
TRANSPORTA TJON RESEARCH RECORD 1368 31 

Before and After Comparison of Leading 
Exclusive and Permissive/Exclusive 
Lagging Left Turn Phasing 

CHARLES R. WRIGHT AND JONATHAN UPCHURCH 

Three different types of left turn phasing were compared: leading 
exclusive; leading exclusive/permissive; and permissive/exclusive 
lagging. All three types of phasing were in operation at a single 
intersection and were changed from one type to another over a 
period of several months. Cycle length and offsets for progression 
were kept the same as each type of phasing was implemented to 
minimize confounding factors . Time-lapse photography was used 
to collect volume and delay data for 8 hr of operation for each 
type of phasing. Traffic volume and average delay per vehicle in 
each hour were statistically analyzed to determine if statistically 
significant changes occurred between different types of left turn 
phasing. Most changes in trnffic volume were not statistically 
significant. In general, sub ·tantial reductions in delay occurred 
for both through and left turn movements when the change from 
leading exclusive to leading exclusive/permissive was made; in
creases in both through and left turn delay occurred when phasing 
was changed from leading exclusive/permissive to permissive/ex
clusive lagging; and delay under permissive/exclusive lagging op
eration was less than under the original leading exclusive phasing. 

Selection of the appropriate type of left turn phasing for an 
individual intersection is a topic of discussion and debate in 
the traffic engineering community. Permissive, exclusive, and 
exclusive/permissive left turn phasing offer trade-offs in through 
vehicle delay, left turn delay, and safety . Leading and lagging 
left turn operation each also have advantages and disadvan
tages. The effects of lagging left turn phasing are of particular 
interest in Arizona where it has been adopted by three major 
jurisdictions . The operational effects, in terms of delay, are 
evaluated in this study. 

The types of left turn phasing are as follows: 

• Permissive left turn-Vehicles are allowed to make a turn 
on a circular green indication but must yield to opposing traffic 
(sometimes called a permitted left turn). 

• Exclusive left turn-Vehicles are allowed to make a turn 
only on a green arrow indication and have the right-of-way 
while the green arrow is displayed (sometimes called a pro
tected left turn). 

•Exclusive/permissive-Vehicles are allowed to make a 
turn either on a green arrow indication or on the circular 
green indication, but left turning vehicles must yield to op
posing traffic while the circular green indication is displayed. 

In addition to the above, other variations are exclusive and 
exclusive/permissive phasing. These variations are known as 
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leading and lagging left turn phasing and refer to the rela
tionship of the left turn phase to the through phase. In leading 
left turn phasing, the exclusive left turn phase occurs before 
the opposing through phase begins. In lagging left turn phas
ing, the exclusive left turn phase occurs after the termination 
of the opposing through phase. The variations are called lead
ing exclusive, lagging exclusive, leading exclusive/permissive, 
and permissive/exclusive lagging. In typical application, the 
exclusive portion of the phase appears only when there is left 
turn demand. 

In 1988 and 1989 the city of Scottsdale, Arizona, converted 
most intersection approaches that had leading exclusive left 
turn phasing to permissive/exclusive lagging operation. Con
version was done in two steps to minimize confusion for mo
torists. The first modification was to change from leading 
exclusive left turn phasing to leading exclusive/permissive left 
turn phasing. Then, after an adjustment period of approxi
mately 8 weeks, the signal was again modified to operate as 
permissive/exclusive lagging left turn phasing. This staged 
conversion from leading to lagging turning allowed a unique 
opportunity to evaluate and compare the operational effects 
of three different types of left turn phasing. Vehicle delay 
was the principal operational effect that was evaluated. Data 
were collected at one intersection for three different condi
tions: leading exclusive (condition Dl); leading exclusive/per
missive (condition D2); and permissive/exclusive lagging 
(condition D3). The intersection selected for study was Hay
den Road and Indian School Road . 

STUDY OBJECTIVE 

The general objective of this study was to evaluate the changes 
in the delay characteristics on the north and south approaches 
of the intersection of Hayden Road and Indian School Road 
under each of the three phasing conditions (Dl, D2, and D3). 
Specific issues considered were as follows: 

1. Did the traffic volume for through and left turning ve
hicles change significantly under each of the three conditions? 

