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Traffic Characteristics of Protected/Per mitted L eft-Turn Signal Displays

ABSTRACT

At least four variations of the permitted indication in protected/permitted left-turn ( PPLT)
control has been developed in an attempt to improve the level of driver understanding and safety.
These variations replace the green ball permitted indication with either aflashing red ball, flashing
yellow ball, flashing red arrow, or flashing yellow arrow indication. Additionally, the Manual on
Uniform Traffic Control Devices(MUTCD) allowsseveral PPLT signal display arrangements. The
variability in indication and arrangement has led to a myriad of PPLT displays throughout the
United States. The level of driver understanding related to each PPLT display type, and the

associated impact on traffic operations and safety, has not been quantified.

This paper describesastudy conducted to eval uatethe operational characteristicsassociated
withdifferent PPLT signal displays. Specifically, thisstudy quantifiessaturation flow rate, start-up
lost time, response time, and follow-up headway associated with selected PPLT displays.

No differences in saturation flow rate and start-up lost time were found due to the type of
PPLT signal display. Saturation flow rates ranged from 1,770 to 2,400 vphgpl and were related
to differencesin driver behavior between geographic locations. Thevariationin start-up lost time
and response time between locations was primarily related to differencesin phase sequence. The
flashing red permitted i ndi cations were associ ated with thelongest follow-up headway times, since
drivers are required to stop before turning left with a flashing red permitted indication. The
shortest follow-up headway was associated with the five-section cluster display using agreen ball
indication.

Keywords. Protected/Permitted Left-Turn, Saturation Flow Rate, Start-Up Lost Time,
Follow-Up Headway, Capacity
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INTRODUCTION

Onerelatively new typeof |eft-turn signal phasing, designed to minimizetheexclusiveleft-turn
phase time requirements without decreasing capacity, is protected/permitted left-turn (PPLT)
phasing. PPLT phasing provides an exclusive phase for |eft-turns as well as a permissive phase
during which left-turns can be made if gaps in opposing through traffic allow, all within the same
signal cycle (1). PPLT signa phasing is currently used at approximately 29 percent of the
signalized intersectionsin the United States (2).

The Manual on Uniform Traffic Control Devices (MUTCD) provides guidelines for the use of
traffic signal displays in the United States (3). To accommodate the various signal indications
required for PPLT phasing, the MUTCD recommends a five-section signal display. There are
several five-section PPLT signal display arrangements, including thehorizontal, vertical, and cluster
(4). Regardless of which signal display arrangement is selected, the MUTCD states that a green
arrow indication shall be used for the protected left-turn phase and a circular green (green ball)

indication for the permitted left-turn phase.

Problems with PPLT signal phasing, primarily related to the green ball permitted indication,
have been identified but not resolved. Many traffic engineers argue that the MUTCD green ball
permitted indication isadequate and properly conveystheintended messageto thedriver; however,
other traffic engineers argue that the green ball indication is not well understood and therefore
inadequate. The latter argument is based on the belief that driversin aleft-turn lane may interpret
the green ball indication as a protected go indication, leading to a potential safety problem. To
enhance driver understanding and safety, some traffic engineers believe that a different and/or

unigue permitted indication is needed.

At least four variations of the PPLT permitted indication have been developed in an attempt to
improvedriver understanding and safety. Theseuniqueindicationsreplacethegreen ball indication
and include a flashing red ball, flashing yellow ball, flashing red arrow, or flashing yellow arrow
indication. Thereareaso variationsin signal display arrangement, signal display placement, and

the use of supplemental signs. Thisvariability in display types and indications has led to amyriad
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of PPLT signal displays and permitted indications used throughout the United States.

TheNational Committee on Uniform Traffic Control Devices (NCUTCD) isconcerned that the
variety of PPLT displays and indications may be confusing to drivers and may lead to driver error
(5). The objective of the committee is to identify a PPLT signal display, or subset of displays,
which provide the maximum level of driver understanding and safety. Drivers’ understanding of
each PPLT signal display type, and the associated impact on traffic operations and safety, has not

been quantified.

This paper describes a study conducted to evaluate the traffic characteristics associated with
different PPLT signal display types. Specifically, this study quantifies saturation flow rate, start-up

lost time, response time, and follow-up headway associated with selected PPLT signal displays.

