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TRAFFIC CONFLICT STUDIES

INTRODUCTION

Traffic conflicts are traffic events invalving the interaction of two or more drivers where one or both
driverstake evasve action to avoid a collison (1, 2, 3). Traffic conflict sudies provide one of the most
effective ways to supplement crashstudiesin estimating the crash potentia of various PPLT dgnd displays.
Inaddition, traffic conflict studies can provide measures of traffic safety whencrashrates are not available.
The collection of traffic conflict deta.can aso be vauable in identifying whether unsafe vehicle maneuvers
are prevalent at anintersection. Conflict studies adso provide an effective way to study specific geometric
goplicationsat PPLT intersections.

Conflicts can be considered to be vehide interactions which may lead to crashes. For aconflict to
occur, the road users must be on acollisoncourse, i.e., atempting to occupy the same space & the same
time (1, 2, 3). The primary requirement of atraffic conflict isthat the action of the firgt user placesthe other
user onacollisonpathunlessevasve actionistaken. Collisonsand near miss Stuationsthat occur without
evasve maneuvers, or when the evasive action is inadequate or inappropriate for conditions, are also

recorded as conflicts.

Conflict studies are not only used to evauate safety, but are dso used to sdlect sgnd phasing. AnITE
study found that 33 percent of the reporting agencies used a left-turn conflict rate of four conflictsper 100
left-turn vehicles as awarrant for implementing PPLT signd phasing (4).
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Conflict Types
Treffic conflicts are generdly categorized by type of maneuver (2, 3). Specific conflicts related to
PPLT sgnd phasing include:

» Opposing Left-Turn Conflict: Occurs when an oncoming vehicle makes aleft turn, placing a
second vehicle, going in the oppodte direction, in danger of a head-on or broadside collison. It
gpplies only when the second vehicle has the right-of-way.

e Left-Turn, Same-Direction Conflict: Occurs when the firs vehicle dowsto make aleft turn,
thus placing a second following vehicle in danger of arear-end collision.

e Lane-Change Conflict: Occurs when the firgt vehicle changes from one lane to another, thus
placing asecond following vehicle in danger of arear-end or sideswipe collision.

» Opposing Right-Turn-on-Red Conflict: Occurs during the protected | eft-turn phase when an
opposing vehide makesa RTOR placing aleft-turningvehide indanger of abroadside or rear-end
collison.

e Left-Turn, Pedestrian/Bicycle Conflict: Occurswhenapedestrianor bicycle crossesin front
of avehicle who has the right-of-way, causing the vehicle to brake or swerve to avoid acollison.

o Left-TurnLane Overflow: Occurswhenleft-turnvehiclestorage overflowstheleft-turnlaneand
blocks a through lane.

» Secondary Conflict: Occurs whenasecond vehide makesamaneuver to avoid the firg vehicle,
placing athird vehicle in danger of acollision.

Fictorid examples of the first 9x conflict types are presented in Figure 1.
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Opposing left-turn conflict. L eft-turn, same-direction conflict.

L

Lane-change conflict. Opposing right-turn-on-red conflict.

Left-turn, ped/bicycle far/near Sde conflict. Left-turn lane overflow.

Figurel. PPLT Conflict Types.
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Traffic Events

Traffic events are unusud, dangerous, or illegd non-conflict maneuvers (2, 3). Typicd treffic events
indudered indicationviolaions, backing, hesitation on sgna change, and dowing consderably inatraffic
lane. Although traffic events do not fit within the definition of traffic conflicts, traffic events can provide a
measure of driver understanding of traffic Sgnd displays at the intersection under investigation. Traffic
eventsrelated to PPLT signd phasing include:

Indecision L eft: A left-turning vehicle hesitates on the protected | eft-turn indication, startsand
then stops suddenly when presented with a permitted |eft-turn indication, or does not turn left

on the permitted indication when there is no oncoming traffic.
Left-Turn Red-Light Violation: Occurs when a vehicle crosses the stop line and entersthe

intersection on the red ball indication.

Ydlow (Left-Turn) Trap: Occurs when avehicle enters the intersection during the green or
ydlow bal indication and gets caught past the stop line & thered ball. The driver isforced to
back-up, or atempt to back-up, to clear the space until the next protected or permissve phase.

OBJECTIVE

The traffic observation studies contained two components, the traffic conflict study and the operational
andyds. Thetraffic conflict study was conducted to determine and compare the traffic conflict and event
rates related to different PPLT sgnal display arrangements and permitted indications. The operationa
andyss was conducted to determine the operational characteristics associated with each PPLT signal
display. The details of the traffic conflict sudy are described in the following sections.
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METHODOLOGY

To accomplish the objective of the traffic conflict Sudy, severa taskswere conducted. Thetasksare
listed below:

performaliteraturereviewto providebackground informationontraffic conflict study techniques

and to review the results of previous sudies,

sdect the gudy sites and identify the individua study intersections;

develop the data collection procedures and identify the eguipment requirements and required

sample sze,

collect the conflict data at the identified study intersections; and

reduce the data and anayze the results.

BACKGROUND

The traffic conflict study technique for both conflicts and events has been used since the 1960's (5).
Traditiondly, atraffic conflict studyis performed by atrained observer stationed aong one of the Sgndized
intersectionapproachesfor an 11-hour period (2). Dataiscollected for 20 to 25 minutesin each 30 minute
segment. Conflict datais generdly obtained when traffic volumes are the heaviest; however, periods of
congested conditions are avoided. Conflicts and events are most often quantified in units of
conflictsevents-per-hour or conflicts/events-per-1,000 entering vehicles. The latter is used to normdize
conflict and event rates for different traffic volume conditions.

