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Abstract: The vellow change and red clearance intervals for left-tum movements in right-hand-side driving environments are addressed
on an analytic basis. Factors such as safety, perception, comfort, driver’s behavior, signal timing, and traffic ordinances are taken into
accourtt for setting the intervals. The yellow change interval for lefi-tumn movements is found to be in general longer than that required
for straight movemnents at intersections, because motorists usually slow down before making tums. Moreover, the required red clearance
interval is derived in terms of the average curvature of a left-turn curve and the magnitude of acceleration that motorists are willing to bear
on the curve. The caleulated yellow change and red clearance intervals are in good agreement with the field observations for two
signal-controlled intersections. The red clearance intervals in practice are shown to be short in comparison with the field ebservations and
analytic estimates.
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introduction

The signal interval between two counflict traffic movements has
long been an interesting operational research problem, in which
human comfert and perception factors, interpretation of the traffic
ordinances, and signal timing intertwine. These factors may not
be cempatible with each other in practice for all situations. The
sefting of the yellow change and red clearance interval for straight
movernents has been reviewed, and explicit formulas for pretimed
vellow change and red clearance intervals are discussed in detail
{Liu et al. 1996). However, the setling of these signal intervals for
furning movements has not been understood in both theory and
practice (ITE 1985). A yellow change interval followed by a red
clearance interval is utilized in practices for avoiding potential
accidents ameng various conflict moverments.

The left-turn movements may be conceptually divided into
two stages. The first occurs when a motorist proceeds into an
intersection during the yellow change intervel, and the second
takes place when the motorist makes a left turn while expenienc-
ing a relatively high magnitude of acceleration. The left-tumn
movement is symbolically sketched in Fig. 1 for an intersection of
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a simple geometry. In the figure, the longitudinal projection of a
turming curve, w;, depends on the number of lanes available in
the direction of flow and the mumber of tuming lanes. For ex-
ample, if there is only one tuming lane buot two lanes available
ahead, a motorist may twn info the inside lane while encroaching
the outside lane.

The primary objective of this paper is to develop and test an
analytical framework for setting yellow change and red clearance
intervals for the left-turn movement, which integrates a compre-
hensive set of parameters related to safety, perception, human
comfort, drivers’ behavior, traffic ordinances, and infersection
geomeltric characteristios. The yellow change interval for left-tum
movements is found to be in general longer than that required for
straight movements at intersections because molonists usually
slow down before making turns. The required red clearance inter-
val is derived in terms of the average curvature of a lefi-tum
curve and the magnitude of acceleration which motorists are will-
ing to bear on the curve. The field data are collected from two
intersections in El Paso, Tex., lo test the developed amalytical
framework. The next section of this paper will describe the math-
ermnatical formulation of the analytical framework. Then, examples
of the field data are provided. Finally, conclusions of this research
are presented.

Formulation
The time duration for completing a left turning, 7,, may be de-
composed into two parts. One is the yellow change interval y, ;
the other is the red clearance interval 7, , similar to the intervals
set for straight movements, namely

Tyt e (1)
Let us first discuss the red clearance interval. The detail of a
left-turn movement can be complex. In general, the expression for
a red clearance interval can be expressed as

T.=8, (2)
The quantity S=length of the curve measured from the stop line
to L feet ahead of the clearance line; where quantity L ==length of
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Clearance Line .
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Fig. 1. Schematic drawing of left-turn movement in signal-
controlled intersection

an approaching left-turn vehicle. The quantity v, is the average
speed of the vehicle on the turning curve. In order to apply Eq.
curve S must be determined. Both values depend on the charac-
teristics of the curve, which a motorist chooses. Let the turning
angle be @ (in the unit of radian), i.e., the angle shown in Fig. 1
between the direction of the approaching and that of the clearing
movements. The average curvature of the turning curve is found
to be ®/S. Note that angle ® does not have to be /2. It can be
shown that the following relation holds for the curve so long as a
motorist is not making zigzag movements within the triangle
BOA in Fig. 1 (need not be a right triangle):

