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TRAFFIC OPERATION STUDIES REPORT

INTRODUCTION

Capacity and delay are two of the commonly used measure of effectiveness (MOES) in evauating
sgnaized intersection operations (1). Capacity is defined as the maximum rate of flow a which vehicles
can be reasonably expected to traverse apoint or a uniform segment of a lane, or a roadway during a
specific time period under prevailing roadway, traffic, and control conditions. Delay isthe additiond travel
time experienced by a driver beyond what would reasonably be desired for agiven trip.

Left-turn capacity at a Sgndized intersection is based upon the concept of saturation flow. The
saturation flow rate is defined asthe 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
avaladle (1). Saturation flow is usudly reached after the fourth vehicle in queue has entered the
intersection.

At the beginning of each protected | eft-turn movement, the firgt severa vehidesinthe queue experience
start-up time losses that result in their movement at |ess than the saturation flow rate (1, 2). Thistimeloss
is referred to as start-up lost time. Start-up lost time is made up of the perception and reaction time
(responsetime) to the change insgnd indicationaong withthe vehide accel erationtime tofreeflow speed.
Sart-up lost time is important in evauating left-turn lane capacity and driver’ sreactionto the traffic sgnd
indication.

Gap acceptance and follow-up headway also effect |eft-turn capacity and delay. Gap acceptance
refersto the time headways in the opposing traffic stream, measured between the front bumpers of two
successve vehides, that |eft-turn drivers are willing to turn through during the permitted |eft-turn phase.
The minimumtime headway between two successive vehidesinthe opposing traffic streamthat is accepted
by left-turn drivers during the permitted phase is referred to asthe critica gap. Follow-up headway isthe
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time span between the departure of a permitted | eft-turnvehide and the departure of the next vehide usng
the same gap under a condition of continuous queuing. Left-turn delay can be evaluated by quantifying
each of the operational variables described and applying the proceduresincluded in Chapter 9 of the HCM

).

OBJECTIVE

The traffic observation studies contained two components, the traffic conflict study and the operational
andyss. The traffic operation study was conducted to evauate and compare driver understanding
associated withsel ected PPL T 9gnd displays. Thestudy included eva uation of theleft-turn saturation flow
rate, start-up lost time, response time, and follow-up headway associated with the PPLT signd displays.
The detalls of the traffic operation study are described in the following sections.

BACKGROUND

Severa studieshave been conducted which compared the change in operationa conditionswhensigna
phasing was changed from permitted- or protected-only to PPLT signd phasing. Researchers agree that
PPLT sgnd phasinginanon-congested environment canimprove capacity and reduce delay to the left-turn
movement (3,4,5). Theliterature containslimited information on the operationd advantagesof PPLT signd
phasing, sgnd displays, sgnd indications, or display placements. Theliterature does provide somegenera
information related to operationd effects of various types of PPLT sgnd phasing.

Bonneson evauated the response time to the leading left-turn indication, considering only the first
vehidlein queue (6). After evaluating 14 sites and 1,238 response times, Bonneson concluded that there
was no sgnificant differencesamong the five PPLT sgnd displays evaluated. Shorter responsetimeswere
found withthe five-section horizontd display and five-section cluster display when the displays wereon a
meast arm centered over the left-turn lane. In generd, the difference in response times were lessthan0.19

seconds.
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Inastudy of leading and lagging PPL T sgnd phasing, L eefound that intersectiondel ay was Sgnificantly
greater withlaggingleft-turnoperation (7). These results were obtained during the afternoon pesk period
withno gatigticaly sgnificant differencesinstopsor travel time. Asante dso found that the lag/lead PPLT
phasing sequence resulted in higher delay vaues than leed/lag PPLT phasing (8).

Dadllas phasng resultsin less delay for both the left-turning and through movementsthanthe MUTCD
PPLT phasing (1, 9). Ddlas phasing resulted in less | eft-turn delay in a ssimulation of 60- and 90-second
cycde lengths, with left-turn volumes of 300 vehicles per hour (vph), and opposing volumes ranging from
200 to 1,500 vph. Similar results were found by Asante (8).

TRAFFIC OPERATION STUDY

Eight cities, in different geographic locations of the United States, were identified as potential study
locations. Each city was selected usng criteriarel ated to protected-permitted left-turn control, permitted
indication, and the geographic location. These locations include College Station and Dallas, Texas,
Portland, Oregon; Seettle, Washington; Detroit, Michigan; Cupertino, Cdifornia; Dover, Delaware; and
Orlando, Florida. The geographica distribution of the study location areillugtrated in Figure 1.

Sedttle, Detroit, Cupertino, and Dover were sel ected because of the flashing permitted indicationsused
inthar representative PPLT sgnd displays. Dalaswas sdected because of its proximity to College Station
and because Ddlas Phasing was used with PPLT signd displays. College Station provided a loca data
collection Steand Portland provided a site near members of the NCHRP 3-54 research team. Orlando
was sel ected because of the large popul ationof ol der and out-of -state driversregularly inthe Orlando area.
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College Station Orlando

Figurel. Traffic Operation Study Data Collection L ocations.

I ntersection Site Selection

Within each of the citiesidentified as study locations, three intersections were selected for andyss.
Table 1, asdectionmatrix, wasused to sl ect the potential study intersections. Thematrix identified which
permitted display typewas being used inthe study locations. Notethat the PPLT signd display containing
aflashing ydlow arrow permitted indication used in the Reno, Nevada area had been removed and was
not avallable for sudy.

Initidly, the sdlectionof the specific intersections was based onthree variables, namdy the | eft-turnlane
geometry, display arrangement, and left-turn phasing.  Left-turn lane geometry included exclusive lane,
shared lane, and acombination of exclusve/shared lanes. Display arrangement included horizontd, verticd,
and clugter displays. Left-turn phasing sequence included lead, lag, lead-lag, and Ddlas Phasing.
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Table 1. Conflict Study Intersection Selection Matrix.