Glauz, Bauer, and Migletz completed a study withthe objective of establishing a relationship between
conflictsand crashes (6). Specificaly, thegoa of the study wasto establish ardationship that would alow
conflict rates to be used to predict expected crashrates. The results of this sudy were inconclusive
because of the large variance in the collected data. Glauz recommended that conflict data not be used to
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predict crash rates, but rather as a surrogate measure of safety when crash dataisinsufficient.

A limited number of studies have been completed that evauate traffic conflicts and events related to
PPLT dgnd displays. Hummer conducted a study in Indiana in an effort to evauate and compare the
safety afforded by leading and lagging left-turn Sgna sequences (7). The largest difference between the
leading and lagging sequence was in the |eft-turn/pedestrian conflict where the leading sequence was
associated with three times as many conflicts as the lagging sequence.  The lagging sequence was
associated with sgnificantly lower rates of |eft-turning/opposing through movement conflicts and ahigher
number of indecisonconflicts. Theleading sequence resulted in drivers entering theintersection during and

after the yellow clearance phase cregting a through movement conflict.

Asante and Williams evaluated conflict rates at 47 intersection gpproaches within Texas (8). A mean
conflict rate of 176 conflicts per million squared vehicles per lane (cpmsvl) wasfound at approacheswith
PPLT sgnd phasing. This conflict rate was dightly higher than protected-only | eft-turnsgnd phasing (146
cpmsvl) but considerably lessthan permitted-only left-turnphasing (914 cpmsvl). Leading PPLT phasing
sequences had a higher conflict rate than lagging sequences.

Agent evauated conflictsratesin Kentucky at 58 approachesto 29 PPLT sgndized intersections (9).
Conflict rates varied fromO to 12 conflictsper hour during the peak hour. Attemptsto correlate the conflict
rate with peak hour left-turn traffic volume and opposing traffic volume were unsuccessful.

TRAFFIC CONFLICT STUDY

The following sections detail the development of the traffic conflict sudy, including the Ste sdlection,
data collection process and the reduction of the traffic conflict data.
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Site Selection

Eight cities, spread throughout the United States were identified as potential study locations, based on
the protected-permitted Ieft-turn control, permitted indication and the geographic location of the city.
These locationsinclude College Station and Dallas, Texas, Portland, Oregon; Sesttle, Washington; Detrait,
Michigan; Cupertino, Cdifornia; Dover, Delaware; and Orlando, Horida

Sedttle, Detroit, Cupertino, and Dover were selected because of the flashing permitted indications
used in their representative PPLT signd displays. Dalaswas sdlected because of its proximity to College
Station and because Ddlas Phasingwasused withPPLT sgnd displays. College Station provided aloca
data collection Ste and Portland provided a site near members of the NCHRP 3-54 research team.
Orlando was selected because of the large population of older and out-of-state drivers regularly in the
Orlando area. The geographical ditribution of these eight Stesis shown in Figure 2.

College Station Orlando

Figure2. Traffic Conflict Study Data Collection L ocations.
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I ntersection Site Selection

Within each of the cities identified as study locations, three intersections were selected for andyss.
Table 1, asdectionmatrix was used to select the potentia study intersections. The matrix identified which
permitted display type was being used inthe study locations. Notethat the PPLT signa display containing

aflashing ydlow arrow permitted indication used in the Reno, Nevada area had been removed and was
not avallable for sudy.

The sdlection of the specific intersections was based on three variables, namely the left turn lane
geometry, display arrangement, and left-turn phasing.  Left-turn lane geometry included exclusive lane,
shared lane, and a combination of exclusve/shared lanes. Display arrangements included horizontd,
verticd, and cluster displays. Left-turn phasing sequencesincluded lead, lag, lead-lag, and Ddlas Phasing.

Table 1. Conflict Study Intersection Selection Matrix.

_ Left-Turn Lane Geometry
L ocation
Permitted Proposed Study Exclusive
Display Type Sites Lane Shared Lane | Combination
MUTCD Dallas, TX
(green ball) College Station, TX v v v
Portland, OR
Flashing Yellow Arrow Removed No Sites Available
Flashing Yelow Bdl Seattle, WA v v v
Flashing Red Arrow Cupertino, CA y y y
Dover, DE
Flashing Red Ball Detroit, M| v v v
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Inadditiontothestudy variables, severa additiona sdectioncriteriawere established. Theintersection
had to be considered typical, meaning a right 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 additiona
variablesthat directly affect the left-turn movement being evaluated. Further, traffic volume, sgna phasing,
and crash data were required to provide the necessary information for analyss.

L ocal transportationoffidasass stedinthe sal ectionof intersections within eachlocation. Asexpected,
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 stes which contained unique permitted indications resulted
in severd intersections being sdected without applying dl selectioncriteria For example, there were only
three intersections in Cupertino, Cdifornia that used PPLT sgnd phasing and the flashing red arrow
permitted indication. Therefore, al three intersections were sdected.

Themost sgnificant variable that could not be eva uated was | eft-turnlane geometry. Intersectionswith
ashared or combination left-turn lane geometry that contained PPLT signd displays, had sufficient traffic
volumes, and met the selection criteria, could not be located in any of the selected locations. Thus, dl
intersections evaluated contained a Sngle exclusve left-turn lane. Fortunately, the remaining criteriawere
stisfied.