Sin= [+ wi+ 2w cos O] P=S=S, =W, +w;, (3)
where quantity W,=w,+ L. The trajectory of a moving vehicle at
an intersection is not well defined and the detail of the maneuver
is almost up to the motorist’s driving habits and perception about
a driving environment. Thus, the length of the turning curve may
be parameterized as

S= BSmax+ (1 - B)Smin (4)
where quantity 8 €(0.1). The curve could be a spiral, a circular
curve, or a complex compound curve. By selecting a certain type
of curve, a point of tangent (PT), and a point of curve (PC), one
can estimate the exact value of parameter 3. For example, choos-
ing point B as PT or point A as PC and fitting a circular curve
through point B or point A, one can find that the parameter 3 for
this particular case is given by

p= [(I)Ws cot2(<I)/2) + lwli Wll 7Smin]/(Smax7Smin) )

unit of radian. In general, a driver is willing to experience rela-
tively high acceleration when taking parameter $ as close to zero,
and the driver prefers a smoother ride when taking parameter 3 as
around 0.5.

upper bound is $/S,,,. In the limit of ® approaching zero, the
movement becomes straight. As mentioned earlier, driver behav-
ior, size of vehicles, markers for left tums, and various other
factors have effects on the characteristics of left-turn curves. Nev-
ertheless, the magnitude of average centrifugal acceleration expe-
rienced by motorists is an important indicator in determining the

duration that a vehicle spends within an intersection. The detailed
evaluation of acceleration and speed along a turning curve is
complex. However, we may calculate the average turning speed
by imposing that

— 5

KU =Yg (©)

where the parameter vy may be selected in the interval [0.3, 0.8].
The number 0.3 has been selected as an “alarming” acceleration
rate {(Gazis et al. 1960; Stimpson et al. 1986}; and the number 0.8
has been used before to represent a large deceleration rate (Ham-
mond and Sorenson 1991). The average speed on turning curves
may be set according to

approach direction, respectively. Parameter 8, in the interval [0,
1], is to be chosen for a turning movement. If both speed limits
vy, and v, are the same, the second term in the right-hand side of
Eq. (7) will be independent of 6. Introducing the parameter € is
necessary for establishing a bound value for the average speed
along a turning curve. For most signal-controlled intersections,
the first term at the right-hand side of Eq. (7) is less than the
second term (travels slowly while making a left tum). The aver-
age speed v, along a turning curve should not exceed max{v,,v;,]
for all cases according to Eq. (7), satisfying the traffic law con-
straints. A possible choice 1s to approximate 8 by
(wilvp/[w;/v,+W,/v,,], corresponding to a situation in which a
vehicle is moving at speed limit along both sides BO and OA
shown in Fig. 1.

The time duration needed for a motorist to clear off an inter-
section may be estimated using Eqs. (2)—(4) as

TCE[BSmaX+(1 7B)Smin]/vic (8)

The upper bound given by Eq. (8) is usually larger than the red
clearance interval for straight movement for most intersections, if
not for all (Iiu et al. 1996).

Next, the yellow change interval needed is discussed for a
vehicle approaching a signalized intersection at a speed v,. The
point of no return for such a vehicle is the distance (measured
from the stop line) beyond which a motorist cannot stop comfort-
ably and safely. It is given (Gazis et al. 1960) by

Xg=0d _+vif2a 9)

where a motorist’s perception-reaction time and the comfortable
deceleration rate for aborting the movement are represented by
5_ and a_ ., respectively. When making a turn, a motorist can
either decelerate or accelerate toward the intended entering speed
v;, less than or equal to the speed limit v;. Speed v; may be
expressed in terms of the speed limit and the average turning
speed, 1.e.