2. Did the delay for the through and left turning vehicles 
change significantly under each of the three conditions? 

3. Did the left turn volume, as a percent of total volume, 
change under each of the three conditions? 

4. What was the effect of the change in delay in terms of 
the economic cost of delay? 
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STUDY PROCEDURE 

A before and after study was used to meet the study objec
tives. Data were collected at the same intersection for three 
different conditions of traffic signal phasing (Dl, D2, and 
D3). Cycle length and offsets (for signal progression at the 
study intersection and adjacent intersections) remained 
the same during all three conditions to reduce confounding 
factors. 

Intersection Description 

At the intersection of Hayden Road and Indian School Road 
(Figure 1) in Scottsdale, Hayden Road is a north/south major 
arterial with three lanes in each direction plus a two-way left 
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turn lane or raised median with left turn pockets. Hayden 
Road has a large range in traffic volumes during the day. 
Indian School Road is an east/west collector roadway at this 
location with two lanes in each direction plus a left turn lane. 

The existing improvements immediately adjacent to the 
intersection include a raised median on Hayden Road north 
of Indian School Road which continues to the north and pro
vides periodic left turn pockets for turning vehicles. There is 
also a short segment of raised median on Hayden Road south 
of Indian School Road. This median terminates approxi
mately 50 ft south of the intersection and a continuous two
way left turn lane extends further to the south. Approximately 
250 ft of left turn storage is available for southbound left 
turning traffic. The two-way left turn lane provides almost 
unlimited left turn storage for northbound left turns. 
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FIGURE 1 Intersection diagram. 
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For condition D 1 the left turn signals consisted of a three
arrow signal face (red arrow, yellow arrow, green arrow). On 
November 18, 1988, five-section signal heads (red ball, yellow 
ball, green ball, yellow arrow, green arrow) were installed for 
condition D2. For condition D3, about 8 weeks later, addi
tional signs were added with the legend Green Arrow After 
(symbolic green ball) indicating the green arrow would appear 
after the green ball indication. 

Method of Data Collection 

Time-lapse photography was identified as a data collection 
method that could accurately record volume and delay infor
mation and provide a permanent record. The actual camera 
location for filming was on Hayden Road approximately 500 
ft south of Indian School Road on the east side of the street. 
The camera was mounted on a street light pole at a height of 
approximately 30 ft. This provided the most advantageous 
possible view of both northbound and southbound traffic. The 
limited field of view of the camera precluded observation of 
eastbound and westbound traffic. 

Table 1 lists the dates and times of filming for conditions 
Dl, D2, and D3. Each roll of film contained 3,600 frames 
recorded at one frame per second. Reloading the film required 
a small time interval between each roll. The same day of the 
week (Thursday) was used for all three conditions to minimize 
the possible variations in traffic volume. 

Method of Data Reduction 

Data reduction for each set of film was accomplished using 
Traffic Data Input Program (TDIP) , version 2.0. Using this 
program, a time was recorded for each vehicle as it entered 
the field of view. The time was again recorded as the vehicle 
crossed the stop bar. The amount of time required for the 
vehicle to travel between these two points, as well as the total 
number of vehicles, was calculated. Because the camera was 

TABLE 1 Filming Times* 

Hour 01 02 03 

11/2/88 1/12/90 2/22/90 

1 9:09 a.m. 8:44 a.m. 8:44 a.m. 

2 10:11 a.m. 9:47 a.m. 9:47 a.m. 

3 11:14 a.m. 10:49 a.m. 10:49 a.m. 

4 12:16 p.m. 11:51 a.m. 11:51 a.m. 

5 13:18 p.m. 12:53 p.m. 12:53 p.m. 

6 14:20 p.m. 13:55 p.m. 13:55 p.m. 

7 15:22 p.m. 14: 57 p.m. 14:57 p.m. 

8 16:24 p.m. 15:59 p.m. 15:59 p.m. 

*The starting time for each roll of film is shown 
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approximately 500 ft south of the intersection, only the north
bound and southbound approaches could be observed. 

Once all the data were transcribed to determine the total 
time each vehicle was within the field of view, the normal 
travel time was determined and subtracted from the observed 
total time for each vehicle. The result was the actual total 
vehicle delay experienced because of the signalized control. 
Accordingly, vehicles that entered the field of view and trav
eled at approximately the posted speed to cross the stop bar 
experienced no delay . The delay for vehicles that were re
quired to stop at the traffic signal or were slowed by queues 
at the intersection was included in the total delay and the 
calculation for average delay per vehicle for the intersection . 