Phasing sequence and PPLT sgnd displays were generdly consigent within each location. Only
intersections sdected in Ddlas and College Station contained different PPLT signd display arrangements.
Table 2 ligs the intersections selected in each location dong with the PPLT sgnd display, the permitted
indication (P1), and the left-turn phasing sequence found at each Ste. Note that the Michigan location is
referred to as Oakland County because the selected intersections were located within severa different

municipdities.
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Table 2. Intersections Selected for Study.
City I nter section D!| PPLT Display? | PI® |LT Phase®
LoversLn. @ Skillman Ave. 1 5-Vertical GB Lead
Dallas Mockingbird Ln. @ Skillman Ave. 2 5-Horizontal GB D-lead
Mockingbird Ln. @ Skillman Ave. 3 5-Horizontdl GB D-lag
™ Buckner Blvd. @ Garland Rd. 4 5-Horizontal GB D-lead
Buckner Blvd. @ Garland Rd. 5 5-Horizontal GB D-lag
Dover. Highway 13 @ Court S. 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
County, 14 Mile Rd. @ Orchard Lake Rd. 10 3-Vertica FRB Lag
AL 13 Mile Rd. @ Orchard Lake Rd. 11 3-Vertica FRB Lag
Cdliége Universty Dr. @ College Ave. 12 5-Horizontal GB Lead
Station, Southwest Parkway @ Texas Ave. 13 | 5-Horizontd GB Lead
X Southwest Parkway @ Southwood Dr. | 14 5-Cluster GB Lag
Serttle. 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-Vertica 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-Clugter GB Lead
Cupertino, Pruneridge Dr. @ Hewlett Packard 21 4-Vertica FRA Lead
Stevens Creek Blvd. @ Torre Dr. 22 4-\ertica FRA Lead
CA Stevens Creek Blvd. @ Porta Ave. 23 4-Vertical FRA Lead
Orlando, Orange Blossom Trall @ Princeton &. | 24 5-Cluster GB Lead
L Orange Ave. @ Kaley SL. 25 5-Cluster GB Lead
Orange Ave @ Michigan & 26 S-Cluder GB | exd

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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Also note in Table 2 that the Skillman Avenue at Mockingbird Lane and the Buckner Boulevard at
Garland Road intersections in Dalasare listed twice, oncefor the leading and oncefor the lagging left-turn
phase sequence. As part of the Dallas Phasing concept, these intersections changed phasing sequences
by time-of-day. This change in phasing alowed for two distinct operationd data sets to be obtained for

asingle intersection gpproach.

Sample Size

The procedure outlined inthe ITE Manual of Traffic Engineering Sudieswas used to determine the
number of hours of data collection required (1). Conflicts per unit time were selected because many
intersectiontraffic volumeswere not known at the time of study and they could be compared withrates per
unit time previoudy established. These rates are presented in Table 3.

After sdecting conflicts per unit time as the parameter of interet, the required sample size was
caculated. Hours of data collection depended on the type of conflict(s) to be studied, the desired
accuracy, and the traffic volume at the intersection. When the traffic volumes were not known, it was
assumed that each intersection had entry volumes greater than 10,000 vehicles-per-day (vpd). The
following equation was used to estimate the number of observation hours needed (1):

t 2 var
NT = [(100 + —)] + ——
[ .PC') ] — (1)
where:
NT = number of unitsof time that must be observed;
t = acongant corresponding to the desired leve of confidence;
PC = permitted error in the estimate of the mean conflict rate (percent);

var = expected variance of the conflict rate; and

mean = expected mean of the conflict rate.
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Table3. Typical Conflict Rate Statisticsfor Intersections with Four Approaches.
Conflicts/Day
Conflicts/Hour Percentile
Conflict Type Mean | Variance | Mean | Variance 90th 95.0
Signalized with Entry Volumes Greater Than 25,000
Left-turn same direction 8 22 83 12000 270 360
Slow vehicle 61 34 670 24000 870 940
Lane change 2 C 18 160 35 43
Right-turn same direction 20 11 220 7600 470 510
Opposing left-turn 2 1.2 22 380 48 60
All same direction® 90 74 990 67000 1300 1500

Signalized with Entry Volumes 10,000 to 25,000 Vehicles/Day

Left-turn same direction 12 22 130 10000 270 340
Slow vehicle 34 11 380 4900 470 500
Lane change 0.7 C 8 53 17 22
Right-turn same direction 11 12 120 2400 190 220
Opposing left-turn 2.6 1.2 29 210 49 56
All same direction® 59 95 640 25000 860 930
Unsignalized with Entry Volumes 10,000 to 25,000 Vehicles/Day
Left-turn same direction 12 21 130 12000 270 350
Slow vehicle 14 5.2 150 5900 260 290
Lane change 5.6 11 62 1200 100 120
Right-turn same direction 0.8 1.2 9 40 17 21
Opposing left-turn 0.8 1.1 9 99 21 29
All same direction® 29 77 320 29000 540 640
Through cross traffic® 0.6 c 7 16 12 14

Unsignalized with En

try Volumes 2,500 to 10,000 Vehicles/Day

Left-turn same direction 6.4 22 71 1000 110 130
Slow vehicle 9.3 5.5 100 9600 220 300
Lane change 5.3 11 58 2200 120 150
Right-turn same direction 0.3 c 4 8 8 9

Opposing left-turn 0.5 1.1 6 12 10 12
All same direction® 21 77 230 18000 410 490
Through cross traffic® 1.1 c 12 75 24 29

&  All same direction includes left-turn same direction, slow vehicle, lane change, and right-

turn same direction

¢ Data not available

Through cross traffic includes cross traffic from left and cross traffic from right conflict
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Mean and variance vaues were selected from Table 3. The opposing left-turn conflict type was of
primary interest and mean and variance (2.6, 1.2) were selected accordingly. A PC vdue of 30 was
selected whichprovided for arange of +/- 30 percent inthe precisionof the estimate. Thisrdatively broad
range in precision was considered acceptable because of the low number of expected left-turn conflicts.
Based on the mean conflict rates presented in Table 3 for opposing left-turn conflicts, an error of 30
percent resulted in an error of less than one conflict/hour. Each of the numerica vaues sdected were

congstent with previous research results.