BACKGROUND

The notion of uniformity in traffic signal displays has been the basis of the MUTCD since its
conception in 19354). Uniform applications of traffic signal displays simplify the driving task by
providing a consistent aid in the recognition and understanding of the intended message. The
literature contains few studies that evaluate uniformity in traffic signal displays, and more
specifically, evaluate the effect of the number and type of indications within each signal display
arrangement. Nevertheless, the studies described in the literature indicate that no significant

difference in driver understanding exists among signal display arrange®ents, ).

Capacity and delay are two of the commonly used measures of effectiveness (MOES) in
evaluating signalized intersection operatial®.( Left-turn capacity at a signalized intersection
is based upon the concept of saturation flow. Saturation flow rate is defined as the maximum rate
of flow that can pass through a given lane group under prevailing traffic and roadway conditions,
assuming that the lane group has 100 percent of green time aval@bleSaturation flow is

usually reached after the fourth vehicle in queue has entered the intersection.
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At the beginning of each protected |eft-turn movement, the first several vehiclesin the queue
experiencestart-up timelossesthat result in their movement at lessthan the saturation flow rate (10,
11). This start-up lost time is made up of the perception and reaction time (response time)
associated with the changein signal indication along with the vehicle acceleration timeto freeflow
speed. At the end of each movement, there is a portion of the clearance and change interval time
that is not used for vehicle movements. This time is referred to as clearance lost time, and

combined with start-up lost time, defines the total lost time for each phase.

Gap acceptance and follow-up headways also affect left-turn capacity. Gap acceptance refers
to the time headwaysin the opposing traffic stream that |eft-turn driversare willing to turn through
during the permitted left-turn phase (10). The median time headway between two successive
vehiclesin the opposing traffic stream, accepted by left-turn drivers during the permitted phase,
isreferred to as the critical gap. Follow-up headway is the time span between the departure of a
permitted left-turn vehicle and the departure of the next vehicle using the same gap under a

condition of continuous queuing ( 10).

Left-turn delay can be evaluated by quantifying each of the operational variables described
above and applying the proceduresincluded in Chapter 9 of the Highway Capacity Manual (HCM)
(10). When field measured values for the variables described above are not known, the HCM

provides default values as follows:

e |deal Saturation Flow Rate - 1,900 vphgpl;

e Lost Time (start-up + clearance) - 3.0 seconds/phase;

e Critical Gap (left-turn, four-lane major street) - 5.5 seconds; and

* Follow-Up Headway (left-turn, four-lane major street) - 2.1 seconds.

Researchers agree that PPLT signal phasing in a non-congested environment can improve
capacity and reduce delay to the left-turn movement (1, 12, 13). The literature contains limited
information on the operational advantages of PPLT signal phasing based on signal displays, signal
indications, or display placements used.
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M esser and Bonneson measured saturation flow ratesand rel ated capacity variablesfor | eft-turns
near interchange ramp terminals (14). At 12 sites containing single left-turn lanes, saturation flow
ratesvaried from 1,820 vphgpl to 1,980 vphgpl, with an average of 1,895 vphgpl. Higher saturation
flow rateswerefound at locationswith larger left-turn radii and with higher demand flow rates (i.e.,

traffic pressure).

Bonneson evaluated driver’s response time to the leading left-turn indication, considering only
the first vehicle in queu®). Response time was defined as the start-up response time for the green
arrow indication and the first left-turn driver. After evaluating 14 sites and 1,238 response times,
Bonneson concluded that there were no significant differences among the five PPLT signal displays
evaluated. Average response time for all left-turn signal displays was approximately 0.9 seconds.
Shorter response times were found with the five-section horizontal display and five-section cluster
display when the displays were mounted on a mast arm centered over the left-turn lane. In general,

the difference in response times were less that 0.19 seconds.

Fambro evaluated saturation flow rates at signalized intersections using Dallas Phasing in
Dallas, Texasl). Four intersections were selected and 11 approaches studied using both leading
and lagging phase sequences. Measured left-turn saturation flow rates ranged from 1,610 vphgpl
to 2,126 vphgpl. Similar to the Messer study, higher left-turn saturation flow rates were found at
locations with greater demand flow rates. The average saturation flow rate for all approaches
evaluated was 1,910 vphgpl, nearly equivalent to the 1,900 vphgpl default value recommended by
the HCM (L0). Fambro also measured left-turn critical gap and follow-up headway as part of this
study (). Average critical gap for permitted left-turns at three intersections was 5.1 seconds and
the average follow-up headway was 2.4 seconds. Each result was consistent with HCM default

values.
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METHODOLOGY

To determine whether PPLT signal displays had an affect on traffic characteristics required a
study that measured each variable at several intersections. Therefore, astudy wasdesigned to field
measure saturation flow rate, start-up lost time, responsetime, and follow-up headway at each type

of PPLT signal display and at different geographical regions of the United States.