Left-Turn Lane Geometry
Permitted L ocation - Exclusive Shared
Display Type Proposed Study Sites Lane Lane | Combination
MUTCD Dallas, TX
(green ball) College Station, TX v v v
Portland, OR
Flashing Yellow Arrow Removed No Sites Available
Flashing Yelow Bal Seettle, WA v v v
Flashing Red Arrow Cupertino, CA
v v/ v
Dover, DE
Flashing Red Ball Detroit, M| v v v

Inadditiontothe study variables, severa additiond selection criteria were established. Theintersection
had to be considered typical, meaning a right angle intersection with four gpproaches of two or three
through lanes each, rddivey fla grade, 12-foot lane width, no on street parking, and no additional
vaiables that directly affect the left-turn movement being evaluated. Further, traffic volume, phasing
sequence, and crash data were required to provide the necessary information for analyss.

Locd transportation officids asssted in the sdlect of intersections within eachlocation. As expected,
it was difficult to find intersections that met each of the sdlection criteria. In fact, several combinationsin
Table 1 did not exist. The limited number of Steswhich contained unique permitted indications resulted
inseveral intersections being selected without gpplying dl sdlection criteria. For example, therewereonly
three intersections in Cupertino, Cdifornia that used PPLT sgnd phasing and the flashing red arrow
permitted indication. Therefore, al three intersections were sdected.

The varidble that could not be evaluated was left-turn lane geometry.  Intersections with a shared or
combination|eft-turnlane geometry that contained PPL T signd displays, had asufficient traffic volumes, and
met the selection criteria, could not be located in any of the selected locations. Thus, dl intersections
evauated contained asingle exclusve left-turn lane. After removing | eft-turn lane geometry, PPLT display
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arrangement and permitted indication became the primary selection criteria, considering typical geometry
and availability of data. All sdected intersections met this criteria.

Phasing sequence and PPLT sgnd displays were generdly consstent within each location. Only
intersections selected in Dalasand College Station contained different PPLT signd display arrangements.
Table 2 ligts the intersections sdected in each location dong with the PPLT signd display, the permitted
indication (PI), and the left-turn phasing sequence found at each site. Note that the Michigan location is
referred to as Oakland County because the selected intersections were located within severa different

municipdities

AlsonoteinTable 2, the SkillmanAvenue at Mockingbird Lane and the Buckner Boulevard at Garland
Road intersections in Ddlas are listed twice, once for the leading and once for the lagging left-turn phase
sequence. Aspart of the Ddlas Phasing concept, theseintersections changed phasing sequences by time-
of-day. Thischangein phasing dlowed for two distinct operationd data setsto be obtained for asingle
intersection approach.

Sample Size

For the purpose of estimating sample size, it was assumed that the data collection could be
goproximated by the normd digtribution. Theleve of significance « was set at 0.05 (Type | error), and
where appropriate, the power of the satistical test (1 - ) was set at 0.8 (type |l error). Based onthese

assumptions, the following equation was used to estimate sample Sze:

n=@Z=%
( d)’ 1)
where:
n = samplesze
Z = condant from the andard norma distribution correspondingtoa95 percent (1 - «; o
= 0.05) confidence levd;
s = samplegandard deviation (vehicles-per-hour (vph)); and
d = acceptable deviation from the true saturation flow rate (vph).
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Table 2. Intersections Selected for Study.

City I nter section ID! |PPLT Display? | PI* |LT Phasg®
LoversLn. @ Skillman Ave. 1 5-Verticd GB Lead
Dallas Mockingbird Ln. @ Skillman Ave, 2 5-Horizontal GB D-lead
Mockingbird Ln. @ Skillman Ave. 3 5-Horizontal GB D-lag
X Buckner Blvd. @ Garland Rd. 4 5-Horizontal GB D-lead
Buckner Blvd. @ Garland Rd. 5 5-Horizontal GB D-lag
Dover. Highway 13 @ Court St. 6 4-Cluster FRA Lead
Highway 13 @ East Landing Rd. 7 4-Cluster FRA Lead
DE Highway 113 @ Little Creek Rd. 8 4-Cluster FRA Lead
Oakland Maple Ave. @ Orchard Lake Rd. 9 3-Vertica FRB Lag
14 Mile Rd. @ Orchard Lake Rd. 10 3-Vertica FRB Lag
County, Ml ™ 3 MileRd. @ Orchard Lake R, | 11 | 3Verticd  |FRB | Lag
College Universty Dr. @ College Ave. 12 5-Horizontal GB Lead
Station, Southwest Pkwy @ Texas Ave. 13 5-Horizontal GB Lead
X Southwest Pkwy @ Southwood Dr. 14 5-Cluster GB Lag
seattle South Lander St. @ 1% Ave. 15 4-Vertica FYB Lead
South Lander St. @ 4™ Ave. 16 4-Vertica FYB Lead
WA Farview Ave. @ Republican S. 17 4-Vetica FYB Lead
Portland, Oleson Rd. @ Vermont St. 18 5-Cluster GB Lead
NW Murray Blvd. @ Science Park 19 5-Cluster GB Lead
OR LaBonitaDr. @ 72™ St. 20 5-Cluster GB Lead
Cupertino, Pruneridge Dr. @ Hewlett Packard 21 4-Verticd FRA Lead
Stevens Creek Blvd. @ TorreDr. 22 4-Vertica FRA Lead
CA Stevens Creek Blvd. @ Porta Ave. 23 4-Verticd FRA Lead
Orlando, Orange Blossom Trail @ Princeton &. | 24 5-Cluster GB Lead
FL Orange Ave. @ Kd ev S 25 5-Cluster GB Lead
Orange Ave. @ Michigan S. 26 5-Cluster GB Lead

1. Intersection Identification Number.

2. Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
3. Permitted Indication - G = Green; Y = Yellow; R = Red; B = Bdll; A = Arrow; F = Flashing.
4. Left-turn phasing. D = Dallas phasing.
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Standard deviation and acceptable deviation values were estimated based on the results of previous
sudies (2). For example, atypica vdue for sis 140 vph. Given this s vaue dong with the desire to
edimate mean saturation flow within 75 vph of the true saturation flow with 95 percent confidence (Z =
1.96), 15 left-turn queue observations were required. Since start-up lost time is computed directly from
the saturation flow rate results, this sample size gpplied to the start-up lost time evauation as well.