A t value of 1.96 was sdlected which represented a 95 percent level of confidence. Applying at of
1.96, PC of 30, variance of 1.2, and mean of 2.6 to Equation 1, the results indicated that approximately
eight hours of conflict Sudy datawasrequired at eachste. Dueto the infrequency of the conflict types of
interest inthis research, attemptsto improve the precison of the estimate were explored but not accepted
due to the impracticaity of theresult. For example, to improve the permitted error of the estimate from
30 to 10 percent, hours of observation increased from 8 to 68. Given thisresult, it was determined that
aminimum of eight hours of conflict data would be obtained at each intersection.

Data Collection Equipment

Data collectionequipment consi sted of two items: adata collectionformand avideocamera. Primaily,
conflict datawere recorded using a data collection form, based on field observations. During the conflict
studies, a Sony Steady Shot™ 8 mm video camera was used to record vehicle maneuvers onvideotape.
The videotape provided a visud record of the intersections observed and was used to review severa
intersections where questionable conflicts and eventswere observed. The videotape datawere also used
to compurte traffic volumes when other volume information was not available and to observe specific

intersection operations.
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Data Collection

A one day (8 hour minimum) traffic conflict study was conducted at each of the intersections selected.
Datawas collected betweenthe hoursof 7:00 A.M. and 6:00 P.M. on weekdays. No traffic breakdowns
(congestion, signd failure, crashes) or weather conditions were experienced that inhibited data collection
efforts.

The data collectionprocedure included a 10 minute set-up period before the tart of the conflict study
followed by data collection for 25 minutesineach 30 minute segment. Conflict sudy techniques generdly
recommend that a short break be taken every 30 minutes to regain concentration and adlow for changes

in data collection forms and videotapes (1). This recommendation was followed.

Both traffic conflict and treffic event data were recorded during the data collection period. The
researcher was positioned gpproximately 300 feet from the intersection in alocation conceded from the
approaching traffic. Only conflicts and eventsthat happened inrelation to the features of the PPLT sgnd
display and the approach of interest wererecorded. The video camera was mounted on atripod near the
location of the researcher dlowing video datato be collected smultaneoudy with the traffic conflict sudy
as a backup to the manua data collection.

For each conflict or event observed, the time, vehicle position, vehide movement, conflict and/or event
number, and commentsto help define the actions observed wererecorded. Appropriate coding was used,
as indicated on the data collection form, to expedite the recording process and to provide consistency
between |ocations.

Traffic volume, intersection geometry, and sgnd phasing data were obtained for each intersection in
the conflict sudy. Generdly, this information was provided by the locd traffic engineer. Traffic volume
was used to provide anadditional ratemeasurement of conflictsand events. Intersection photographswere
taken to supplement this information.
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Data Reduction

At the completion of each conflict study, the conflict and event data were reduced by summing the
totds of each type. Since both conflicts per hour and conflicts per day were of interest, the data was
adjusted for unobserved time periodstoanequivadent 11-hour day. Thisadjustment also alowed observed
conflict rates to be compared to conflict rates presented in Table 3.

No weighted adjustments were used as it was assumed that there was little difference in counts from
period to period. To account for differences in traffic volumes and exposure, conflict and event rates per
1,000 entering vehicles were computed. Entering vehicles were consdered to be the sum of the left-turn
vehicles and opposing through vehicles observed in the 11-hour study period.

DATA ANALYSIS

The andlyss of traffic conflicts and events at a Sgndized intersection provides a relaive measure of
crash potentia and safety.  Specific traffic movements can be isolated, and the safety effects of those
movementsevaluated. The purpose of the conflict study wastoisolatetheleft-turn movement and evauate
the safety effects of the PPL T signd display and associated attributes. Becausethe study wasfocused only
on the left-turn maneuver, and more spedificaly, on driver understanding or lack of understanding of the
left-turnsgnd display, only conflictsand eventsdirectly related to | eft-turns were recorded and eval uated.
The conflicts of primary interest were:

I Typel- Opposng left-turn conflict;

1 Type2 - Left-turn same-direction conflict;

1 Type 3 - Left-turn lane change conflicts, and

1 Type4 - Secondary conflicts (pedestrians, bicycles, lane overflow, etc.).
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Smilarly, the events of primary interest were:

Type 1 - Hestate on green arrow;

Type 2 - Hesitate on the permitted indication;

Type 3 - Ran through the red bdl indication; and

Type 4 - Back-up out of the intersection into the left-turn lane.

Evaluation of Observed Traffic Conflicts

Conflicts were dratified according to conflict types and then pooled to determine the conflict
frequenciesat eachintersectioneva uated. Theresultsof thepooled conflict frequency andysisispresented
in Table 4 showing the tota number of conflicts observed, the conflict rate (per 1,000 entering vehicles),
and the rank of the conflict rates by intersection. Conflict rate per time can also be computed by
conddering total conflicts over an 11 hour evaluation period. PPLT signd display, permitted indication,
and left-turn phasing information is aso presented.

Conflict rateswere generdly consistent withthe average rates presented in Table 3. Opposingleft-turn
conflicts (Type 1) ranged from O to 1.5 conflicts per hour and from O to 1.3 conflicts per 1,000 entering
vehicles. The average rates were dightly below those of Table 3 but well within the variance presented.
When the observed conflicts from &l 24 intersections were added, there was a total of 166 left-turn
conflicts. Only 11 conflicts (7 percent) were Type 2, Type 3, or Type4. Specificdly, nine Type 2 conflicts,
two Type 3, and no Type 4 conflicts.

Type 1 Conflicts. Focusing on the 155 Type 1 conflicts, 146 conflicts appeared to be caused by
aggressve driving. Two occurrenceswere quitecommon. Firdt, Ieft-turn drivers continued to make left-
turn maneuvers during the yellow and all-red intervals following a protected left-turn phase. 1n essence,
driverstried to extend the greenperiod. Left-turndriverswho continued to turn |eft after the protected | eft-
turn phase often found themselves in conflict with the opposing through vehicles. Through drivers were
forced to hestate at the onset of the through movement green ball indication to avoid a collison.
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Table4. Cumulative Conflicts.