Eight geographical locations were selected for analysis based on their PPLT signal display
application. College Station and Dallas, Texas, Orlando, Florida, and Portland, Oregon were
selected primarily because each used five-section signal displays with a green ball permitted
indication. Cupertino, California, Dover, Delaware, Oakland County, Michigan, and Sesttle,
Washington were selected because of their use of aunique PPLT signal display with lessthan five
display sectionsand aflashing permitted indication. Figure 1 depictsthe signal displaysevauated

in each location.

Three intersections were studied at each of the eight cities selected. In Dallas, two of thethree
intersections contained a lead-lag phasing sequence using Dallas Phasing. Dallas Phasing is a
unique phasing scheme designed to eliminate the yellow trap. The left-turn phasing sequence
changed from leading (AM peak) to lagging (PM peak) during each day of the study period.
Therefore, each intersection approach was eval uated twice, under each phasing sequence, creating

five study intersectionsin Dallas.

Criteria were established to qualify atypical intersection, meaning aright angle intersection
with four approaches of two or three through lanes each, relatively flat grade, 12-foot lane width,
no on-street parking, and no additional variablesthat directly impact the left-turn movement being
evaluated. The intersections selected for study met these criteria. Intersections were different in

PPLT display arrangement and corresponding permitted indication.
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Traffic Studies

Left-turn saturation flow rate, start-up lost time, response time, and follow-up headway data
were evaluated at each intersection described in Table 1. Response time was defined as the first
left-turn drivers’ perception and reaction time to the onset of the protected green arrow. A sample
size of approximately 30 valid left-turn queues were evaluated at each intersection. Headway data
necessary to compute saturation flow rate, start-up lost time, response time, and follow-up headway
were obtained using the HEADWAY program. HEADWAY is a DOS based computer program that
records the computer clock time with each key stroke and computes the time differences between

each. These time differences represent vehicle headway.

The observer was positioned near the intersection at a point where the stop bar (or similar
reference point), the PPLT signal display, and the left-turn vehicle queue were clearly visible. Three
signal cycles were carefully observed to identify approximate phase times, phase sequence, and
duration of the all-red interval prior to the protected left-turn phase being evaluated. Knowing the
preceding phase and its duration allowed the researcher to anticipate the start of the protected left-
turn green phase. This knowledge, to the extent possible, ensured that the data collection equipment
was activated simultaneously with the start of the protected left-turn green arrow indication.
Pressing the appropriate key activated the HEADWAY program simultaneously with the activation
of the green arrow indication. The computer key was then pressed as the front bumper of each

vehicle in the queue (up to 10 vehicles maximum) crossed the referendd)ine (

Research has shown that saturation flow most often begins with the fifth vehicle in queue (11).
Thus, study procedures recommend that saturation flow rate estimates be obtained using headways
from gqueued vehicle five through 10, and that queues of Iess than eight vehicles not be evaluated.
Problems with these guidelines were experienced, primarily due to signal phasing limitations
related to the protected left-turn green time available. Often, the left-turn green time was not
sufficient for eight or more left-turn vehicles to proceed, even when there were more than eight

vehiclesin the queue.
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Table 1l Intersections Selected for Study

PPLT LT

City I nter section D?® Display® PI°® Phase
LoversLn. @ Skillman Ave. 1 5-Vert. GB Lead