A sample 9ze of 15 valid left-turnqueues represented the minimum amount of data needed to estimate
the mean of each variable of interest with a reasonabl e degree of confidence. Whenever possible, datafor
more than 15 vaid queueswere collected. At locations where traffic volumes and operational conditions
resulted in many left-turnqueues, at least 30 | eft-turn queues were eval uated, doubling the required sample

sze.

Equation 1 wasaso used to ca culate sample szesfor response time and follow-up headway, dthough
severa variables changed. Using the results of a previous study, a difference is response time of 0.2
seconds (d) was determined to be sufficient to detect practica differencesin driver behavior anong sgnd
display types (6). The standard deviation of the driver response time was estimated to be 0.6 seconds.
Applying these values to Equation 1 resulted in a minmum sample Sze of 35 observations per left-turn

sgnd display type.

Redizing that the use of amilar equations for the determination of sample Sze may produce dightly
different results, a minimum of 35 response time observations were obtained at each intersection studied
to assurethat the minimum sample sze requirements were met. Infact, between 50 and 80 responsetime
observations were obtained at dl but the Fairview Avenue at Republican Street intersection in Sesttle.
One-hundred follow-up headway observations were obtained for each of the PPLT signa displays
evaluated.

Data Collection Equipment
Headway data necessary to compute left-turn saturation flow rate, start-up lost time, response time,
and follow-up headway were collected usng a portable computer and the software progranHEADWAY .
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The program records the computer clock time with each computer key stroke (entry) and computes the
time difference between the entries. The time differences represent the observed vehicle headways. A
video camera was positioned at the intersectionto record the Ieft-turn traffic flow. As the tape was
reviewed the traffic flow was entered into HEADWAY .

Data Collection
Headway data necessary to compute left-turn saturation flow rate, start-up lost time, response time,
and follow-up headway was collected at each of the study intersection.

At each study intersection, aresearcher witha laptop computer was positioned withaview of the stop
bar (or amilarreference point), the PPLT sgnd display, and the I eft-turnvehide queue. Threesignd cycdes
werecarefully observed to determine gpproximate phase times, phase sequence, and durationof thedl-red
interva. Knowing the length of the phase preceding the protected |eft-turn phase allow the researcher to
accurately anticipate the beginning of the protected | eft-turn phase.

To collect the headway data, the researcher initiated the headway program smultaneoudy with the
beginning of the protected left-turn phase, and pressed the appropriate key as the front bumper of each
vehicle in the queue (up to 10 vehicles) crossed the reference line (2).

Research has shown that saturation flow most often begins with the fifthvehide inthe queue (2). Thus,
study procedures recommend that saturationflow rate estimates be obtained usng headways from queued
vehicle 5 through 10, and that queues of less than eight vehicles not be evauated.

Using the two methods of data collection, direct input in the field and input from the review of video
recordings, one hundred follow-up headways were recorded for each PPLT sgnd displaybeingevauated.
The HEADWAY program was used to quantify the time values for each recorded headway.

Response time was considered to be the firgt |eft-turn driver’ s perception/reaction time of the onset
of the protected phase of the PPLT contral.
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STUDY FINDINGS

The traffic operation data collected usng the HEADWAY program was reduced and anayzed.
The following sections present the findings of the left-turn saturation flow rate, the start-up lost time and the
follow-up headway data. The findings from the Satistica andyses areincluded in theindividua sections.

Saturation Flow Rate

Using the collected traffic operation data, three observations of average saturation flow rate were
caculated for each of the study intersections. Figure 2 showsafreguency histogramof the saturationflow
rate data (in vehicles per hour green per lane) overlaid with an estimated normd digtribution curve. The
data appeared to gpproximate the normal distribution. A Shapiro-Wilk W satistic of 0.96 provided
sufficient evidence to conclude that the data was normaly distributed.

Table 3 presents the average saturation flow rates, standard deviations, and their corresponding

rankings, found at each intersection. This table aso presents the PPLT signd display type, permitted
indication, and left-turn phasing type observed during data collection.

1770 1839 1945 2038 2127 2216 2305 2355 2484
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Figure 2. Frequency Digtribution of Saturation Flow Rate Data.
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Table 3. Saturation Flow Rates (vphgpl).

Saturation Flow
Left-Turn Rate
City ID* | PPLT Display? pI3 Phasing Average SD* Rank
1 5-Vertica GB Lead 2,201 36.55 6
Dallas, 2 5-Horizontal GB | DadlasLead 2,211 36.09 5
3 5-Horizontal GB DallasLag 2,320 97.50 3
b 4 5-Horizontal GB | DadlasLead 2,091 98.38 8
5 5-Horizontal GB DallasLag 2,063 58.97 12
Dover, 6 4-Cluster FRA Lead 2,214 151.91 4
7 4-Cluster FRA Lead 1,977 19.75 16
PE 8 4-Cluster FRA Lead 1,999 118.21 15
Oakland County, 9 3-Vertica FRB Lag 2,168 111.09 7
MI 10 3-Vertica FRB Lag 2,399 86.51 2
11 3-Vertica FRB Lag 2,402 52.54 1
College Station, 12 5-Horizontal GB Lead 1,973 60.65 18
13 5-Horizontal GB Lead 2,025 78.42 14
™~ 14 5-Cluster GB Lead 2,045 57.13 13
15 4-Vertica FYB Lead 1,773 3.00 22
Seattle, WA 16 4-Vertica FYB Lead --- --- 23
17 4-Vertica FYB Lead --- --- 23
18 5-Cluster GB Lead 23
Portland, OR 19 5-Cluster GB Lead 1,871 40.13 21
20 5-Cluster GB Lead 1,977 7.00 16
21 4-Vertica FRA Lead 2,065 48.26 11
Cupertino, CA 22 4-Vertical FRA Lead 1,944 146.93 20
23 4-Vertica FRA Lead --- --- 23
24 5-Cluster GB Lead 2,067 42.58 10
Orlando, FL 25 5-Cluster GB Lead 2,072 61.87 9
26 5-Cluster GB Lead 1,963 102.93 19