Conflicts
City ID! | PPLT Display? | PI3 LT Phase Total | Rate* | Rank
1 5-Verticd GB Lead 8 0.8 19
2 5-Horizontal GB DdlasLead 17 13 22
D_a:)l(as, 3 5-Horizonta GB DdlasLag 17 13 22
4 5-Horizontal GB Ddlas-Lead 9 0.7 15
5 5-Horizontal GB Dalas-Lag 9 0.7 15
6 4-Cluster FRA Lead 3 0.3 6
Dover,

DE 7 4-Cluster FRA Lead 9 0.9 21
8 4-Cluster FRA Lead 2 0.2 5
Oakland 9 3-Verticd FRB Lag 8 0.5 12
County, Ml 10 3-Vertica FRB Lag 4 0.7 15
11 3-Verticd FRB Lag 3 0.3 6
_ 12 5-Horizontal GB Lead 20 14 24
Co”egifa'on’ 13 | SHorizonta | GB Lead o | 14 | 24
14 5-Cluster GB Lag 5 14 24
15 4-Verticd FYB Lead 0 0.0 1

Sesttle, WA 16 4-Verticd FYB Lead 3 0.3
17 4-Verticd FYB Lead 0 0.0 1
18 5-Cluster GB Lead 3 0.8 19
Portland, OR 19 5-Cluster GB Lead 3 0.3 6
20 5-Cluster GB Lead 3 0.3 6
21 4-Verticd FRA Lead 3 0.7 15

Cupertino, CA | 22 4-Verticd FRA Lead 1 0.1
23 4-Verticd FRA Lead 0 0.0 1
24 5-Cluster GB Lead 8 0.6 13
Orlando, FL 25 5-Cluster GB Lead 10 0.6 13
26 5-Cluster GB Lead 9 04 11

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. Conflicts per 1,000 entering Vehicles.
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The second common occurrence of the Type 1 conflict involved left-turndrivers accepting avery smdl
gap in the opposing traffic stream during the permitted |eft-turn phase.  This conflict appeared to be a
functionof the level of congestionand the availahility of acceptable gaps. As congestion increased and the
number of available gaps decreased, |eft-turn drivers became morewilling to accept smdler gapsand take
greater risks. Each of these conflicts required the through movement driver to brake and/or change lanes

to avoid acallison.

The remaining nine Type 1 conflicts appeared to be directly related to alack of driver understanding
of the PPLT sgnd display. In each case, the misunderstanding occurred during the permitted left-turn
phase. Table 5 presentsof summary of these conflicts including location, permitted indication, and a brief

description of the apparent cause.

Although the numbersare few, several trendsareidentified in Table 5. Firdt, eight of the nine conflicts
appeared the result of left-turn drivers assuming right-of-way during the permitted left-turn (green ball
indication) phase. Thetwo Type 1 conflicts associated with Dalas phasing werearesult of left-turn drivers
receiving a green bal indication opposite the opposing protected left-turn and assuming right-of-way.
Second, more Type 1 conflictswere associated withthe five-section cluster display thandl other displays.

Type 2 Conflicts. A review of Type 2 conflicts found that each occurred at an intersection usng a
five-section digplay and the green ball permitted indication. 1n each case, the conflict was caused by the
lead |€eft-turn driver making an aorupt hesitation, forcing the following |eft-turn drivers to brake sharply in
avoidance of arear-end collison. There were severa reasons for the abrupt movement which caused the
conflict to occur. Primarily, Type 2 conflicts seemed to be aresult of indecision by the lead |eft-turn driver.
Insevera instances, the driver beganto turnleft during the permitted phase, then, aoruptly rejected the gap.
In other ingtances, a driver began to turn Ieft at the onset of the green ball permitted phase, and then
stopped, presumably because they redlized that they did not have right-of-way. There gppeared to bea
relationship between driver misunderstanding of the permitted greenbdl indicationand the Type 2 conflict.
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Table5. Type 1 Conflicts Dueto Driver Misunderstanding of the PPLT Signal Display.

PPLT Left-Turn
ID* | Display? | PI® Phasing Type 1 Conflict Cause
Assumed right-of-way at the onset of the green ball
5 5-Horz. GB | DdlasLag permiitted incication.
] Assumed right-of-way at the onset of the green ball
5 5-Horz. GB | DdlasLag permitted indicetion.
7 4Cluger | FRA L ead Assumed right-of-way a_lfter s_toppl ng at flashing red
arrow permitted indication.
Assumed right-of-way and turned |eft without gap
19 | SCluser | GB Lead during the green bal permitted indication.
Assumed right-of-way and turned |eft without gap
24 | SCluser | GB Lead during the green bal permitted indication.
Assumed right-of-way and turned left without gap
24 | SCluser | GB Lead during the green bal permitted indication.
Assumed right-of-way and turned | eft without gap
24 | SCluser | GB Lead during the green ball permitted indication.
Assumed right-of-way and turned left without gap
25 | SCluster | GB Lead during the green ball permitted indication.
Assumed right-of-way and turned left without gap
25 | SCluster | GB Lead during the green ball permitted indication.

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 = Bdl; A = Arrow; F = Flashing.

Type 3 Conflicts. Type 3 conflictswere areault of driving error not related to drivers: understanding

of thesgnd displays. Therefore, Type3 conflict provided little informationrel ated to driver understanding
of the sgnd display and were not included for further andyss.

Statistical Analysis of Conflicts. Because of the limited number of conflicts that can be corrdated

to driver’s misunderstanding of PPLT sgnd displays, applying a statistical procedure in an atempt to

identify sgnificance was not feasible. Thus, the results of the conflict sudy are Srictly observationa and

are presented in the following section.
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Conflict Study Results
Severa results of the conflict study can be noted. First, the number of left-turn opposing conflicts
(Type 1) observed were congstent with the average rates identified in Table 3, dthough generdly on the

lower end of the variance.