[av+(1—a)v, if v,<v;
)= . 10
Y ; otherwise (10)

where quantity « is a parameter. It would be difficult to pinpoint
an exact value of parameter a because of its dependence on driv-
er’s behavior and decisions. The magnitude of acceleration that a
driver is willing to experience on curves increases with parameter
a. Parameter o need not be the same for different signalized
intersections. When speed v, is equal to the approaching speed
limit v;, the entering speed is equal to the speed limit, indepen-
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dent of the parameter «. The entering speed may be reduced along
a turning curve, indicating that the average speed can be substan-
tially less than the entering speed.

It a vehicle approaching an intersection is of little or no accel-
eration power or is moving at a constant speed, the yellow time
required for motorists proceeding into the intersection legally be-
yond the point of no return (Gazis et al. 1960} is

yo=0.+vgl2a.. an

Assuming that the deceleration and acceleration toward the speed
v, can be achieved before the vehicle crosses the stop line, the
vellow duration needed is given by

Va=2yovo{votv)=2(8 . +vol2a ) (1+v;/ve) (12)

The vellow change interval calculated using Eq. (12) is longer
(shorter) than that estimated using Eq. (11) if a vehicle is ap-
proaching an intersection at a speed higher (lower) than the en-
tering speed v;. The yellow change interval that is good for all
vehicles proceeding into an intersection legally is determined by

y=2(8 _+vd2a_ ) (1+v,;lvy) (13)

When the entering speed increases to the speed limit, Eq. (13)
gives the same result as that for straight movement (Liu et al.
1996). This corresponds to a situation where a driver is not slow-
ing down before making a turn. The total time interval needed tor
completing an entire turning process is found by summing FEgs.
{(8) and (13}

14
The three parameters o, B, and v associated with Eq. (14) can be
adjusted to fit driving conditions at intersections. The main fac-
tors, such as posted speed limits, geometric features of intersec-
tions, driver’s comfort on straight and curved movements, and
driver’s perception-reaction time, are integrated together in Eq.
(14).

One may seek some deduction on the clearance interval by
considering the distance between the potential conflicting points
of the turning movements and the stop lines of the other conflict-
ing movements. In other words, if this distance is big, the chance
to have a collision is small. Such a deduction is suggested by
Williams (1977). However, one should be careful in making the
deductions for different conflict movements by considering all
possible scenarios in which accidental collisions might occur. In
general, the deduction in clearance interval is small and is on the
order of 0.1 s. For large intersections with a width of 50 m or
more {extreme case), the deduction can go higher depending on
the geometry, the signal control method, and the speed limits in
various conflict movements at the intersections. We do not sug-
gest shortening the clearance interval because the deduction of
clearance interval is case dependent and its magnitude is small. If
insisting on deducting the clearance interval, one should make
sure that the deduction is appropriate based on observational
and/or realistic simulations.

Examples

This research attempted to collect the field data for the left-turn
movements from two signal-controlled intersections at El Paso,
Tex., in order to test the analytical framework developed in the
last section. The times spent by the last vehicle (in one signal
cycle) within an intersection (going beyond the clearance line)

Mesa-Resler Intersection

Speed Limit v, =64 kph (40 mph)

20 kolt@o mph)

Speed Limit v,
Resler St.

Fig. 2. Geometric layout of Mesa-Resler intersection in El Paso,
Tex.

after onset of the red clearance interval are collected for the
Mesa-Resler (M-R) and Airway-Montana (A-M) intersections in
El Paso, Tex., using stopwatches. Figs. 2 and 3 illustrate geomet-
ric layouts of two intersections. The intersecting angle ® are es-
timated to be /2 for the M-R intersection and 1.66 rad for the
A-M intersection, respectively. The left turns observed in the M-R
intersection are made by motorists heading north on Resler Dr.,
and those observed in the A-M intersection are for vehicles head-
ing north on Airway Blvd. A total of 159 observations are re-
corded for the M-R intersection and a total of 141 are recorded
for the A-M intersection. The actual yellow change and red clear-
ance interval settings at the two intersections are also recorded.
The widths w; and w, for the M-R (A-M) intersection are
found to be 30.48 m (20.42 m) and 19.81 m (14.02 m), respec-