1. Intersection Identification Number.

2. Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
3. Permitted Indication - G = Green; Y = Yellow; R = Red; B = Bdll; A = Arrow; F = Flashing.
4. Standard Deviation.
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Note that intersections 16 and 17 in Segitle, 18 in Portland, and 23 in Cupertino did not haveleft-turn
vehicles queues greater than seven vehicles during the data collection period. Therefore, saturation flow

rates could not be measured.

To illugrate the results, Figure 3 presents apictoria representation of average saturation flow rates
by intersection. Alternating black and gray shading was used in Figure 3 to group intersections intolocation
blocks. Left-turn saturation flow rates ranged from a high of 2,402 vphgpl at intersection 11 in Oakland
County (three-section vertica display; lagging left-turn phasing) to alow of 1,773 vphgpl at intersection
15 in Sesttle (four-section vertical display; leading left-turn phasing).

The average saturation flow rate for dl intersections in the data set was 2,083 vphgpl. Average
saturationflow ratefor the 16 intersection approaches withaleading left-turn phasing sequence and for the
axapproacheswithalaggingl eft-turnphasing sequence were 2,026 vphgpl and 2,233 vphgpl, respectively.
Each of these saturation flow rate values exceeded the 1,900 vphgpl ided saturationflow rate default vaue
described inthe HCM (1).
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2200 4 — —

20004 — — — —

18004 — — — —

16004 — — — —

14004 — — — —

Average Saturation Flow Rate
(vphgpl)
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Intersection Number

Figure 3. Average Saturation Flow Rates by Inter section.
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Statistical Analysis. A datisticd andysswas conducted to determine if asingle factor sgnificantly
affected variability inthe average saturationflowratesbetweenintersections. Threefactorswereevauated,
namely the PPLT sgnd display, the PPLT sgna phasing, and the location.

When congdering the PPLT sgnd display asthe single factor in the analys's, the saturation flow rate
associated with the three-section vertica digplay was found to be sgnificantly higher than that associated
with other PPLT signa displays, except for the five-section vertica display. In addition, the average
saturation flow rate associated with the five-section horizonta digplay was sgnificantly higher than that
associated with the four-section vertica display.

Consdering only the PPLT signd phasing asafactor inthe andysis, the average saturation flow rates
at intersections with lagging dud Ieft-turn signa phasing were found to be sgnificantly greater than a
intersections with leeding or dud leading |eft-turn Sgnd phasing.

Whenthe study locationwas the Sngle factor of analys's, the average saturation flow ratesin Oakland
County, Michigan was found to be dgnificantly high and the average saturation flow rate in Sedttle,
Washington was found to be significantly low, as compared to that of the other locations.

Additiond factors such as the placement of the PPL T signd display and the use of supplementd sgns
wereconsdered. Thesefactors werefound to be corrdated with one or more of the sdected factors and

therefore unable to perform a single variable analysis.

To further explore the findings of the initid satigticd andys's, average saturation flow rates and their
corresponding 95 percent confidence intervas (Cls) for each of the PPLT signa display, PPLT signd
phasing, and locationfactorswere computed and presented in Figures4 through6. Noticethat theaverage
saturation flow rate valuesin each figure are depicted by the horizontd dash line and the range of the Cls
by the solid verticd line,
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Figure 6. Average Saturation Flow Rate and 95 Percent Clsby L ocation.

The results of the multiple comparison tests previoudy mentioned were consstent with intuitive
expectations based on the Cls presented in each figure; however, additional analysis was required to

determine the true source of variation in the average saturation flow rates.

Theresultsof this satistical andyss found that the type of PPLT signd display and typeof PPLT sgnd
phasing, and their interaction effect, were sgnificant contributors to the differences in average saturation
flowrates. Further, thelocation factor wassgnificant. However, thetype of PPLT signd display was not
ggnificant nor was the sgnd display interaction with the location factor. Similarly, condgdering the
combined effects of PPLT sgnd phasing and location, the location was sgnificant; however, the type of
PPLT sgnd phasing was not significant nor was the interaction between variables.

Based on this statistical andysis, the results suggested thet the differences in average saturation flow
rates were primarily due to differences in operationa characteristics and driver behavior between each

sudy location. The type of PPLT sgnd display and the PPLT signd phasing were not significant
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contributors in the explaining the differences in average saturation flow rates from location to location.

Through Movement Saturation Flow Rates. A supplementa study was conducted on through
movement saturation flow ratesto determine if Smilar behavioral differences between locations existed.
Eight intersections were randomly selected (one intersection from each location) and saturationheadway's
from aminimum of 30 through movement vehicle queue of saven or more vehicles were measured. This
methodology resulted in the evauation of gpproximately 300 through movement saturation headways at
each |oceation.

Figure 7 presents the results of the through movement saturation flow rate andys's, induding the 95
percent confidence intervas (Cls) for each location. The results of this andysis found that there was a
datidicdly sgnificant difference in through movement average saturation flow rates by location, Smilar to
what waps found inthe left-turnmovement anadlysis. In fact, a comparison of Figures 6 and 7 suggest that
the reationship and rank order of average saturation flow rates by location nearly identical.