Second, the green ball permitted indication was associated with nearly al of the conflicts caused by
breakdowns in driver understanding. There remains atendency for drivers to assume that the green ball

indication provides right-of-way in dl instances, dbeit infrequent.

Third, only one conflict associated with an apparent lack of driver understanding was observed with
the flashing red arrow permitted indicationand no conflictswere observed withthe flashing yelow bdl and
flashing red bal permitted indications. This result is condstent with the argument supporting flashing
permitted indications.

Findly, the Type 1 conflicts were observed more often a intersections using five-section cluster
displays. Thefive-section cluster diplay appeared to be successful in identifying its association with the
left-turn movement, but drivers may have been more prone to assume that the indication illuminated in the
cluster display pertained only to the left-turn movement.

PPLT Signal Display Ranking. There was not suffident evidence in the conflict study results to
provide a ranking of PPLT sgnd display based on therr safety peformance. Nevertheless, it was
concluded that the flashing yellowand red ball permitted indications performed better than both the flashing
red arrow indication and the green bal permitted indication, as identified in Table 6.
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Table 6. Ranking of Conflict Rates by Indication.

Per mitted Indication Rate! Rank
Green Bdll 0.9 4
Hashing Ydlow Bdl 0.1 1
Flashing Red Arrow 04 2
Hashing Red Ball 0.5 3

1. Conflicts Per 1,000 Entering Vehicles.

Evaluation of Traffic Events

Along with traffic conflicts, traffic events were identified and recorded during the data collection
process. Unlike traffic conflicts, traffic events provided a more direct observational messure of driver
understanding related to PPLT signal displays. Each event was associated with a driver error related to
interpretation and undergtanding of the PPLT sgnd display and its intended message.

Smilar to the evaluation of traffic conflict data, traffic event data was tratified according to event type
and then pooled to determine event frequencies. A direct comparison of the frequency of traffic events
(driver error) with each type of PPLT sgnd display was completed. The findings are shownin Table 7.

The total number of events observed at each study intersectionwas calculated. Thesetotal were used
to caculatethe event rate (per 1,000 vehidesentering) and torank the performance of the intersectionwith

respect to event occurrence. These findings are shown in Table 8.

The number of events observed ranged from O to 3.3 events per 1,000 entering vehicles. College
Station, Texas (five-sectionhorizontal/cluster PPL T sgnd displays, greenba| permitted indication) had the
highest average event rate a 2.0 followed by Sesattle, Washington (four-section verticd PPLT dgnd
digolay; flashing ydlow bal permitted indication) and Portland, Oregon (five-section cluster PPLT signd
display; green bdl), both at 1.5. Cupertino, Cdifornia had the lowest average event rate & 0.3. The
following sections explore each of the four event types individualy.
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Table 7. Observed Event Frequency by Type.
Event Type
City ID? PPLT Display? PI3 LT Phase 1 2 3 4
1 5-Vertica GB Lead 3 2 2 0
2 5-Horizontal GB DallasLead 0 0 0 0
D?:(aa 3 SHorizontad | GB| Dalastagy | 0 | 0 | 0 | 0
4 5-Horizontal GB Dallas-Lead 5 5 0 0
5 5-Horizontal GB DdlasLag 5 5 0 0
6 4-Cluster FR Lead 11 5 0 0
Dover,
DE 7 4-Cluster FR Lead 2 4 0 0
8 4-Cluster FR Lead 8 2 0 7
Oakland 9 3-Vertical FR Lag 4 0 0 2
County, Ml 10 3-Vertical FR Lag 2 0 0 0
11 3-Vertical FR Lag 9 9 0 0
College 12 S-Horizontal GB Lead 34| 4 0 2
Sttion, 13 5-Horizontal GB Lead 13 0 0 0
> 14 5-Cluster GB Lag 2 | 2100
15 4-Verticd FY Lead 12 2 0 11
Sesttle, WA 16 4-Verticd FY Lead 6 0 3 7
17 4-Vertica FY Lead 0 0 0 0
18 5-Cluster GB Lead 8 5 0 0
Portland, OR | 19 5-Cluster GB Lead 5 2 0 0
20 5-Cluster GB Lead 2 2 0 0
_ 21 4-Vertica FR Lead 0 1 0 0
C“pgﬂno' 22 4Vertica FR Lead o|lo|o]3
23 4-Verticd FR Lead 0 0 0 3
24 5-Cluster GB Lead 7 1 0 0
Orlando, FL 25 5-Cluster GB Lead 3 2 0 2
26 5-Cluster GB Lead 6 0 0 0

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.
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Table 8. Cumulative Events.
Events
City D? PPLT Display? PI3 LT Phase Total Rate Rank
1 5Verticd GB Lead 7 0.7 13
2 5-Horizontal GB Dallas-Lead 0 0.0
D_?)I(as, 3 5-Horizontal GB Dalas-Lag 0 0.0
4 5-Horizontal GB Dallas-Lead 10 0.8 15
5 5-Horizontal GB DdlasLag 10 0.8 15
6 4-Cluster FRA Lead 16 15 19
Dover,
DE 7 4-Cluster FRA Lead 6 0.6 12
8 4-Cluster FRA Lead 17 15 19
Oakland 9 3-Vert. FRB Lag 6 0.4 8
County, | 10 3-Vert. FRB Lag 2 0.4 8
M 11 3-Vert. FRB Lag 18 2.0 22
College 12 5-Horizontal GB Lead 40 29 25
Station, 13 5-Horizontal GB Lead 13 2.0 22
LR 14 5-Clugter GB Lag 4 12 | 18
15 4-Veticd FYB Lead 25 2.7 24
SWEE" 16 4-Verticd FYB Lead 16 17 21
17 4-Vertica FYB Lead 0 0.0 1
18 5-Cluster GB Lead 13 3.3 26
Pog;”d’ 19 5-Cluster GB Lead 7 | o8| 15
20 5-Clugter GB Lead 4 0.4 8
_ 21 4-Veticd FRA Lead 1 0.3 5
C”pce';{' [ 22 4-Vertica FRA Lead 3 03 | 5
23 4-Veticd FRA Lead 3 0.3 5
24 5-Cluster GB Lead 9 0.7 13
Or'lf‘ljdo’ 25 5-Cluster GB Lead 7 05 | 11
26 5-Clugter GB Lead 6 0.2 4

