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INTRODUCTION

Saddy and efficiently accommodating left-turning vehides a the gpproximatey 300,000
sgndized intersections in the U.S. is a source of concern for traffic engineers, and this concern
has resulted in the use of severd unique traffic engineering practices (1). Although dedicated
turn lanes and protected Ieft-turn phases have improved intersection operation and safety, they
have done s0 a the expense of intersection efficiency, as the time provided for an exclusve left-
turn phase mugt be taken away from other critical movements at the intersection. In an effort to
minimize this problem, protected/permitted left-turn (PPLT) signd phasing was devel oped.

PPLT ggnd phasing provides an exclusve, or protected, phase for left-tuns as wel as a
permitted phase during which left-turns can be made if gaps in opposing through traffic alow, dl
within the same sgnd cycle (1). The theory of PPLT sgnd phadng is to minimize the exdusve
left-turn phase time requirements while increesing the opportunity for left-turn maneuvers.  Use
of PPLT phasng can lead to incressed left-turn capacity and reduced dday, improving the
operationd efficiency of the intersection.

Although the potential benefits associated with PPLT have been identified, they can only be
achieved when PPLT information is correctly presented to the driver. PPLT information is
presented to the driver through the illuminaion of circular- and arrow-shaped indications within
a treffic 9gnd display. The meaning of dl dgnd indications is trangmitted through a
combination of color, shape, orientation, and postion of the dgnd disgplay.  Additiond
information may be provided to the driver in the form of supplementd signage.

PROBLEM STATEMENT

Although the Federd Highway Adminigration (FHWA) recommends a five-section sgnd
digolay for left-turn control, the Manud on Uniform Traffic Control Devices (MUTCD) does not
require the use of a separate sgnd display for PPLT control (2). Many states have adopted
gther the five-section cluster (doghouse), horizonta, or verticd display, located overhead
between the through and turning lanes, which provides a green arrow for the protected phase and
acircular green (green bal) for the permitted phase.

Despite the potentid increase in left-turn capacity achieved with PPLT control, problems with
PPLT dgnd phesng, primaily related to the green badl permitted indication, have been
identified but not relved (1). Many traffic engineers believe that the MUTCD green bdl
permitted indication is adequate and properly presents the intended message to the driver. Other
traffic engineers bdieve tha the green bdl permitted indication is not wel undersood and
therefore inadequate.  The later belief is based on the argument that left-turn drivers may



interpret the green bal permitted indication as a protected indication, cregting a potentid safety
problem.

To overcome this potential problem, traffic engineers have developed at least four variations of
PPLT permitted indications. These variaions replace the green bal permitted indication with a
flashing red bdl, flashing yedlow bal, flashing red arow, or flashing ydlow arow indication.
Additiondly, variations in sgnd display arangement and placement ae goplied.  This
vaiability has led to a myriad of PPLT dgna displays and permitted indications throughout the
United States that may confuse drivers and lead to inefficient and unsafe operations.

Ongoing research has identified a& least seven unique combinations of PPLT dgna displays and
permitted indications in the United States (1). Figure 1 presents severd of the unique displays.
Displays vary in arangement, number of sgna sections and in permitted indications from the
three-section verticd digplay with flashing red bal permitted indication in the Detroit, Ml areq,
to the four-section vertical disgplay with a flashing yelow bal permitted indication used in
Sedttle, WA, to the four-section cluster which uses a flashing red arrow permitted indication in
Dover, DE (1). These unique combinations are in addition to the various arrangements of five-
section digplays that use the crcular green bal for the permitted indication.  Additiond
vaiations of PPLT control exig in sgnd phasng, sgnad placement, and the use of supplementa
sgns.

The Nationd Committee on Uniform Traffic Control Devices is concerned that the variety of
PPLT controls may be confusng to motorists, and has recommended a comprehensive, nationd
rescarch sudy to vaidate the operationd advantages and safety aspects of the various left-turn
controls.  Specifically, there 5 need for research to address driver confusion issues related to the
permitted indication. In addressng these problems, it will be necessary to congder the safety
implications of increased sgnd efficiency and the difficulty in uniformity among States.

This paper discusses the results of a driver comprehenson evauation of the permitted indication
of PPLT disdlays completed usng full-scde dynamic driving dmulators a Universty of
Massachusetts — Amherst (UMass) and the Texas Trangportation Inditute (TTI). The objective
of this research task was to evaduate the safety and effectiveness of sdected PPLT signa displays
and phasing for PPLT control.
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Figure 1l Variations of PPLT Displays.