Mockingbird Ln. @ Skillman Ave. 2 5-Horz. GB D-Lead

D_?I;(as Mockingbird Ln. @ Skillman Ave. 3 5-Horz. GB D-Lag

Buckner Blvd. @ Garland Rd. 4 5-Horz. GB D-Lead

Buckner Blvd. @ Garland Rd. 5 5-Horz. GB D-Lag
Highway 13 @ Court St. 6 4-Cluster FRA Lead
D‘[’)"g Highway 13 @ East Landing Rd. 7  4Cluser FRA  Lexd
Highway 113 @ L.ittle Creek Rd. 8 4-Cluster FRA Lead
Oakland Maple Ave. @ Orchard Lake Rd. 9 3-Vert. FRB Lag
County 14 Mile Rd. @ Orchard Lake Rd. 10 3-Vert. FRB Lag
MI 13MileRd. @ Orchard LakeRd. 11 3-Vet. FRB  Lag
College University Dr. @ College Ave. 12 5-Horz. GB Lead
Station SW Parkway @ Texas Ave. 13 5-Horz. GB Lead
> SW Parkway @ Southwood Dr. 14 5Cluger GB Lag
South Lander St. @ 1% Ave. 15 4-Vert. FYB Lead
S\?Vat}\'e South Lander St. @ 4™ Ave. 16 4Vet. FYB  Lead
Fairview Ave. @ Republican St. 17 4-Vert. FYB Lead
Oleson Rd. @ Vermont St. 18 5-Cluster GB Lead
Poglsn d NW Murray Blvd. @ Science Park 19 5-Cluster GB Lead
LaBonitaDr. @ 72™ St. 20  5-Cluster GB Lead
_ Pruneridge Dr. @ Hewlett Packard 21 4-Vert. FRA Lead
C“%GX' "O|  sevensCreek Bivd. @ TorreDr. 22 4Vet.  FRA  Lead
Stevens Creek Blvd. @ Portal Ave. 23 4-Vert. FRA Lead
Orange Blossom Trail @ Princeton 24 5-Cluster GB Lead
Orlé;\[\do Orange Ave. @ Kaley St. 25 5-Cluster GB Lead
Orange Ave. @ Michigan St. 26 5-Cluster GB Lead

2 Intersection |dentification Number.

b

d

Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
¢ Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball; A = Arrow; F = Flashing.
Left-turn phasing. D = Dallas Phasing.
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Atintersections whereleft-turn queues exceeded eight vehi cles, therewas often sufficient green
time to alow seven vehiclesto proceed. Thus, the minimum left-turn queue length requirement
wasrevised from eight to seven or more vehicles. In addition to queue length, headway datawere
not obtained if aheavy vehicle (six or more wheels) waslocated in one of the first seven positions
of the queue. Saturation flow data were obtained primarily during the morning and evening peak

volume periods, but not during periods of oversaturation.

Start-up lost time (seconds) was computed by summing the difference between the average
headway of each of the first four vehiclesin the left-turn queue (h,_,) and the saturation headway
(h) (11). Occasionally, saturation flow was not reached until after the fifth vehiclein queue. In
these situations, the difference in average headway between the fifth vehicle in queue and the

saturation headway was also included in the start-up lost time calculation.

Averageresponse time (seconds) was computed by averaging the time between the onset of the
protected green arrow and the passage of areference point for the first left-turn vehicle in queue.
These timeswere obtained from all left-turn queues in which data were obtained, regardless of the
total queue length. Average follow-up headways (seconds) were computed in a consistent

procedure.

STUDY RESULTS

Saturation Flow Rate

Table 2 presents the average saturation flow rate data along with the PPLT signal display,
permitted indication, and left-turn phasing sequence that existed at each intersection. Note that
intersections 16 and 17 in Seattle, intersection 18 in Portland, and intersection 23 in Cupertino did
not have left-turn queues greater than seven vehicles (i.e., saturation flow rate could not be

measured) and were not included in this analysis.
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Table2 Saturation Flow Rate Data

Page 11

Saturation Flow Rate (vphgpl)

PPLT Left-Turn
City D? Display® PI°¢ Phasing No. ¢ Aver age SDe
1  5Vet. GB Lead 30 2,200 36
2 5-Horz. GB Dallas-Lead 34 2,210 36
D?')'(as 3  5Horz GB Dalaslag 15 2320 97
4 5-Horz. GB Dallas-Lead 30 2,090 98
5 5-Horz. GB Dalas-Lag 36 2,060 59
6 4Cluser FRA Lead 23 2210 152
Dg"g 7 ACluster FRA Lead 38 1,980 20
8 4Cluger FRA Lead 37 2,000 118
oakland | @  3Vet. FRB Lag 50 2,170 111
County 10 3-Vert. FRB Lag 54 2,400 86
MI 11  3-Vert. FRB Lag 50 2,400 52
College | 12 5Hoz  GB Lead 42 1,970 61
Station 13 5-Horz. GB Lead 45 2,020 78
TX 14  5Cluster GB Lag 23 2,040 57
15  4-Vet. FYB Lead 15 1,770 3
S\?Vat:\'e 16 4Vert. FYB Lead
17  4Vet. FYB Lead
18 5-Cluster GB Lead
Pog'snd 19 5Cluser GB L ead 29 1,870 40
20 5Cluger GB Lead 15 1,980 7
_ 21  4Vet. FRA Lead 29 2,060 48
C“pce/:“”o 22 4Vet. FRA L ead 24 1,940 146
23 4Vet. FRA Lead
24 5Cluger GB Lead 47 2,070 42
O”F""[‘do 25 5Cluter GB Lead 60 2,070 61
26 5Cluger GB Lead 56 1,960 102