The normal travel time was calculated to be approximately 
5 sec using the posted speed of 45 mph ( 66 ft/sec) and the 
distance from the stop bar to the beginning of the field of 
view of 330 ft. A sample of the data reduction is included 
elsewhere (J). 

SIGNAL TIMING 

Traffic signal control was provided by an eight-phase con
troller, which is intertied to the city's central traffic signal 
control system for progression control. The intersection op
erated as a semiactuated signal with detectors on Indian School 
Road for through movements and on all approaches for left 
turn movements. The connection to the city's central control 
computer allows for implementation of sophisticated varia
tions to the signal timing plan to react to changes in traffic 
volumes by time of day. The timing plan provided three dif
ferent cycle lengths and progression offsets during the obser
vation period at predetermined times of the day . The cycle 
lengths and offsets, as well as the times of implementations, 
remained the same for each of the sets of data. Progression 
offsets for each phasing plan were measured from the start 
of the north/south through movement. The cycle lengths and 
offset for each of the timing plans are shown in Table 2. 
Maximum green times for the left turn phase generally varied 
from 15 to 20 sec with minimum green times, if there was a 
call for a left turn phase, of approximately 6 sec (including 
the clearance interval). Unused green time from the left turn 
phases and the east/west through phase was allocated to the 
north/south through phase. 

TABLE 2 Signal Timing* 

Time of Day 8:30 - 10:30 10:30 - 15:30 15:30 - 18:00 

Cycle Length 94 s 110 s 112 s 

Off set 2s 16s lOOs 

NB Left 17s (max) l 7s (max) 18s (max) 

SB Left 17s (max) 15s (max) 16s (max) 

NB Through 32s 45s 40s 

SB Through 32s 47s 42s 

•Timing is the same for Dl, 02 and 03 
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INTERSECTION OPERATION 

Phasing diagrams for each condition are shown in Figure 2. 
The condition Dl signal phasing was leading exclusive left 
turn phasing. Under this phasing plan, the protected leading 
arrow was actuated when a vehicle or vehicles were detected 
in the left turn lane. The left turns would operate indepen-
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FIGURE 2 Phasing diagram. 
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dently with either the north, or south, or both left turn arrows 
occurring before the north/south through movements. Simi
larly, the left turn indications would end individually when 
the detectors sensed that no more vehicles were waiting to 
turn or when the traffic signal controller detected that the 
maximum green time for the left turn arrows had expired. 
Once the left turn phase was completed, the red arrow was 
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displayed and any other arriving left turn vehicles were re
quired to wait until the next cycle. This phasing allowed for 
utilization of minimum green time for the left turns because, 
once the queues were dissipated in either left turn direction, 
the corresponding arrow would terminate allowing the op
posing through movement to begin. This phasing plan caused 
left turning vehicles arriving with the platoon from the ad
jacent intersection to wait until the next cycle for the left turn 
arrow. It also caused variations in the start of the green phase 
because of the variations in left turn demand. One disadvan
tage of the leading exclusive left turn phase was that a long 
queue in the through lane adjacent to the left turn lane could 
block access to the left turn lane (where there is a raised 
median) . Thus, some arriving left turn vehicles would have 
to wait until the next cycle to make their turn. 

Condition D2 was leading exclusive/permissive. It provided 
for exclusive leading left turns followed by permissive left 
turns. Under this phasing pattern the left turn arrows operated 
the same as in Dl except that after termination of the exclusive 
left turn phase (the green arrow), no red arrow was displayed 
for left turning vehicles. This allowed any left turning vehicles 
remaining in the queue or arriving after the termination of 
the exclusive phase to utilize gaps in traffic and the yellow 
phase to execute left turning movements. 