Airway-Montana Intersection

A~

=56 kph (35 mph)

Fig. 3. Geometric layout of Airway-Montana intersection in El Paso,
Tex.
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Table 1. Basic Parameters for Mesa-Resler Intersection

Parameter Value
W 30.48 m
w; 19.81 m
L 4.06 m
v; 15.56 m/s
b 1.57

W, 23.87 m
g 9.81 m/s’
vy 17.78 m/s
S 38.71 m
S 5435 m
(¢} 0.60

Ov, +(1- ), 16.45 m/s

tively. The posted speed limit is 15.56 m/s (35 mi/h) for both
Resler Dr. and Montana Ave. and is 17.78 m/s (40 mi/h) for both
Mesa St. and Airway Blvd. The length of the vehicle L is set to
4.0 m. These parameters as well as other parameters of the two
intersections for calculating the red clearance interval are shown
in Tables 1 and 2.

By setting the parameters B and + and using Eq. (8), the re-
quired red clearance interval 7, can be computed. Fig. 4 illus-
trates curves of calculated red clearance interval versus vy for
different values of B, and Fig. 5 shows curves of red clearance
interval versus 3 for different values of vy for the M-R intersec-
tion. Similar graphs are also plotted for the A-M intersection, as
shown 1n Figs. 6 and 7. Different red clearance intervals can be
obtained by adjusting parameters 3 and . Parameter vy usually
falls into the range between 0.3 and 0.8, as indicated earlier, but
curves associated with values of vy beyond this range are also
plotted in the figures.

Figs. 8 and 9 illustrate cumulative percentages of vehicle
clearance time distributions for the two intersections. As shown in
the figures, the maximum clearance time is 3.8 s for the M-R
intersection and 3.0 s for the A-M intersection. These required
clearance times can be matched by the calculated red clearance
intervals with several possible combinations of 3 and vy values, as
shown in Figs. 4-7. Since the red clearance interval is more
sensitive to vy than B, we will determine a numerical value of
parameter 3 first. With a reasonable assumption of a circular
curve, the exact § value can be calculated using Eq. (3), and the
result is 0.35 for the M-R intersection and 0.30 for the A-M

Table 2. Basic Parameters for Airway-Montana Intersection

Parameter Value
w; 20.42 m
w; 14.02 m
L 4.06 m
v; 17.78 m/s
b 1.66

W, 18.08 m
g 9.81 m/s?
Uiy 15.56 m/s
S 26.07 m
S max 38.50 m
(¢} 0.52

Ov, +(1-0)v,, 16.71 m/s
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Fig. 4. Curves of calculated red clearance interval versus v for
different 3 values for Mesa-Resler intersection
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Fig. 5. Curves of calculated red clearance interval versus @ for
different v values for Mesa-Resler intersection
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Fig. 6. Curves of calculated red clearance interval versus v for
different B values for Airway-Montana intersection

in a red clearance interval of 3.8 s for the M-R intersection and

intersection. These y values are selected such that those vehicles
entering the intersection when the yellow interval terminates and
following a circular curve path will have enough time to clear the
intersection before the clearance interval ends. Although there are
not many such vehicles in the field, as shown by Figs. 8 and 9,
they do need to be considered in the determination of red clear-
ance intervals for safety reasons. Therefore, a combination of 3

setting the red clearance interval in practice if no other relevant
information is available. It is found that the observed clearance
time 1is considerably longer than the actual setting of the interval,

JOURNAL OF TRANSPORTATION ENGINEERING / SEPTEMBER/OCTOBER 2002 / 455

J. Transp. Eng. 2002.128:452-457.



90 ! ! ;
1
= i : i
E 70 /: : :
2l ' i b
E 1 g y020, — -
@ P _____-1—-'—"_1
: ET e
S == A £ ¢ S
R Tl (15 ]
S 30 s e e
T O ; ]
~ 1 i i
10 i i ?
000 025 050 075 1.00
B—Value