Oakland County, Michigan was found to have the highest average through movement saturationflow
rate at 2,218 vphgpl and Sesitle, Washington the lowest a 1,902 vphgpl. Ducan’s multiple comparison
test showed that the differencesin through movement saturationflow rates between Oakland County and
Dover were different but not atisticaly sgnificant; however, bothlocations were sgnificantly greeter than
the remaininglocations. Therefore, it was concluded that the previous resultsfound in the left-turn andys's
were confirmed and the type of PPLT signa display and phasing were not significant contributors in

differences in average saturation flow rates.
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Figure7. Average Through Movement Saturation Flow Rate and Clsby L ocation.

Start-Up Lost Time

Identical to the saturation flow rate andyss, the evauation of the start-up lost time data began by

exploring the digtribution of the data set. Figure 8 shows the relaive frequency histogram of the start-up

logt time data, overlaid with an estimate of the normad digtribution. In visuadly examining the data, it was

evident that the data was gpproximately normally didtributed. In fact, a Shapiro-Wilk W datistic of 0.96

provided sufficient evidence to conclude that the start-up lost time data was normally distributed.

Table 3 presentsthe descriptive results of the start-up lost ime anadysis. Theaverage Sart-up lost time

and gandard deviation isincluded dong with information related to the left-turn sgnd display. The rank

order of the average start-up lost timesis aso shown. Aswith the saturation flow rate data presented in

the previous section, no data was available for intersections 16 and 17 in Seettle, intersection 18 in

Portland, and intersection 23 in Cupertino.
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Figure 8. Cumulative Frequency Digtribution of Start-Up Lost Times.

Figure 9 presents a graphical depiction of the average Sart-up lost times for each study intersection.
In order to visudly group the intersections together, aternating black and gray shadingwas used. Start-up
lost times ranged from 0.27 seconds in Pontiac (three-sectionvertica display; lagging left-turnphasing) to
2.70 seconds in Orlando (five-section cluster display; leading left-turn phasing).

Average start-up lost time for al locations was 1.56 seconds. Considering |eft-turn phase sequence,
average start-up lost time was 1.87 seconds with aleading sequence (16 approaches) and 0.73 seconds
with a lagging sequence (Sx approaches). The HCM default value for start-up lost time is 3.0

seconds/phase, dthough this includes clearance logt time.
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Table3. Start-Up Lost Time.

Start-Up Lost Time (sec)
PPLT Left-Turn
City I D* Display? PI3 Phasing Average Sb4 Rank
1 5-Vertica GB Lead 1.89 0.28 14
Dall 2 5-Horizontal GB Ddllas-Lead 2.08 0.42 17
as,
3 5-Horizontal GB DdlasLag 0.82 0.68 4
TX
4 5-Horizontal GB Ddlas-Lead 1.70 0.48 11
5 5-Horizontal GB Ddlas-Lag 0.81 0.17 3
6 4-Cluster FRA Lead 174 0.23 12
Dover,
7 4-Cluster FRA Lead 2.26 0.45 20
DE
8 4-Cluster FRA Lead 2.01 0.80 16
Oakland 9 3-Vertica FRB Lag 0.27 0.16 1
County, Ml 10 3-Vertica FRB Lag 0.72 0.13 2
11 3-Vertica FRB Lag 0.91 0.31 6
College 12 5-Horizontal GB Lead 2.23 0.34 19
Station, 13 5-Horizontal GB Lead 1.95 0.41 15
TX 14 5-Cluster GB Lead 0.84 0.30 5
15 4-Vertica FYB Lead 2.33 0.13 21
Seattle, WA | 16 4-Vertica FYB Lead 23
17 4-Vertica FYB Lead 23
18 5-Cluster GB Lead 23
Portland,
19 5-Cluster GB Lead 111 0.04 8
OR
20 5-Cluster GB Lead 155 0.05 10
) 21 4-Vertica FRA Lead 1.02 0.83 7
Cupertino,
22 4-Vertica FRA Lead 1.32 0.24 9
CA
23 4-Vertica FRA Lead 23
24 5-Cluster GB Lead 2.70 0.07 22
Orlando, FL | 25 5-Cluster GB Lead 1.83 0.57 13
26 5-Cluster GB Lead 2.19 0.96 18

1. Intersection I dentification Number.

2. Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
3. Permitted Indication - G = Green; Y = Yellow; R = Red; B = Bdl; A = Arrow; F = Flashing.
4. Standard Deviation.
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Figure9. Average Start-Up Lost Time by Intersection.

Start-Up L ost Time and Satur ationFlowRate Relationship. Sincestart-up lost timeisdependent
on the saturationflow rate, and both computed fromthe same headway data set, the relationship between
thesetwo variableswas explored. A plot showing thisreationship dong with an gpproximeate least squares
regression lineis presented in Figure 10.

The digtributionof the start-up lost time and saturationflow rate data appeared to be quiterandomand
showed little evidence of alinear rdationship. The minima dope of the least squares regression line and
the coefficient of determination provided further evidence of the non-linear nature of the data. Because of
the non-linear rdaionship between the two variables, in was concluded that the start-up logt time data
could be evauated independent of the saturation flow rate data.
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Figure 10. Saturation Flow Rate and Start-Up Lost Time Reationship.

A review of both the Duncan and Tukey multiple comparison results showed that the three-section
vertica display had a sgnificantly lower average start-up lost time than al other PPLT signd displays.
Average start-up lost timesat intersections withlag, lag (dud), and Ddlas lag left-turn Ssgnd phasing were
found to be Sgnificantly lessthanat intersections witheither leading or dud-leading left-turn sgnd phesing.
Findly, average start-up lost timeswere Sgnificantly lower in Oakland County, Michigan while a group of
locationsincluding Dover, Delaware; Seettle, Washington; and Orlando, Horida had significantly higher

results.