Condition D3 was permissive/exclusive lagging left turn 
phasing. In this phasing, the start of the green time for through 
movement was consistent for both directions because no ar
rows appeared at the beginning of the phase. Drivers of left 
turning vehicles saw a green ball at the beginning of the through 
phase, allowing them to use any available gaps in the traffic 
and the clearance interval to execute left turn movements . 
Following the termination of the through phase, a green arrow 
appeared for left turns allowing remaining left turning vehicles 
to execute their maneuvers. This type of phasing does not 
cause blockage of the left turn lane by the adjacent through 
lane because the arrow occurs after the queue that may have 
accumulated in the through lane has dissipated. However, 
this phasing does require that both through movements ter
minate at the same time even if there is a demand for left 
turns only on one approach to the intersection. 

STUDY FINDINGS 

Volume 

Tables 3 and 4 show the hourly volume and an 8-hr total for 
each condition (Dl, D2, and D3) and for each movement 
(north, south, through, and left). Traffic volume did change 
for each of the measured traffic flows between D 1, D2, and 
D3. For comparison, Tables 3 and 4 also show the percentage 
change in traffic volume for D2 compared to 01, D3 com
pared to 02, and D3 compared to 01. Examination of the 
tables will show the changes. The percent of traffic volume 
turning left is shown in Table 5. These data indicate that the 
turn percentage for the northbound traffic was 12.6, 11.0, and 
12.7 percent in conditions Dl, D2, and D3. For southbound 
traffic the left turn percent was 7.9, 7.1, and 7.3 percent in 
01, D2, and 03 . Although traffic volumes did change during 
the various periods of data collection, the percentages for the 
left turning vehicles remained fairly stable. 
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TABLE 3 Northbound Volume Data 

Northbound Through Volume (vehicles per hour) 

Dl D2 DJ lvs.2 2vs.J lvs.J 
Hour 

1 1190 131 2 137 J 10. 3% 4.6% 15.4% 
2 1109 11 82 1217 6.6% 3.0% 9. 7% 
J 1168 1299 129J 11.2% -.5% 10. 7% 
4 1199 1383 14 77 15.3% 6.8% 23 .2% 
5 1JJ4 1432 1466 7.J% 2.4% 9.9% 
6 1378 1602 1526 16. 3% -4.7% 10.7% 
7 1697 1742 1813 2. 7% 4 .1% 6.8% 
8 2047 2022 2228 -1. 2% 10.2% 8.8% 

Tota l l.1122 11974 U39'.l 7. 7\ 3 . 5\ lJ. . 4' 

Northbound Left Turn Volume (vehicles per hour) 

Dl D2 DJ lvs.2 2vs.J lvs.J 
Hour 

1 216 173 187 -19.9% 8 .1% -lJ.4% 
2 200 172 2J5 -14.0% J6.6% 17.5% 
J 218 151 2JJ -J0.7% 54.J% 6.9% 
4 195 188 2 J2 -3.6% 2J.4% 19.0% 
5 201 227 249 12. 9% 9. 7% 23.9% 
6 187 208 2 19 11.2% 5. 3% 17.U 
7 164 17 4 2J5 6.1% J5.1% 43 .3% 
8 228 191 220 -16.2% 15.2% -3.5% 

Tota l 1609 1484 18 10 - 7 . U 22.0\ 12.5\ 

TABLE 4 Southbound Volume Data 

Southbound Through Volume (vehicles per hour) 

Dl D2 DJ lvs.2 2vs.3 lvs.3 
Hour 

1 1135 1099 1526 -3.2% J8.9% 34 .4t 
2 1034 1065 1293 3.0% 21. 4% 25.0% 
3 1018 1143 1234 12. 3% 8.0% 21. 2% 
4 1029 1121 1311 8.9% 16.9% 27.4% 
5 1129 1121 1440 -. 7% 28.5% 27.5% 
6 1J44 1280 14 22 -4.8% 11.1% 5.8% 
7 1512 1478 1650 -2. 2% 11. 6% 9.1% 
8 1612 17 02 1775 5.6% 4.J% 10.1% 

Total 9 81J 10009 11651 2.0% 16.4% 18. 7% 

Southbound Left Turn Volume (vehicles per hour) 

Dl 02 DJ lvs . 2 2vs.3 lvs.3 
Hour 

1 74 84 68 13 .5% -19.0% -8.1% 
2 69 47 81 -Jl.9% 72.3% 17 .4t 
J 124 75 110 -39.5% 46. 7% -11. 3% 
4 87 96 133 10.3% J8.5% 52.9% 
5 100 105 149 5.0% 41.9% 49.0% 
6 116 102 122 -12 .1% 19. 6% 5.2% 
7 116 121 105 4.3% -lJ. 2% -9.5% 
8 150 131 144 -12. 7% 9.9% -4.0% 