Fig. 7. Curves of calculated red clearance interval versus B for
different v values for Airway-Montana intersection
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Fig. 8. Cumulative plot of collected red clearance intervals for
vehicles entering intersection M-R before yellow duration ends to
clear intersection

1.00
" //c/‘
=]
£ 075 4
54
5
% 0.50
s
=
=
E 025 /
=
&}

0.00

0.00 0.75 1.50 225 3.00
(learance Duration

Fig. 9. Cumulative plot of collected red clearance intervals for
vehicles entering intersection A-M before yellow duration ends to
clear intersection

which is 1.0 s for the two examined intersections. The continuous
use of this short red clearance interval may impose danger to
vehicles that enter the intersections late but legally.

The vellow change interval depending on the entering speed is
given by Eq. (13), and the entering speed can be determined by
varying parameter o in Eq. (10). Setting v to 0.55 and choosing
parameter « to be 1.0, 0.5, and 0, the yellow change intervals for

the A-M intersection are found to be 4.0, 4.5, and 5.1 s, respec-
tively. Repeating the calculation but setting + to 0.5 for the M-R
intersection, the required yellow change intervals are found to be
3.6, 3.8, and 4.1 s. In the above calculation, the perception-
reaction time 8 _ and the comfortable deceleration rate are set to
a_ to 1.0 s and 3.0 m/s® (ITE 1985; Kell and Fullerton, 1991).
The actual setting of the yellow duration is 4.0 s for both inter-
sections. For the M-R intersection, the yellow time is long enocugh
even for vehicles slowing down to an entering speed that is close
to the average speed on a turning curve. However, the yellow
change interval appears to be short for vehicles entering the A-M
intersection with a speed lower than the speed limit. Those drivers
at the far end of the dilemma zone when the yellow light com-
mences must rush into the A-M intersection at a speed close to
speed limit in order to beat the yellow time. The tradeoff is that
they must bear a relatively high acceleration/deceleration when
clearing the intersection within the red clearance interval. For
facilitating turning movements, the default value for parameter «
might be set to 0.5 in the determination of the yellow change
interval. Smaller « values may be used if a longer yellow change
interval is suggested by further experimental observations.

It should be noted that the above discussions are based only on
the two intersections from which the field data were collected. It
is suggested that further efforts be made to collect field data from
intersections with diverse geographical conditions.

Conclusion

An analytic framework, dealing with both the yellow change and
the red clearance interval for left-tum movements (in a right-
hand-side driving environment) in signal controlled intersections,
is presented by integrating coherently the human comfort, percep-
tion, safety, and traffic ordinances. An entire turning process may
be decomposed into two steps. The first step is to decelerate or
accelerate the vehicle toward the intersection in order to proceed
into a turning curve. The second is to clear the intersection. Ex-
plicit formulas are derived for the required time duration for com-
pleting the steps. Three important parameters, «, 3, and vy, are
introduced to characterize the turning process. The parameter « is
infroduced to describe the acceleration/deceleration action made
by a driver right before making turns; parameter [3 characterizes
the length of the turning curves; and the parameter vy represents
human comfort factor for turning movements. Parameter § and
intersecting angle P are introduced to reflect the traffic rules im-
posed on turning movements and to characterize the physical lay-
out of signal-controlled intersections, respectively.

The estimated yellow change and red clearance intervals are
compared with field settings. It is found that the yellow duration
provided in the M-R intersection is appropriate but the one for the
A-M intersection may not be long enough for drivers making a
comfortable left turn. Moreover, it appears that the red clearance
setting in practice is shorter than what actual observations suggest
if the starting lost time of vehicles in the conflicting approach is
not considered. However, the observed clearance intervals agree
well with the presented analytic estimates with parameters

yellow change and the red clearance interval for left turn move-
ments should be set in general longer than that for a straight
movement.