To illugrate the differences in start-up lost time by PPLT signd display, PPLT sgnd phasing, and
location, the average start-up lost time and corresponding 95 percent Cls are shown for each of these
factorsin Figures 11 through 13, respectively.
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Figure 13. Average Start-Up Lost Time and 95 Percent Cls by L ocation.

The results of adetailed Satistical andyds indicatethet the differencesinaverage start-up lost time are
primarily due to differencesin PPLT sgna phasing and are not Sgnificantly related to the type of PPLT
sgna display present or the location of the intersection.

The reason for the significantly lower start-up logt times in lagging left-turn phasing was driver's
anticipation of the protected left-turn phase. Drivers in Oakland County and Ddlas were quite
knowledgesble concerning the left-turn phase sequence and oftenbeganthe protected |eft-turn maneuver
during the find seconds of the through movement clearanceinterva. Thisanticipation of theleft-turn phase
meant that the perception and reaction time component of start-up lost time were primarily consumed
during the preceding yelow and dl red intervals. By the time the left-turn green arrow indication was

presented, the left-turn queue was moving a or near the saturation flow rate.
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As with the saturation flow rate data, there was no dtatistical evidence to conclude that the type of
PPLT left-turnsgnd display had a Sgnificant effect on left-turn sart-up lost time. Differencesin average
start-up lost time between PPLT signd display types appear to be attributable to differencesinPPLT signd
phasing. It is possble that these differences could be significant with alarger sample size and baanced
experimenta desgn; however, itisagain unlikdy that start-up lost timeswould providesufficient judtification
for the selection of one PPLT sgnd display over the other. Nevertheless, the three-section and four-
sectionverticd PPLT sgnd displays in alagging phase sequence appear to be associated withlower start-
up logt times than the other PPLT displays.

Response Time

Congstent with the previous presentation, the analysis of the response time data began with an
examinaionof thedataset. As previoudy mentioned, response times was considered to be the time from
the onset of the protected | eft-turn phase greenarrow indicationto the time the front bumper of thefirgt left-
turnvehide in queue crossed the stop bar. Figure 14 showsardative frequency histogram of theresponse
time data, overlad with an estimated normd digtribution. A Shapiro-Wilk W satistic of 0.90 provided
sufficient evidenceto concludethat the response time data was gpproximated by the norma distribution.
The dightly lower W vadue found in the response time andlysis was due to the postive skewness of the

curve as there were severd response time data points at the upper end of the distribution.

Table 4 presents that average response time and standard deviation found at each intersection aong
withpertinent PPLT sgnd display information. Therank of the response timeresultsfrom thelowest (rank
= 1) tothe highet (rank = 26) isa so presented. To illustrate the average response time results, Figure 15
presents a pictorid representation of the average response time data, using aternating black and gray
shading to group intersections within each location.  Average response times ranged from 1.47 seconds
in Pontiac (Three-section vertical display; lagging left-turn phasing) to a high of 3.24 secondsin Orlando
(five-section clugter display; leading left-turn phasing). The average response time for al study locations

was 2.46 seconds.
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Table 4. Average Response Time by | nter section.

Response Time
Left-Turn (sec)
City ID! | PPLT Display? | PI® Phasing Average SD# Rank
1 5-Vertical GB Lead 2.53 0.51 12
2 5-Horizontal GB DdlasLead 2.60 0.62 16
D{‘l')'f 3 | SHorizontd | GB | Dalaslag 182 0.41 3
4 5-Horizontal GB Ddlas-Lead 2.43 0.49 11
5 5-Horizontal GB DdlasLag 1.84 0.38 4
6 4-Cluster FRA Lead 2.80 0.72 20
D‘[’)VEer |7 4Clugter | FRA Lead 258 0.74 15
8 4-Cluster FRA Lead 2.75 0.73 18
Oakland | 9 3-Vertica FRB Lag 1.48 0.47 1
County, | 10 3-Vetica FRB Lag 1.81 0.45
M 11 3-Vertica FRB Lag 1.91 0.51 5
College 12 5-Horizontal GB Lead 3.08 0.93 25
Station, 13 5-Horizontal GB Lead 2.64 0.68 17
> 14 5-Cluster GB Lead 2.02 0.49 6
15 4-Vertical FYB Lead 3.07 1.17 24
S‘me' 16 4-Vertical FYB Lead 2.79 0.55 19
17 4-Vertical FYB Lead 2.84 1.00 21
18 5-Cluster GB Lead 2.39 0.90 9
Poglg‘d’ 19 |  5Cluster GB Lead 235 0.64 7
20 5-Cluster GB Lead 2.19 0.58 9
_ 21 4-Vertical FRA Lead 2.38 0.70 8
C“pce'TA:no’ 2 | avetica | FRA L ead 253 079 | 12
23 4-Vertical FRA Lead 2.55 0.51 14
24 5-Cluster GB Lead 3.24 0.88 26
Orlando,
FL 25 5-Cluster GB Lead 2.91 0.84 22
26 5-Cluster GB Lead 3.00 0.90 23

1. Intersection |dentification Number.

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



Traffic Operation Studies Report Working Paper 4
August, 1999 Page 27

Statistical Analysis. A datistical andyss showed that the three-section vertica display was
associated withadgnificantly lower average responsetimes than dl other PPLT signd displays. Average
response times at intersections with al types of lagging (lag, dud-lag, Ddlas lag) |eft-turn signd phasing
were found to be dgnificantly less than at intersections with ether leading or dua-leading left-turn sgna
phesng. Findly, averageresponsetimeswere sgnificantly lower in Oakland County, Michigan whilefarly
consgstent amongst the other locations.