Total 8J6 7 61 912 -9. 0\ 19. et 9.1\ 

TABLE 5 Left Turn Volume Percentage 

Data 1 Dat;i 2 Dat;:i 3 
fill SB fill §..!} NB a 

Volume Summary (total number of vehicles) 

Thru 11122 1 1974 1 2J9J 9813 10009 11651 
Left 1609 14 8 4 1810 836 761 912 
Total 12731 134 58 142 OJ 10649 10770 12563 

Left Trn% 12.6% 11. 0% 12. 7% 7.9% 7 .1% 7.3% 
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TABLE 6 Northbound Delay Data 

Northbound Through Delay (seconds per vehicle) 

Dl D2 D3 lvs.2 2vs.3 lvs.3 
Hour 

1 9.9 8.5 10.7 -14 .1% 25.9% 8.1% 
2 14.1 9.9 13 -29.8% 31. 3% -7.8% 
3 18.1 14. 4 15.3 -20.4% 6. 3% -15.5% 
4 17.8 16.4 15.8 -7.9% -3. 7% -11.2% 
5 17.4 15.9 13. 9 -8. 6% -12.6% -20 .1% 
6 19.9 19.7 17.2 -1. 0% -12. 7% -13.6% 
7 20.2 18.4 19 -8.9% 3. 3% -5.9% 
8 Jl. 4 22.2 28.9 -29.3% 30.2% -8.0% 

Avg 18.6 15. 7 16.7 -15. 7% 6. 7% -10 .1% 

Northbound Left Turn Delay (seconds per vehicle) 

Dl D2 D3 lvs.2 2vs.3 lvs.3 
Hour 

1 54.4 21.1 29.9 -61. 2% 41. 7% -45.0% 
2 72.3 22.7 29.2 -68.6% 28. 6% -59.6% 
3 76.9 19.3 41. 9 -74. 9% 117 .1% -45.5% 
4 56.1 22 38.8 -60.8% 76.4% -30.8% 
5 59.9 18.8 46.5 -68.6% l.47.3% -22.4% 
6 47 . 3 23.9 41. 3 -49.5% 72.8% -12. 7% 
7 55.2 28.9 47.4 -47.6% 64.0% -14 .1% 
8 55.1 70.3 63.5 27.6% -9.7% 15.2% 

Avg 59.7 28.4 42.3 -52.4% 49.1% -29 .1% 

Delay 

Because a principal measure of performance for at-grade sig
nalized intersections is delay, changes in delay give one direct 
measure of the effects of changing the type of left turn phas
ing. Tables 6 and 7 show delay for each condition and for 
each movement. The percentage change between conditions 
is also shown. 

VALUE OF TRAVEL TIME 

The value of travel time savings is an important component 
of user benefits that can be used to quantify the effects of the 
change from leading to lagging left turn operation in terms 
of economic costs. A Manual on User Benefit Analysis of 
Highway and Bus Transit Improvements (2) is a widely used 
reference on the value of travel time savings. For "medium 
time savings" and "average" trip type the manual gives a 
travel time value of $1.80/hr per person (in 1975 dollars). 

This value must be adjusted for both vehicle occupancy and 
inflation (the $1.80 value is based upon 1975 data). The value 
for median time savings was selected to approximate the sys
temwide improvement that would be expected for a typical 
trip through several signalized intersections with lagging left 
turn phasing. Adjusting for an assumed average occupancy 
of 1.56 adults per vehicle as recommended in the manual (2) 
and inflation results in a 1990 value of travel time of $6.00 
per vehicle hour. 