& Intersection |dentification Number.

b
c
d
e

Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball; A = Arrow; F = Flashing.

Number of Observations.
Standard Deviation.
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L eft-turn saturation flow ratesranged from 2,400 vphgpl at intersection 11 in Oakland County
to 1,770 vphgpl at intersection 15 in Segttle. The average saturation flow rate was 2,080 vphgpl.
Average saturation flow rate for the 16 intersection approaches with a leading left-turn phasing
sequence and for the six approaches with alagging left-turn phasing sequence were 2,030 vphgpl
and 2,230 vphgpl, respectively. Each of these average saturation flow rate values exceeded the
1,900 vphgpl ideal saturation flow rate default value described in the HCM (' 10).

Figure 2 shows the average saturation flow rate (horizontal bar) and 95 percent confidence
interval (Cls) (vertical line) for each study location. To explain the variability in saturation flow
rates between locations, a statistical analysis was completed. Three factors were considered,;
location, signal display, and signal phasing. Theresults of the statistical analysis found only the

location factor to be significant, at a 99 percent level of confidence.
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The results suggest that the differences in average saturation flow rate were primarily due to
differencesin operational characteristics and driver behavior between each study location. The
highest saturation flow rates were found at locations where demand flow rates approached
congested levels resulting in higher traffic pressure and more aggressive driving. The type of
PPLT signal display and the signal phasing sequence were not significant contributors to the

differences in average saturation flow rate.

Through Movement Saturation Flow Rate

A supplemental study was conducted on through movement saturation flow rate to determine
if similar differences between locations existed. Eight intersectionswere randomly selected (one
intersection from each location) and through movement saturation headway from a minimum of
30 queues of seven or more vehicles was measured. This methodology resulted in the evaluation

of approximately 300 through movement saturation headways at each location.

Asshown in Figure 3, geographic location was found to be a statistically significant variable
inthrough movement average saturation flow rate, similar to the findings of theleft-turn movement
analysis. Infact, a comparison of Figures 2 and 3 finds the location based rank order of average
saturation flow rate nearly identical. Oakland County, Michigan had the highest average through
movement saturation flow rateat 2,220 vphgpl and Seattle, Washington thelowest at 1,900 vphgpl.

Similar to the left-turn results, saturation flow rates consistently exceeded the 1,900 vphgpl HCM

default value. Thethrough movement saturation flow ratein Oakland County and Dover were not
statistically different; however, Oakland County’s results were significantly greater than the
remaining locations. Moreover, Seattle was found to have significantly lower through movement

saturation flow rate than Oakland County, Dover, and Dallas.

The results of the left-turn and through movement saturation flow rate analyses were compared,
as shown in Figure 4. The slope of the trend line indicated that the left-turn and through movement
saturation flow rates had similar magnitudes. Average left-turn saturation flow rate for all locations

was 2,080 vphgpl, compared with 2,110 vphgpl for the through movement. The ratio of left-turn
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saturation flow rate to through movement saturation flow rate for each location ranged from 0.91
in Seattle to 1.0 in Cupertino, Oakland County, and Orlando. The averageratio for all locations

was 0.96, similar to the 0.95 left-turn adjustment factor for exclusive lane and protected left-turn
phasing described inthe HCM (10). It was concluded that the differencesin left-turn and through

movement saturation flow rates were due to differencesin driver behavior at each study location.

Start-up Lost Time

Table 3 presents the results of the start-up lost time analysis. Since saturation flow rate could
not be determined at intersections 16 and 17 in Seattle, intersection 18 in Portland, and intersection
23 in Cupertino, start-up lost time could not be computed at these locations.  Start-up lost time
ranged from 0.3 seconds in Oakland County to 2.7 seconds in Orlando. Average start-up lost time
for all locations was 1.6 seconds. Considering left-turn phase sequence, average start-up lost time
was 1.9 seconds with aleading sequence (16 approaches) and 0.7 seconds with alagging sequence
(six approaches). The HCM default value for start-up lost time of 3.0 seconds/phase is
considerably higher than the study results, although the HCM value also includes clearance lost
time (3).