BACKGROUND

With the usage of PPLT displays to convey intended messages to the drivers at dgndized
intersections, driver comprehenson must be maximized to obtain the potentid benefits of PPLT
disolay, including both safety and efficiency. The limited guidance of the MUTCD has led to a
vaiety of PPLT displays, and the display that has become the most used, the green bal permitted
indication, is perhaps confusng to drivers. Many transportation professonds have argued that
the variety of PPLT displays as well as the green bal permitted indication has the potentid to
increase the likelihood of a crash. Dependent variables that should be measured to determine the
opadiond efficiency of a PPLT display include driver comprehenson of the disolay,
particularly the permitted indication, aswell asthe sgnd arrangement.

The work completed in Phase | of Nationd Cooperative Highway Research Program (NCHRP)
Project 3-54 encompassed both a comprehensve agency survey and datic driver survey of
sverd PPLT disdlays induding the permitted green bal and severd flashing indications. Phase
| results indicated that the flashing indications had high levels of comprehenson and should be
further evaluated (1).

In Phase |, a comprehensve study of PPLT dSgnd displays was completed. The research
surveyed a tota of 2,465 drivers, from eght locations within the United States.  Of the 30 PPLT
displays evauaed during Phase |, the 3-section vertica display with a flashing red bal permitted
indication had the highest level of driver comprehenson. More dgnificantly, Phase | showed
that the green bdl permitted indication had a lower driver comprenenson levd in most sgnd
disolay arangements, attributed to the duad meaning of the green bdl indication which grants
right-of-way movements to through drivers and requires left-turn driversto yield (1).

Expanding upon the research efforts of NCHRP 3-54, Smith combined five-section displays
(horizontd, verticd, and duder) with ydlow and red flashing permitted indicaiions and
evaduated driver comprehenson through the use of a driving smulator. This sudy was built on
the premise that flashing permitted indications were promisng, and five section sgnd disolays
were recommended, yet flashing permitted indications in five-section PPLT displays were not
previoudy evauated in combination.

Usng both a driving smulator and a gatic evauation instrument (laptop computer), Smith tested
driver comprehendon of five section displays for five different permitted indications (3).
Teding the green bdl permitted indication, flashing yellow bal and arrow permitted indications,
and the flashing red bdl and arow permitted indications, Smith found the flashing ydlow bal
and arrow permitted indications yielded the highest percent of correct response rates. The green
bal indication had levels of undersanding smilar to the flashing ydlow bdl and flashing ydlow
arow, but dgnificantly higher than the flashing red bal and flashing red arow indications
With the daic driver survey, Smith concluded tha the flashing ydlow indications agan
performed the best; however the green bal was the least comprehended. Left-turn drivers often
assumed the green bdl indication provided right-of-way.  Furthermore, Smith’'s research
indicated that the driving smulator could be utilized as an effective research tool in the
evauation of PPLT sgnd displays (3).



SIGNAL DISPLAYS

The PPLT sgna displays sdected for this research have evolved from previous research projects
focused on the evduation of PPLT dgnds, induding Phase | of NCHRP 3-54. The NCHRP 3
54(2) project pane identified a set of 12 different PPLT dgnd displays for evduation. The
sdected displays differ in permitted indication, arrangement, location, and through movement
indication. Each of the 12 displays include only the green bdl and/or flashing yelow arow
permitted indications. The green bal permitted indication represents the current Sate-of-the-
practice and the flashing ydlow arow permitted indication is representative of the most
promisng dterndive based on NCHRP 3-54(2) research to date. Figure 2 provides a visud
representation of the PPLT displays evaluated in the driving Smulator.

SCOPE

The scope of this report was limited to driver understanding of sdected PPLT sgnd displays
evauated & UMass and TTl. The scope of this research is limited to driver understanding of
PPLT ggnd displays including the display arrangement, either vertica or cludter, location of the
PPLT ggnd in rdation to the left-turn lane, either shared or exclusve, ad the permitted
indication. Horizontd dgnd display arangements were not included in this evduation. The
research focuses on the permitted indication, which has been associated with low levels of driver
comprenenson. The flashing red permitted indications, red bal and red arrow, as wel as the
flashing yellow bal permitted indication were not evduaed in this research. Other potentia
parameters that may effect drivers understanding of PPLT dgnd displays such as geometric
design issues, sgnal phasing, and supplementad signage were conddered but not included as a
detailed component of the smulator eva uation.
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RESEARCH PROCEDURES
Driving Smulators

Fixed-base fully interactive dynamic driving sImulators were used to complete the driving
amulaion experiment. The driving smulaors & UMass and TTl ae nealy identicd. The
vehicle base of the UMass driving smulator is a 1995 four-door Saturn Sedan. Drivers are
cgpable of contralling the deering, braking, and accderdting smilar to the actud driving
process, the visud roadway adjusts accordingly to the driver’s actions. Three separate images
are projected to create the “visud world” on a large semi-circular projection screen cregting a
fidd-of-view which subtends approximately 150-degrees. The UMass amulator aso features a
Bose surround audio system, a 60 Hz refresh rate, and a resolution of 1024 x 768 dpi. The
UMass driving smulator is housed in the Human Performance Lab, and is pictured in Figure 5.