The total observed delay over the 8 hr of filming was de
termined by multiplying the average delay per vehicle for each 
hour of observation by the number of vehicles observed during 
each respective hour. The delay was totaled for north and 
south through and left turn movements for each condition. 
Using the total observed delay and the $6.00 per vehicle hour 
value of travel time, the daily value of passenger time saved 
under D2 (compared to Dl) was calculated to be $56.40 per 
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TABLE 7 Southbound Delay Data 

southbound Through Delay (seconds per vehicle) 

Dl D2 D3 lvs.2 2vs.3 lvs.3 
Hour 

1 20.4 21. 9 20.9 7.4% -4 .6% 2.5% 
2 20.3 18.8 16.5 -7 .4% -12. 2% -18. 7% 
3 19.2 18.7 16.6 -2.6% -11. 2% -13 .5% 
4 16.6 17.2 16.1 3.6% -6.4% -3.0% 
5 15.J 15.5 13.9 1. 3% -10.3% -9.2\ 
6 17. 9 15.9 16.3 -11. 2% 2.5% -8 . 9% 
7 17.7 18.8 15.3 6.2% -18.6% -13. 6% 
8 22.7 67.3 23.3 196.5% -65.4%

0 

2.6% 

Avg 18.8 24.3 17. 4 29. 3% -28. 4' -7.Sl 

Southbound Left Delay (seconds per vehicle) 

Dl D2 DJ lvs.2 2vs.3 lvs.3 
Hour 

1 33.7 17. 4 27.6 -4 8. 4% 58.6% -18 .1% 
2 47.2 17 .8 29.2 -62. 3% 64.0% -38. lt 
3 46.7 18.1 36.5 -61. 2% 101. 7% -21.8% 
4 44.2 18 .7 40.8 -57.7% 118. 2% -7. 7% 
5 44.1 19.5 31 -55.8% 59.0% -29. 7% 
6 40 . 8 17.1 33.5 -58.1% 95.9% -17.9% 
7 34.8 22 . 4 32.3 -35.6% 44.2% -7.2\ 
8 40.1 27.8 47.7 -30. 7% 71. 6% 19.0% 

Avg 41. 5 19. 9 34. 8 -52. U 75 .4' -16.0t 

day or $20,586 per year. The daily value of travel time saved 
under D3 (compared to Dl) was calculated to be $6.60 per 
day or $2,409 per year. It is emphasized that these savings 
are based upon an 8-hr day and do not reflect additional 
savings acrrued during the other 16 hr. 

STATISTICAL ANALYSIS 

Both delay and volume (8-hr averages) varied among con
ditions Dl, 02, and 03. To determine if the variations were 
statistically significant, the two-sample t-test was selected as 
the test. This test assumed that each population is normal and 
that the values of the two population variances are equal. 

Before applying the t-test, the variances of each set of data 
were compared. The comparisons showed that the variances 
were roughly similar in magnitude, except for the southbound 
through delay. The t-test was, therefore, judged to be appro
priate for each data set except southbound through delay. A 
level of significance of 0.05 was selected. 

Volume and Delay 

Tables 8 and 9 present statistical summaries and note which 
changes were statistically significant based upon the two-sample 
t-test. The only changes in volume that were statistically sig
nificant were as follows: 

•Southbound through volume-+ 18.7 percent beteeen 01 
and D3, 

•Northbound left turn volume-+ 22.0 percent between 
D2 and D3, and 

•Northbound left turn volume-+ 12.8 percent between 
01 and D3. 

The changes in delay that were statistically significant were 
as follows: 
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• Northbound left turn delay- - 52.4 percent between Dl 
and D2, 

•Northbound left turn delay- -29.1 percent between Dl 
and D3, 

•Southbound left turn delay- -52.1 percent between Dl 
and 02, 

• Southbound left turn delay- + 75 .4 percent between D2 
and D3, and 

•Southbound left turn delay- -16.0 percent between Dl 
and 03. 

The statistical analysis of the data for the southbound through 
volume showed that the variance for 02 is 30 to SO times 
higher than the variances for Dl and 03. Because one of the 
assumptions for the use of the t-test is that the variances are 
equal, the t-test cannot be used for this data . No other tests 
have been shown to be appropriate to evaluate data with these 
characteristics and no statistical conclusion can be drawn. 