Figure 5 depicts the average start-up lost time and 95 percent Cls for each phasing sequence.
A statistical analysisconsidering location, signal display, and signal phasing sequence asvariables
was completed to identify the source of variability in the data. The results suggested that the
differencesin average start-up lost time were primarily dueto differencesin PPLT signal phasing.
Left-turn phasing sequence was statistically significant at a 98 percent level of confidence.
Lagging left-turn signal phasing was found to have lower start-up lost times than leading left-turn

signal phasing across all locations.
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Table3 Start-Up Lost Time

Start-Up Lost Time (sec)

PPLT Left-Turn
City ID® Display® PI°¢ Phasing No.?  Average SHN
1  5Vet  GB Lead 30 1.9 0.3
2 5-Horz. GB DalasLead 34 2.1 0.4
D?')'(as 3  5Horz GB Dalaslag 15 0.8 0.7
4 5-Horz. GB DalasLead 30 1.7 0.5
5 5-Horz. GB DadlasLag 36 0.8 0.2
6 4-Cluser FRA Lead 23 1.7 0.2
D‘[’)VEer 7  4Cluger FRA L ead 38 23 0.4
8 4Cluster FRA Lead 37 20 0.8
oakland | @  3Vet. FRB Lag 50 0.3 0.2
County 10 3-Vert. FRB Lag 54 0.7 0.1
MI 11  3Vet. FRB Lag 50 0.9 0.3
College | 12 5Hoz  GB Lead 42 22 0.3
Station | 13  5Horz.  GB Lead 45 19 0.4
TX 14 5Cluster GB Lag 23 0.8 0.3
15  4Vet. FYB Lead 15 23 0.1
S\?Vat:e 16 4Vet. FYB L ead
17 4Vet. FYB Lead
18 5Cluser GB Lead
Poglsnd 19 5Cluser GB Lead 29 11 0.1
20 5Cluster GB Lead 15 15 0.1
_ 21 4Vert. FRA Lead 29 1.0 0.8
C“%eg'”o 22 4Vert. FRA L ead 24 13 0.2
23 4Vert. FRA Lead
24 5Cluster GB Lead 47 27 0.1
O”F‘Tdo 25 5Clugter GB L ead 60 18 0.6
26 5-Cluster GB Lead 56 22 1.0

2 Intersection Identification Number.

Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball; A = Arrow; F = Flashing.
Number of Observations.

b
d
¢ Standard Deviation.
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Lower start-up lost time during the lagging left-turn phasing sequence was primarily due to
drivers anticipation of the protected left-turn phase onset. Driversin Dallas and Oakland County
appeared knowledgeable of the left-turn phase sequence and often began the protected left-turn
maneuver during the final seconds of the through movement clearance interval. Thisanticipation
meant that the perception and reaction time components of start-up lost time were primarily
consumed during the preceding yellow and all red intervals. By thetimetheleft-turn green arrow

indication was presented, the left-turn queue was moving at or near the saturation flow rate.

Start-up lost times with aleading |eft-turn phasing sequence were approximately 1.0 seconds
higher than with alagging left-turn phasing sequence. An average of 1.9 seconds of start-up lost
time with a leading left-turn phasing sequence was consistent with HCM values. The HCM
indicates a total lost time default value of 3.0 seconds/phase, of which a significantly greater

proportion is due to start-up lost time ( 10).
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Response Time

Table 4 presents that average response time found at each intersection along with pertinent
PPLT signal display information. Average response times ranged from 1.5 seconds in Oakland
County to ahigh of 3.2 secondsin Orlando. The average responsetimefor all study locationswas
2.5 seconds. Average response time was 2.7 seconds for the leading | eft-turn phase sequence (20

approaches) and 1.8 seconds for the lagging left-turn phase sequence (six approaches).

Figure 6 presents the average response time and 95 percent Cls by phasing sequence. The
results of a statistical analysis indicated that the variability in average response time was due to
differences in both the PPLT signal display and the left-turn phasing sequence present at each
location. The statistical procedures indicated that phasing sequence (99.9 percent level of
confidence) explained more of the variability in average response time than display type or
location; however, each factor was a significant contributor. Correlation between PPLT signal
display and both signal phasing sequence and location was expected because of the dependence
of these variablesin the data set.