To further illugtrate the differences in response time by intersection and location, PPLT signd display,
and PPLT dgnd phasing, the average response time and corresponding 95 percent confidence intervas
(Cls) are showninFigures 16 through 18. Theresultsindicatethat thedifferencesin averageresponsetime
were due to differencesin both the PPLT signd display and the type of PPLT sgna phasing present at
each location. Althoughthe PPLT signa phasing explained more of the varigbility inaverage response time
than digplay type or location, each factor was significant.

35

2.5

15 I

Average Response Time (sec)

Oakland College
Dallas | Dover County Station
1 ———t—t
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
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Figure 16. Average Response Time and 95 Percent Clsby Inter section.
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The reason for the dgnificantly lower response times in lagging left-turn phasing is again, driver’'s
anticipation of the protected left-turn phase. Drivers in Oakland County and Dallas often began the
protected left-turnduring the find seconds of the through movement clearanceinterva. Driversin Oakland
County were also aware of the through movement clearanceinterva beforethe protected |eft-turn phase.
As the adjacent through movement received a ydlow bal indication, many left-turn drivers began their
turning maneuver. This anticipation of the left-turn phase meant that the perception and reaction time
component were primarily consumed during the preceding yellow and dl red intervas. By thetimetheleft-
turn green arrow indication was presented, the left-turn queue was proceeding.

Although it is not clearly shown in the gatistics, the longest response times were generdly associated
with the five-section horizonta diolays usng leading (dud) left-turn Sgna phasing. In the five-section
horizonta display, the protected left-turn green arrow indication is located to the right of the red ball
indication. Becausethethrough movement continuesto receive ared bl indication during the dud-leading
protected left-turn phase, the red ball remains illuminated with the green arrow indication. In severd
ingtances, drivers seemed to be confused by this display which resulted in some of the longer response

times.

Signal Display Ranking. Based on the average response time andysis, Table 5 presents aranking
of PPLT sgnd displays. The three-section vertical PPLT signa display was associated with the lowest
average response time. The PPLT signa digplay is centered over the left-turn lane and a supplementa
“LEFT” 9gnisused. Theremaining PPLT signd displays had equd performance with the only differences
associated with PPLT signd phasing.

Follow-Up Headways

A find anadlyss was completed whichlooked at the follow-up headways at selected intersections. One
intersectionwas andyzed in each of the eight cities sel ected representing every combinationof PPLT dgnd
disolay and permitted indicationincluded inthis research. Thefollow-up headway study was different than
the previous studies in the fact that the permitted indication was of primary interest.
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Table5 Ranking of PPLT Signal Display by Average Response Time.

PPLT Signal Display Permitted Indication Rank
5-Section Vertical Green Bdll 5
4-Section Vertical Hashing Yelow Bl 7
4-Section Vertica Flashing Red Arrow 4
3-Section Vertica Hashing Red Bdll 1

5-Section Horizontal Green Bdll 3
5-Section Cluster Green Ball 2
4-Section Cluster Flashing Red Arrow 6

Consgtent with the previous presentations, the analysis of the flow-up headway time data began by
reviewing the data set. Figure 19 shows a cumulative frequency histogram of the response time deta,
overlad with an estimated normd distribution. A Shapiro-Wilk W datistic of 0.90 provided sufficient
evidence to conclude that the response time data was normally distributed.
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Figure 19. Cumulative Frequency Digtribution of Follow-Up Headways.
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Table 6 presents that average response time and standard deviation found at each intersection aong
withpertinent PPLT sgnd display information. Therank of thefollow-up headway results, from thelowest

(rank = 1) to the highest (rank = 8), is also presented.

Table6 Average Follow-Up Headway by Intersection.

Follow-Up Headways
(sec)
PPLT Left-Turn
City ID* Display? pI3 Phasing Average SD* Rank
D?I):(:\s 1 5-Vertica GB Lead 2.33 0.70 3
D%"g ’ 6 4-Cluster FRA Lead 281 0.67 8
Oakland
County, 9 3-Vertica FRB Lag 2.35 0.50 6
Ml
College
Station, 12 5-Horizontal GB Lead 2.33 0.63 3
X
le, 15 4-Vertica FYB Lead 2.34 0.54 5
WA
Por(t)l;n d 19 5-Cluster GB Lead 2.16 0.40 1
C“pgA“ o1 2 4Vertical FRA Lead 2.49 0.76 7
Orlando, FL 25 5-Cluster GB Lead 2.28 0.51 2

1. Intersection Identification Number.

2. Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster).
3. Permitted Indication - G = Green; Y = Yellow; R = Red; B = Bdll; A = Arrow; F = Flashing.
4. Standard Deviation.
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Statistical Analysis. Sincethe follow-up headways of interest occur only during the permitted phase
of the 9gnd cycle, the satistical andyss was focused completely on the variability in follow-up headway
times between types of PPLT signd display and permitted indications.

Evduationof the differencesusng tatigtical procedures found that the four-section cluster display with
a flashing red arrow permitted indication had a sgnificantly higher average follow-up headway time than
dl other PPLT sgnd display and permitted indication combinations. Further, the four-section vertica
disolay withaflashingred arrow indicationhad asgnificantly higher average follow-up headway time than
the five-section cluster display with a green bal permitted indication. Figure 20 presents the average
follow-up headway for each PPL T sgnd display and indication combinationaong with the corresponding
95 percent confidence intervas (Cls) to further highlight these findings.

Thefive-section cluster display with agreen ball permitted indication was associated with the lowest
follow-up headwaytimes. In contrast, the four-section cluster display with theflashing red arrow permitted
indication had the highest follow-up headway times. At least part of the difference in follow-up headway
times between the five-section and four-section cluster digplays can be explained by the different
requirements associ ated withthe permitted indication. 1n other words, |eft-turn driversarerequired to stop
before making the permitted movement with a flashing red permitted indication while drivers facing a
flashing yellow or greenbd| permitted indication are only required to yied. As expected, the four-section
vertica digplay usng a flashing red arrow permitted indication had the next highest average follow-up
headway.
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Figure 20 Average Follow-Up Headway and 95 Percent Cls by Display Type.