Although the yellow change and red clearance intervals for
straight movements are discussed in practical handbooks, such as
in the Manual of traffic signal design (Kell and Fullerton 1991),
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estimations for these intervals for tuming movements have not

been given and put inte practice before. The red clearance interval

in practices is usually set within the interval of [0.5 5, 2.0 5]. As

can be seen from the presented examples, a 2 s clearance interval

may not be long enough for making a complete turn. On the other

hand, a short red clearance interval seems to work satisfactorily

for some intersections. The success in applying a short clearance

interval relies on the following actions:

» The last vehicle makes a turn sometime before a vellow inter-
val terminates,

* The last vehicle entering into an intersection late but legally
will clear the intersection swifily, or

= Velicles at conflict approaches vield to a left-tumn vehicle after

a short clearance interval is over (starting lost time).

This chain of actions may fail under inclement weather condi-
tions when the road surface becomes slippery and/or visibility
becomes low. It is not difficult to conceive a situation in which a
potential accident may occur.

The numerical values for parameters «, 3. and -y to be vsed for
determining beth the yellow change and red clearance intervals
expressed in BEq. (14) should be set to approximately 0.5, 0.35,
and 0.55 as default values according to ow observational resulfs;
however, these values may be modified to fit the observations for
different intersections. Note that not all vellow change intervals at
controlled intersections set for left-turn movements are appropri-
ate. Parameters «, {3, and v are related to driver behavior at con-
trolled intersections and therefore may vary to some extent over
different geographic regions. Therefore, it is suggested that data
be collected widely from more intersections in order to deternine
the average values or the site-specific values of «, B, and <. One
way to delermine these paramelers for a given interseclion is to
videotape the vehicle left-turn movements. From the video im-
ages, one can estimate for each left-turn movement the entering
speed, the parameter B, the time spent by a vehicle within the
infersection, and the average speed of a vehicle within an inter-
section. Then, the distribution of the parameters o and v can be
assessed using Egs. {10) and (6), respectively. Note that there are
three numerical values o, B, and v associated with each left tum.
Using the distributions of the parameters o, B, and vy, a traffic
engineer should be able (o find a reasonable red clearance inter-
val, which is expected to be consistent with drivers’ behavior in
making left tums. The results obtained in this paper can be ap-
plied equally well fo right-turn movements if leff~hand-side driv-
ing convention is practiced in a driving enviromment.
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Notation

The following symbols are used in this paper:
a_ = comfortable deceleration rate when approaching con-
trolled intersection (m/s?);
g = gravity acceleration rate on Earth {m/s%);

1. = vehicle length (m);
8 = length of urming curve for left-turn movements

{m);
S = munimmun length of tuming curve for left-tum
movements {m};
v, = average speed of vehicle on turning curve {m/s);
0, = maxinum average spead of vehicle on turning
curve (m's);
v, = vehicdle speed when entering intersection for mak-

ing left turn (m/s);

v, = speed limit along approaching direction before
making left turn {n/s);

vy, = speed limit along departure direction (m/s) when
finishing left turm (m/s);

ve = approaching speed of vehicle toward intersection
when yellow interval commences (m/s);

w; = projection length of tuming curve along approach-
ing direction for lefl-turn movements (m);

w, = projection length of turming curve along departure
direction for lefi-turn movements (m);

i, = summation of width w, and vehicle length L (m);

= deceleration distance needed for stopping vehicle

approaching intersection (m);

v, = yellow interval for left-turn movements (s,

a = dimensicnless parameter ranging from O to 1 for
estimating speed v, ;

B = dimensionless parameter ranging from 0 te 1 for
estimating turning length S;

v = dimensionless parameter ranging from about 0.3
to 0.8 for estimating magnitude of acceleration
rate that driver is willing to bear on turming
curves;

& . = perception-reaction time for decelerating vehicle
(s)

8 = dimensionless parameter ranging from 0 to 1 for
eslimating turming speed;

T, = summation of yellow interval and red clearance
interval for left-turn movernents (s);

7. = red clearance interval for lefi-fn movements (s};
and

< = infersecting angle between vehicle approach and
departure direction (radians).
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