Similar to the start-up lost time results, alagging left-turn phasing sequence resulted in lower
response times. Thisresult was expected since start-up lost time and response time are afunction

of similar measures.
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Table4 Average Response Time by Intersection

PPLT Left-Turn Response Time (sec)
City ID® Display® PI® Phasing No. ¢ Aver age Sh
1 5Vet GB Lead 50 25 05
2 5-Horz. GB Dallas-Lead 50 2.6 0.6
Df;(as 3 S5Hoz GB Dalaslay 50 18 0.4
4 5-Horz. GB Dallas-Lead 50 2.4 0.5
5 5-Horz. GB Dalas-Lag 50 1.8 04
6 4Cluser FRA Lead 50 2.8 0.7
Dg"g 7 4Cluser FRA L ead 67 26 0.7
8 4Cluser FRA Lead 50 2.7 0.7
oakland | ©  3Vet FRB Lag 73 15 05
County 10 3-Vert. FRB Lag 72 1.8 04
Ml 11  3Vet. FRB Lag 62 19 05
College | 12 5Hoz  GB Lead 57 3.1 0.9
Station 13 5-Horz. GB Lead 80 2.6 0.7
TX 14 5Cluster GB Lag 50 2.0 05
15  4Vet. FYB Lead 55 3.1 12
Sev‘f"/t/tle 16 4Vet. FYB L ead 55 28 05
17 4Vet. FYB Lead 23 2.8 1.0
18 5Cluger GB Lead 55 2.4 0.9
Poglsnd 19 5Cluster GB L ead 55 23 0.6
20 5Cluster GB L ead 53 22 0.6
| 21  4Vet FRA Lead 78 2.4 0.7
C”Fg“ | 2  4vet FRA L ead 50 25 0.8
23 4Vet FRA Lead 50 25 05
24 5Cluser GB Lead 50 3.2 0.9
Or'Fa[‘do 25 5Cluster GB L ead 60 29 0.8
26 5Cluser GB Lead 56 3.0 0.9

2 Intersection Identification Number.

Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball; A = Arrow; F = Flashing.
Number of Observations.

b
Cc
d
¢ Standard Deviation.
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Figure 6 Average Response Time and 95 Percent Clsby PPLT Signal Phasing.

Follow-Up Headway

Table 5 presents that average follow-up headway time at each intersection. Recall that the

follow-up headway pertains to the permitted left-turn phase. The average follow-up headway for

all locations was 2.4 seconds. Average follow-up headway was 2.6 seconds for the flashing red

permitted indications. Dover (2.8 sec), Cupertino (2.5 sec), and Oakland County (2.4 sec), all
which use a flashing red permitted indication, had the highest follow-up headway times. Both
Dover and Cupertino use asupplemental sign that reads STOP THEN YIELD ON FLASHING RED
ARROW. Average follow-up headway was 2.3 seconds for the flashing yellow and green ball

permitted indications. The HCM default value of 2.1 seconds is consistent with the results (10).
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Table5 Average Follow-Up Headway by I ntersection

Follow-Up Head
PPLT Left-Turn - olloW-Up Headway (sec)
City ID® Display® PI°® Phasing No.  Average Sh
D{“_I)'(as 1 5-Vert. GB Lead 100 23 0.7
Dg"g 6  4Cluser FRA L ead 100 28 0.7
Oakland
County 9 3-Vert. FRB Lag 100 24 0.5
M
College
Station 12 5-Horz. GB Lead 100 2.3 0.6
TX
Setle | 1o 4vet  FYB Lead 100 23 05
WA
Pog'g”d 19  5Cluster  GB Lead 100 22 04
C“%eg' O | 2  4vet. FRA Lead 100 25 0.8
Or'Fa[‘do 25  5Cluster GB Lead 100 23 05

2 Intersection Identification Number.

® Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
¢ Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball; A = Arrow; F = Flashing.
4 Number of Observations.

¢ Standard Deviation.
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Since follow-up headways occur only during the permitted phase of the signal cycle, the
statistical analysis wasfocused completely on the variability in follow-up headway between types
of PPLT signal displays and permitted indications. Theanalysisof the dataindicated that thetype
of PPLT signal display and permitted indication did have a statistically significant effect.