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. Events per 1,000 entering Vehicles.
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Type 1 Events. Type 1 eventsinvolved left-turn vehicles hesitating or not turning left while the green
arrow wasilluminated, during the protected left-turn phase. This event type accounted for 60 percent of
al of the events observed.

College Station, Texas had the highest average number of Type 1 events. The largest numbers were
found at intersections containing a five-section horizontal PPLT sgnd display, located over the laneline,
using aleading (dud) left-turn Signd phasing sequence. With a dua lead |eft-turn phasing sequence, the
protected green arrow indication was illuminated after the conclusion of the side street phase, whilethe
adjacent through movements continued to receive ared bdl indication. Subsequently, the green arrow and
red bl indications were smultaneoudy illuminated in the five-section horizontal Sgnd display.  With the
green arrow indication placed to the right of the red bal indication in the five-section horizonta display,
drivers appeared ether to misstheinitid illumination of the green arrow indication or hesitate for severa

seconds to be assured that making the left-turn maneuver was safe.

Type 1 events associated with the five-section horizontal PPLT signd display in Ddlas, Texas were
muchless frequent. As part of the Dalas phasing concept, left-turn drivers recelved either agreenarrow
or green bl indication throughout the entire time that the opposing left-turn and adjacent arteria through
movement was serviced. In addition, the city of Dallaswas opposed to displaying the green arrow and red
bdl indication smultaneoudy in a five-section sgnd display as required by the MUTCD. Therefore, a
greenarrow and greenbdl indicationwere smultaneoudy illuminated inthe PPLT sgnd display regardiess
of the current through movement indication.

Ddlas effort to overcome driver confusonassociated with the Smultanecus illumination of the green
arrow and red bdl indication for the protected left-turn movement actualy created additional driver
confusion. Left-turn drivers received agreenarrow and greenbal indicationduring the protected left-turn
phase, accompanied by asupplemental Sgnthat read | eft-turn yield on green (ball). Driverswereforced

to assume that the greenarrow indicationtook precedence over the greenbdl indication and to ignore the
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supplementa sign during the protected |eft-turn phase.

No Type 1 events were observed in Cupertino, Cdifornia. Cupertino used two four-section vertica
PPLT dgna displays, one centered over the lane line and one far sde pole mounted. Drivers appeared
to focus on the far sde sgna display knowing that this display pertained only to the left-turn movement.
Oakland County, Michigan aso used two PPL T signd digolays induding afar side pole mounted display.
Severa Type 1 events were observed in Oakland County; however, some noticegble differences were
identified.

Oakland County used alagging (dud) left-turnsigna phasing sequence. Theleadvehideintheleft-turn
gueue oftenmoved into the i ntersection searching for a gap during the permitted | eft-turnphase. By moving
into the intersection, drivers had moved under the overhead PPLT signd display making it nolongervishle.
If the vehicle had not accepted a gap before the onset of the protected | eft-turn phase, drivershad to rely
onthe far sde sgnddisplay or asecondary queue, such as the stoppage of the through movement vehicles,
for notification of the protected phase. In addition, Oakland County hasan extremely high occurrence of
red light violations. Severa Type 1 events observed in Oakland County were aresult of drivers hesitating
and being overly cautious in making sure that the through movement vehicle(s) was stopping on red.

Ingenerd, Type 1 eventswere highet with the five-section horizonta display when dud lead left-turn
sgnd phasing was used. Further, more Type 1 events were observed with the leading left-turn phasing
sequence than the lagging left-turn sequence. The addition of asecondary left-turn sgnd display provided
driversa second source of |eft-turn information which appeared to have apogtive effect inreducing Type

1 events.

Type 2 Events. Type 2 events involved drivers hesitating on the permitted indication and/or not
accepting agaps of sufficient 9ze inthe opposing traffic stream.  Type 2 events represented 22 percent of
al events observed, equdly distributed among the study intersections.
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The primary cause of Type 2 eventswas driver overcautiousness in gap sdection during the permitted
left-turn phase. Severd driversinvolved in a Type 2 event did not accept any of the large gaps available
during the permitted left-turn phase, but waited until the protected phase before turning. These were
random occurrences with no PPLT display or signa phasing concept exhibiting more than the others,
however, ederly drivers were most often involved. The remaining Type 2 events observed provided no

evidence of deficienciesin ether the PPLT signd display, phasing sequence, or indication.

Type 3 Events. Type 3 eventsinvolved drivers running the red ball indicationor, inother words, red
light violations. Data collection for Type 3 events began in earnest with the first severa intersections
observed; however, it soon became gpparent that red light violations were occurring at the end of dmost
every sgnd phase, none of whichwererelated to driver’ sundersanding of the PPL T or through movement
sgnd displays. Mogt often, red light violations appeared to be rel ated to aggressive driving and avoidance
of dday. Because of this, only Type 3 events that were dearly afunctionof driver misunderstanding were

recorded.

