals, discussed
earlier (the ITE, USA method and the German method), for a given intersection, the ITE
method, if adopted. will give a higher value of intergreen interval (as the method assumes
that the succeeding stream can cross the stop-line only after the preceding stream has
completely cleared the intersection area), when compared to the German method.
Considering the heavy traffic demand at signalized intersections in India. and the
consequent need for facilitating the vehicles to clear off the intersection in the shortest
possible time, it seems better to adopt the German guidelines for design of intergreen
interval.

7. CONCLUDING REMARKS

Though traffic signal cycle-time design, in general, should aim at minimizing overall
average delay to vehicles and pedestrians, it should also ensure the required level of
safety while the conflicting streams of traffic pass through the intersections. This can be
ensured by proper design of intergreen intervals in the signal-time settings. To enhance
the level of safety at traffic signals, under heterogeneous traffic conditions, such as, in
India, there is a need to develop an appropriate methodology for determination of intergreen
intervals in signal time settings, in the light of the practices adopted in other countries.
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Appendix 11
¥ u 50 kmih
Legend:
V - spead i
| M-signal for motor vehicles Msagl_TMEb | | bicycde track
P - signal for pedestrians |
B - signal for bicycles

PB - signal for pedestrians and bicycles

LELEE I

¥ o« Bimin

Source: Gusdelinas for 1rafmic signaks, Gomman Road Trafbe and 1ransgor Reseanch Associalion,
Fig. Atl) Layoul of Intersection

Fig. A (1) shows the layout of a typical signalized intersection under German Conditions (keep-Righi
Traffic). It can be seen that the geometry of the intesection has been governed by the traffic volume on
the legs of the intersection and the available land space at the location. It may also be noted that thi
intersection design has taken into account the permitted on-street parking in the vicinity of the
intersection. There are basically three scts of signals, one each for motor vehicles, hicveles, and
pedestrians provided on each leg of the intersection. The intergreen interval calcolated for the signal
setting of this intersection is shown in the form of a matrix, in Fig. A (2). The timing diagram for the
signal cycle is shown in Fig, A (3)
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Appendix [ (Contd.)

siarting sipnal groups
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Source: Guiklalines for Trafc signals, German EIT Traffic ard Transpan Rasaarch Assccasan,
Fig. A(2) Matrix of Intergreen Interval
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Sounce: Guidelines for Traflic signals. Gorman Road Traffic and Transport Resesrch Assocation,

Note: Signal group M1 includes the signals M1a and M1b; the same applies
to the other signal groups.

Fig. A(3) Signal-Timing Diagram
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