Figure 7 presents the average follow-up headway for each PPLT signal display and indication
combination along with the corresponding 95 percent Cls. Statistical evaluation of thedifferences
found that the four-section cluster display with a flashing red arrow permitted indication had a
significantly longer average follow-up headway time than al other PPLT signal display and
permitted indication combinations. Further, the four-section vertical display with aflashing red
arrow indication had asignificantly longer average follow-up headway time than the five-section

cluster display with agreen ball permitted indication.

3.0

I

2.6

ol

Average Follow-Up Headway (sec)

2.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
5-Section 5-Section 5-Section 5-Section 4-Section 3-Section 4-Section 4-Section
Horizontal Vertical Cluster Cluster Vertical Vertical Vertical Cluster
Green Ball Green Ball GreenBall  Green Ball Hashing  Flashing Red Flashing Red Flashing Red
(Orlando) (Portland)  Yellow Ball Ball Arrow Arrow

PPLT Signal Display and Indication

Figure 7 Average Follow-Up Headway and 95 Percent Cls by Display Type.
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Thefive-section cluster display with agreen ball permitted indication was associated with the
shortest average follow-up headway time. In contrast, the four-section cluster display with the
flashing red arrow permitted indication had the longest average follow-up headway time. At least
part of thisdifference can be explained by the different legal requirements (UniformVehicle Code)
associated with the permitted indication. In other words, left-turn drivers are required to stop
before making the permitted movement with a flashing red permitted indication while drivers
facing aflashing yellow or green ball permitted indication areonly required toyield. Asexpected,
thefour-section vertical display with aflashing red arrow permitted indication and thethree-section
vertical display withaflashing red ball permitted indication had the next highest averagefollow-up
headway .

Ingeneral, there was no statistically significant difference between the five-section horizontal,
five-section vertical, and five-section cluster displays using the green ball permitted indication.
Similarly, there was no significant difference between the PPLT signal displays that used either a
flashing yellow ball or steady green ball permitted indication. Therefore, the legal requirements
associated with the permitted indication explain the differences in follow-up headway results.
Follow-up headway islonger with theflashing red ball and red arrow permitted i ndi cations because
drivers are required to stop before proceeding with the permitted left-turn. The exception to this
finding was Oakland County. Although drivers are legally required to stop before making a
permitted left-turn, Oakland County drivers seemedtointerpret the meaning of theflashing red ball
permitted indication the same asthe yellow or green permitted indications. No supplemental sign
describing the meaning of the flashing red ball indication is used in Oakland County.

CONCLUSIONS

The analysis showed that there was no difference in saturation flow rate and start-up lost time
duetothetypeof PPLT signal display. Variationin saturation flow rate was caused by differences
inoperational characteristicsand driver behavior between geographic locations. Higher saturation
flow rateswherefound in locations wheretraffic pressure was perceivably greater, leading to more
aggressive driving. Variationsin start-up lost time were primarily related to differencesin PPLT
signal phasing. Lagging left-turn signal phasing was associated with lower start-up lost time

values. Thevariationinresponsetime between locationswasrelated to differencesin PPLT signal
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phasing although there was a correl ated effect between the signal phasing, location, and the PPLT
signal display used.

The follow-up headway study found the shortest headway associated with the five-section
cluster display using asteady green ball permitted indication and the longest with the four-section
cluster display using a flashing red arrow indication. The variation in follow-up headway was
related to thelegal requirements associated with the permitted indication. Driversfacingaflashing
red display are required to stop before proceeding while drivers facing a steady green ball or
flashing yellow indication are only required to yield.

RECOMMENDATIONS

The study results have led to several recommendations:

e The Highway Capacity and Quality of Service Committee should consider an ideal
saturation flow rate default value of 2,000 vphgpl for PPLT. This default value would
apply at locations with high traffic volumes, moderate to high demand flow rates, exclusive
left-turn lanes, and good geometry. Although valuesgreater that 2,000 vphgpl werefound
in this study, they appear to be site specific and may not applicable to all locationsin the
United States.

e Additional study is warranted to evaluate the differences in start-up and total lost time
between leading and lagging left-turn phasing sequences. The results of this study found
the average start-up lost time of the lagging left-turn sequence to be approximately 1.0
second lessthan the leading left-turn sequence. Additional datathat support these findings
may warrant separate lost time default values for leading and lagging left-turn phasing

seguences, which can have a significant effect on capacity analysis.
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