In generd, there was no Satidtically Sgnificant difference betweenthe five-section horizontd, the five-
section vertica, and the five-section clugter displays using the green bal permitted indication.  Smilarly,
there was no saidicaly sgnificant difference betweenthe PPLT signd displays that used either aflashing
yellow bal or green bal permitted indication. Follow-up headways are greater with the flashing red ball
and arrow permitted indications because drivers are required to stop before proceeding.

The exceptionto these results was the three-section vertica display with aflashing red bal permitted
indicationwhichisused in Oakland County, Michigan. Although driversarelegdly required to stop before
making a permitted left-turn, Oakland County drivers seemed to interpret the meaning of the flashing red
bdl permitted indication to be the same as the ydlow or green permitted indications. Several law
enforcement officers were observed during the data collection process, none of which found it necessary
to enforce (i.e ticket) thislegd requirements. In fact, many of these same law enforcement officers were
observed violating the stop requirement themsalves. Clearly, driversin Oakland County have an implied
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meaning of the flashing red bdl permitted indicationthat is different than intended, which adds difficulty for

non-local drivers.

PPLT Signal Display Ranking. Consideringtheresultspresented above, Table 7 presentsaranking
of PPLT sgnd displays based on follow-up headways. The five-section cluster PPLT signal display was
associated with the lowest average follow-up headway time. Also note that the green ball indication was
associated the lowest follow-up headway times.

Table7 Ranking of PPLT Signal Display by Average Follow-Up Headway.

PPLT Signal Display Permitted I ndication Rank
5-Section Vertical Green Ball 3
4-Section Vertical Hashing Ydlow Bl 4
4-Section Vertica Flashing Red Arrow 6
3-Section Vertica Hashing Red Bl 5

5-Section Horizontal Green Bdll 2
5-Section Cluster Green Bdl 1
4-Section Cluster Flashing Red Arrow 7

COMBINED ANALYSIS

The three different measures of saturationflow rate, start-up lost time, and response time yielded rank
orders of locations with various PPLT dgnd displays. One way to determine whether there was any
systematic relationship or consstency among these rankings is a gpply the Kenddl Coefficient of
Concordance nonparametric test of association(10). Table8 providesthethreerankingsfor eachlocation,
plus the description of the display, permitted left-turn indication, and phasing.

A “W” vdue of 0.85 was computed for these data, yidding a chi-squared value of 53.55. The
probability of obtaining suchachi-sguared vaue under the null hypothesis of no associationis<0.001. This
finding supports a contentionthat these measures are highly associated. Reviewing the results shows that
the highest ranking location pertained to the lagging left-turn phasing sequence.



Traffic Operation Studies Report

Working Paper 4

August, 1999 Page 35
Table8. Combined Analysis Considering Kendall Coefficient.
Rank Description
Start-Up
L ocation® ;I;)tvé 'I%iorrslte F;e;?rzr:es F;irr]: Arrange.? Il:r)gi :;Itti:)enz Pha45i nd
10 2 2 2 6 3V FRB Lag
7 1 1 9 3V FRB Lag
3 4 3 10 5H GB D-Lag
11 1 6 5 12 3V FRB Lag
5 12 3 4 19 SH GB D-Lag
14 13 5 6 24 5C GB Lag
21 11 7 8 26 4V FRA Lead
4 11 11 30 SH GB D-Lead
14 12 32 5V GB Lead
20 16 10 9 35 5C GB Lead
6 4 12 20 36 4C FRA Lead
19 21 8 7 36 5C GB Lead
2 5 17 16 38 5H GB D-Lead
22 20 9 12 41 4\ FRA Lead
25 9 13 22 44 5C GB Lead
13 14 15 17 46 SH GB Lead
15 16 18 49 4C FRA Lead
16 20 15 51 5C GB Lead
24 10 22 26 58 5C GB Lead
26 19 18 23 60 5C GB Lead
12 18 19 25 62 5H GB Lead
15 22 21 24 67 4V FYB Lead

1. Intersection |dentification Number.

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

4. Left-turn phasing. D = Dallas phasing.
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RESULTS

The andysis presented in this report found that there is no evidence to suggest that the type of PPLT
sgnd display used has a Sgnificant effect on saturation flow rate and start-up lost time. There is some
evidence to suggest that the PPLT sgnd display may have an effect on response time and follow-up
headway athough variationappearsto be more afunction of PPLT signd phasing and legd requirements
of the permitted indication.

Variation in saturation flow rate was caused by differencesin operationa characteristics and driver
behavior between locations. Variation in gart-up lost time was primarily related to differencesin PPLT
sgnd phasing. The variation in response time between locations was found to be related to differencesin
PPLT sgna phasing dthough there was a correlated effect between the signa phasing, location, and the
PPLT sgna display used.

A comparison of the average follow-up headway for each signd display anindicationshowsthat with
the exception of the four-section cluster with a flashing red arrow indication, there was no significant
difference. The variaion in follow-up headway associated with the four-section cluster with flashing red
arrow indication was found to be related to the lega requirements associated with the flashing red
indication. Driversfacing aflashing red display arerequired to stop before proceeding while driversfacing
asteady greenbal or flashing ydlow indicationare only required to yield. The four-sectioncluster display
inDover and the four-sectionvertica display in Cupertino were supported by asupplementa sgnthat told
|eft-turn drivers to stop before making a permitted | eft-turn, which explains the larger follow-up headway.

Follow-up headway resultsin Oakland County, whereaflashing red bal permitted indication is used,
were not sgnificantly different from locations using yellow or green permitted indications.  Supplemental
signs are not used in Michigan and the requirement to stop when approaching the flashing red ball
permitted indication is not enforced.
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