As defined, only five Type 3 events were observed during data collection, representing two percent
of the total events observed. In eachingance, it gppeared that the | eft-turn driver may have observed the
through movement green bal indication, while the left-turnindicationwas red, and assumed the green ball
indication gpplied to the left-turn movement. In any event, there were very few occurrences of Type 3
events related to driver understanding and there were no consistent patterns among PPLT signal display

types.

Type 4 Events. Type 4 events occurred when drivers found themsdvesinthe intersectionat the end
of the left-turn phase, forcing them to back into the left-turn lane, behind the stop bar, to clear the
intersection and wait for the next left-turn opportunity. The largest number of Type 4 events occurred in
Sesttle, Washington. No PPLT sgnd display related reasons were observed to explain this high number
of Type4 events. Thisresult was attributed to alack of acceptable gaps near the end of the permitted left-
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turn phase and the lack of opportunity to make a sneaker Ieft-turn.

The next largest occurrence of Type 4 events wereinDover, Delaware and Cupertino, Cdifornia. In
each location, the flashing red arrow permitted indication terminated directly to a solid red bl indication,
without any form of clearance interval. Because of this, drivers in the intersection waiting to make a
permitted | eft-turn suddenly found that the flashing red arrow left-turnsignd display indicationhad changed
to asolid red ball leaving the driver with limited options, the safest of which was backing up and waiting
for the next left-turn opportunity.

Ingenerd, Type 4 events were associated with the flashing permitted indications. Only four of the 37
Type 4 events observed occurred at a location which used the permitted green ball indication. As
previoudy mentioned, the difficultiesin providing acleerance interva with severa of the flashing permitted
indications can explain some of the differences observed. Oakland County, Michigan was an exception
gnce they used alagging protected | eft-turn phase as part of the clearance interval, regardless of the | eft-
turn demand at the end of the permitted left-turn phase.

Statistical Analysis. The event rate were anadlyzed usng the variance (ANOVA) procedure using
the Minitab™ satistical softwarepackage (10). All statistical testswere based on a95 percent confidence
levd (i.e. the probability of falsergection o is 5 percent). The ANOVA was dso extended into multiple
comparison tests, which were conducted using two procedures (11).

Since the events observed were consolidated into a single event rate per intersection, only one
andyzable observation per intersection was available. A comparisonof means procedure confirmed that
therewas adatidticaly significant difference in evert rates between intersections. Pooling the results by
PPLT sgnd display type and goplying an ANOVA procedure, the difference in averaging rates was not
ggnificant. Smilarly, sgna phasing sequence and location werenot Sgnificant. Non-sgnificant differences
inlocationimpliesthat differencesin permitted indications used and the location of the PPLT sgnd display
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were not sgnificant. The results suggested that the differencesin event rates between intersections were
ether due to random variationor were afunctionof specific event types. Therefore, each event type was
explored individualy.

Applying the ANOVA procedure to the Type 1 event data found that the differencesin PPLT signd
phasing sequence was not Sgnificant; however, the PPLT signd display type and location were significant.
A comparison of displays using Tukey’s pairwise procedure found that the five-section horizontal display
used in College Station had asgnificantly higher event rate thandl other displays. College Station wasthe
only location that used the five-section horizontal display with leeding (dud) left-turn sgnd phasing. The
phasing sequence resulted in the simultaneous presentation of the protected green arrow and through
movement red ball indications. Andysisof event Types 2, 3, and 4 did not find any sgnificant factors.

Event Study Results

Evduaingeachevent typeindividualy found that the five-sectionhorizonta displaywasassociated with
adgnificantly higher rate of Type 1 events. The amultaneous illumination of the green arow and the red
bl indications, increases the complexity of the signd display and appearsto increase the associated driver

workload. Theincreasein driver workload ultimately leads to an increase in driver error.

There was not auffident evidence to determine whether the placement of the PPLT signd display
affected safety. During the fidd studies, it appeared that the use of a secondary far sde PPLT signd
display had a pogtive affect, dthough this observationwas not evident inthedata. The permitted indication
was not found to have a sgnificant effect on safety; however, a Sgnificantly higher event rate was found
with the five-section horizontal display which implied that the complexity of the Sgnd display arrangement
could affect sefety, dthough there was dependence onthe indications shown.  Left-turn lane geometry was
identical for al locations and could not be eval uated.
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PPLT Signal Display Ranking. Based on the results of traffic event evaluation, Table 9 provides
the ranking of PPLT sgnd display by average event rate (per 1,000 vehicles entering). Note that the
rankings combine ssgnd displays withleft-turn phasing sequence due to thar interdependence. In addition,

Table 10 provides arank by permitted |eft-turn indication.

Table9. Ranking of PPLT Signal Displays by Event.

Working Paper 5
Page 29

PPLT Signal Display Permitted Indication LT Phasng Rate? Rank
5-Section Vertical Green Bdl Lead 13.0 5
4-Section Vertical Hashing Ydlow Bl Lead 15.3 7
4-Section Vertica Flashing Red Arrow Lead (dud) 5.0
3-Section Vertica Fashing Red Bl Lag (dud) 12.7 4

5-Section Horizontal Green Bdll Lead (dud) 235 11
5-Section Horizontal Green Bdl Ddlas 8.0 2
5-Section Cluster Green Bdll Lag 18.0 9
5-Section Cluster Green Bdl Lead 8.0 2
5-Section Cluster Green Bdll Lead (dud) 13.8 6
4-Section Cluster Flashing Red Arrow Lead 19.0 10
4-Section Cluster Flashing Red Arrow Lead (dud) 155 8
1. Events per 1,000 entering vehicles
Table 10. Ranking of PPLT Signal Display I ndications by Event.
Permitted Indication Rate! Rank
Green Ball 14.1 3
Hashing Ydlow Bl 15.3 4
Flashing Red Arrow 13.2 2
Hashing Red Bl 12.7 1

1. Events per 1,000 entering vehicles
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