TABLE 8 Statistical Summary-Volume (Vehicles per Hour) 

Northbound Through Volume Southbound Through Volume 

Dl D2 D3 Dl D2 D3 
Avg 1390 1497 154 9 1227 1251 1456 
Std 302.9 259.0 3 06.2 218.3 214. 8 174. 3 
Var 91,737.9 67,066.7 93,759.4 47,667.6 44,666.9 30,323.2 

'I; Chng lvs2 2vs3 lvs3 lvs2 2vs3 lvs3 
7.7% 3.5% 11.4% 2.0% 16.4% 18. 7'1;* 

Northbound Left Turn Volume Southbound Left Turn Volume 

Dl D2 DJ Dl D2 03 
Avg 201 186 226 105 95 114 
Std 18.9 22.2 17.3 25.6 24.9 27.0 
Var 355.6 490.8 297. 7 654.0 628;4 731. 5 

'l;Chng lvs2 2vs3 lvs3 lvs2 2vs3 lvsJ 
-7.8% 22.0%* 12.8%• -9.0% 19. 8% 9.U 

*Denotes change in average value which is statistically 
significant at the .05 level of significance. 

TABLE 9 Statistical Summary-Delay (Seconds per Vehicle) 

Northbound Through Delay Southbound Through Delay 

Dl D2 D3 Dl D2 DJ 
Avg 18.6 15.7 16. 7 18.8 24.3 17.4 
Std 5.8 4 . 4 5.2 2.2 16.4 2.9 
Var 33.3 19.2 26.8 4.9 268.l 8.5 

lvs2 2vs3 lvs3 lvs2 2vs3 lvsJ 

%Change -15.7% 6. 7% -10.H 29.3%** -28.4%** -7.5%** 

Northbound Left Turn Delay Southbound Left Turn Delay 

Dl D2 DJ Dl D2 DJ 
Avg 59.7 28.4 42.3 41. 5 19.9 J4.8 
Std 9.3 16.1 10.2 4.8 3.4 6.2 
Var 86.4 2 59.7 104.0 22.7 11. 5 38.9 

lvs2 2vsJ lvsJ lvs2 2vs3 lvsJ 
\Change -52.4%• 49.1% -29. 1%* -52 . 1%* 75.4%• -16.0't* 

* Denotes change in average value which is statistically 

significant at the .05 level of significance. 

** No appropriate statistical test for evaluation of 

changes. 
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Relationship of Changes in Volume and Delay 

Table 10 summarizes changes in volume and delay. A review 
shows that although the northbound through volume and the 
northbound through delay changed between all the data sets, 
no statistically significant difference occurred. However, al
though the volumes increased between each of the sets of 
data, the delay decreased between Dl and D2, and actually 
increased between D2 and D3 while still maintaining an over
all decrease in delay between 01 and D3. 

Similarly, the northbound left turn volumes, although ex
periencing statistically significant increases in volume between 
01 and 03, also showed a significantly lower left turn delay 
between 01 and D3. Like the northbound through delay, the 
northbound left delay increased between D2 and D3 (it was 
not statistically significant). The total change between 01 and 
03 was significantly lower by 29 .1 percent or 17.4 sec per 
vehicle. 

The relative changes in delay, compared to the changes in 
volume, suggest that changes in volume were a less important 
contributor to changes in delay than was the change in the 
type of left turn phasing. A stronger statement can be made 
in comparing conditions Dl and D3. Whereas volume in
creased 12.8 percent, delay decreased 29.1 percent. 

The southbound left turn volume and delay also exhibited 
changes that paralleled those observed in the northbound left 
turn volume and delay. Delay decreased 52.1 percent between 
01 and D2, increased 75.4 percent between D2 and D3, and 
decreased 16.0 percent between Dl and D3. These changes 
were all statistically significant and do not appear to be com
pounded by any changes in the left turn volumes because no 
statistically significant variation occurred in southbound left 
turn volume. 

The changes observed in the southbound through delay did 
not correspond to those observed for the northbound through 

TABLE IO Changes in Volume and Delay 

Percent Change 

l vs. 2 2 vs. 3 1 vs. 3 

Northbound Through Volume 7.7 % 3.5 % 11.4 % 

Northbound Through Delay -15.7 % 6.7 % -10.1 % 

Southbound Through Volume 2.0 % 16.4 % 18.7 % * 
Southbound Through Delay 29.3 %•• -28 .4 %** -7.5 %** 

Northbound Left Turn Volume -7.8 % 22.0 % • 12.8 % * 

Northbound Left Turn Delay -52.4 % • 49.1 % -29.1 
"' • 

Southbound Left Turn Volume -9.0 % 19.8 % 9.1 % 

Southbound Left Turn Delay -52.1 % • 75.4 % • -16.0 t * 

* Denotes change in average value which is statistically 

significant at the .05 level of significance. 

** No appropriate statistical test for evaluation of 

changes. 
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TABLE 11 Hourly Comparisons 

Through Volume and Delay 

Dl D2 DJ 

Northbound 
Hour five one one 

Hourly Volume (vehicles) 1JJ4 1Jl2 1J7J 

Delay per vehicle (sec/veh) 17.4 8.5 10.7 

Southbound 
Hour six six four 

Hourly volume 1344 1280 1311 

Delay per vehicle 17.9 15.9 16.1 

Left Turn Volume and Delay 

Dl D2 DJ 

Northbound 
Hour one six six 

Hourly Volume (vehicles) 216 208 219 

Delay per vehicle (sec/veh) 54.4 2J.9 41. J 

Southbound 
Hour six seven six 

Hourly volume 116 121 122 

Delay per vehicle 40.8 22.4 JJ.5 

and the northbound and southbound left turns. It appears 
that the observations for D2 and specifically for Hour 8 in 
the data were dramatically different than any of the obser
vations for any other hour observed. The difficulty in ob
serving southbound traffic and precisely measuring delay caused 
by the distance from the camera and limited resolution of the 
time-lapse photography appears to have compounded the ef
fects of the change in phasing on the observed delay. There
fore, these data do not appear to be valid when compared 
with the other data. 

Additional efforts were made to identify trends in the data. 
By selecting specific hours for each condition with similar 
traffic volumes, a comparison could be made of corresponding 
delay (see Table 11). For example, for the northbound through 
volume, Hour 5 in Dl was compared with Hour 1 in D2 and 
Hour 1 in D3. For each of the sets with similar volumes, the 
corresponding delay data showed a decrease in delay between 
01 and 02, an increase in delay between D2 to 03, and an 
overall decrease in delay between Dl to D3. These compar
isons seem to confirm the general trends observed in the delay 
under each condition and indicate that the volume changes 
did not appreciably affect the results. 

CONCLUSIONS 

The three conditions observed in the study were as follows : 

• Condition Dl-Leading exclusive left turn phasing, 
• Condition 02-Leading exclusive/permissive left turn 

phasing, and 
• Condition D3-Permissive/exclusive lagging left turn 

phasing. 
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1. Northbound and southbound through volumes increased 
between each of the sets of data. These increases are generally 
consistent with the historical trend in traffic volumes associ
ated with the continued growth in the urban area between 
observation times. The only change in through volume found 
to be statistically significant was the change in the southbound 
traffic volume between Dl and D3. 

2. The left turn volumes decreased between Dl and D2 
(these changes were not statistically significant). Left turn 
volumes increased between D2 and D3. This change was sta
tistically significant for northbound but not for southbound 
traffic. The overall left turn volumes between Dl and D3 
increased; this increase was statistically significant for north
bound but not for southbound traffic. 

3. The delay for the northbound through volumes did not 
change significantly between any of the three conditions. The 
left turn delays-both northbound and southbound-de
creased by a statistically significant 52 percent for each di
rection of traffic between Dl and D2. From D2 to 03, the 
left turn delay increased a statistically significant 75.4 percent 
for the southbound lefts and 49.1 percent for the northbound 
lefts (not statistically significant). Between Dl and 03, delay 
for left turns-both northbound and southbound-did de
crease by a statistically significant amount, 16 percent for 
southbound left turns and 29 .1 percent for northbound left 
turns. The trend shows a decrease in delay from Dl to 02 
and an increase in delay from D2 to D3. The data suggest 
that changes in volume were a less important contributor to 
changes in delay than were changes in the type of left turn 
phasing. 

4. The left turn percentages for each of the three data sets 
were generally consistent and did not appear to significantly 
affect the delay data that were observed. 

5. The change from leading exclusive (Dl) to permissive/ 
exclusive lagging (D3) left turns in a staged procedure pro
vided a unique opportunity to observe changes in vehicle delay 
under varying conditions. The addition of the permissive left 
turn at the intersection clearly provided a benefit to the left 
turning vehicles by reducing the delay experienced on both 
approaches. The change from leading exclusive/permissive 
(D2) to permissive/exclusive lagging (D3) caused the delay 
for left turning traffic to increase a statistically significant 
amount. 
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