Figure3 UMass Driving Smulator



Development of Smulation

A *“visud world” of intersections was developed for use within the driving smulators. One
intersection approach was created for each of the 12 experimentd PPLT sgnd displays, and the
characteristics of each approach were identicd, thus minimizing confounding varidility.
Drivers obsarved each of the 12 experimentd displays once during the driving experiment.
Additiondly, severa intersections that require the driver to turn right, proceed dtraight, or to turn
left on a protected green arow were included as pat of the visud worlds. The additiond
movements were included to provide experimenta variability and reduce the probability of
drivers keying in on the nature of the evauation.

The application of PPLT dgnd displays within the smulation was congant.  All experimenta
ggnd displays within the smulation reted in a red bal or arow indication as drivers
goproached the intersection. Signa displays changed to the experimental indications as the
driver agpproached the intersection. Approximately 30 meters prior to the intersection stop bar,
the PPLT sgnd disolay was “triggered” and changed from a red bal indication to the sdected
permitted or protected indication. Similarly, the through movement indication either stayed with
the red bdl indication or changed from ared bal to agreen bal indication.

Each of the PPLT sgnd displays were evduated with opposing traffic a the intersection.
Opposing treffic required drivers to smultaneoudy evduae the PPLT dgnd display, traffic
movement, and opposing gaps to complete a safe permitted left-turn maneuver.  This
methodology was used to replicate the decison process required during actua operation of a
motor vehicle within the roadway system.

The method of opposing traffic consstently gpplied gaps in the opposing traffic at intersections
which drivers were required to make a permitted left-turn maneuver. The critical gap concept
was used to sdect the ggp Szes The Highway Capacity Manua indicates that a critical gap
vaue of five-and-a-haf seconds for permitted left-turn maneuvers in the desgn of a four-lane
roadway @). Therefore, a gap Sze was seected below the critica gap that most drivers would
not accept (three seconds) and a gap Size was selected above the critical gap that most drivers
would accept (seven seconds). Providing a consstent sequence of three and seven second gaps
prevented gap Sze selection from being a sgnificant variable in the PPLT analyss.

Sx oppodng vehicles were used to create the gap sequence. Two vehicles were aways
positioned at the stop bar in the two through lanes opposing the left-turn driver. The remaining
four vehicles were pogtioned further upstream in a three and seven seconds series of seven
three-seven-seven; therefore, opposing vehicles crossed the intersection seven, 10, 17, and 24
seconds behind the two initialy queued opposing vehicles.

Experimental Process
Subjects were provided an overview of the experimenta procedure and asked to dgn an

Informed Consent Form (per Univerdty policy) when they arived to participate in the smulator
experiment.  Next, drivers were seated in the smulator and given procedurd ingructions.



Drivers were then asked to fasten their seatbelt, adjust mirrors and adjust the radio as they would
in ther own vehidle. The objective was to replicate their normd driving environment to the
extent posshle Subjects were told that vehicle engine noise will be smulated (dong with a
gndl amount of vehide vibration) and a circulaing fan (not used a TTI) will smulate wind
through the driver's sde window. Subject drivers who preferred to have a driver Sde window
closed were instructed to do so.

The driving portion of the study began with a practice module that provided the opportunity for
drivers to traverse a virtud nework and familiarize themsdves with the operationd
characterigics of the smulator vehicle.  Subjects were asked to drive the Smulator vehicle as
they would drive ther own vehicde.  Specificdly, drivers were asked to not drive overly
consarveive nor drive extremey aggressive. At this sage of the sudy, the driver's well being
was closly observed for any ealy dgns of dmulator sckness.  Drivers who successfully
completed the practice course, free of smulator sickness, were permitted to continue with the
smulator study.

Following the practice course, drivers completed the experimenta modules. As noted, drivers
observed each of the 12 experimentd PPLT sgnds displays once during the driving smulator
experiment. To avoid the need for verbad communication during the experiment, drivers were
navigated through the modules by guide signs provided on esch intersection approach. In
addition, drivers were asked to observe speed limit signs (30 mph), providing a higher leve of
redism and speed control during the experiment. The driving portion of the experiment,
including the practice module, required between 15 and 20 minutes to complete.

Data Collection

Drivers  responses to each PPLT sgnd display scenario were manualy recorded as correct or
incorrect.  Incorrect responses were further classfied as being fall-safe or fal-citica. A fal-
safe response was one in which the driver did not correctly respond to PPLT sgnd display, but
did not infringe on the right-of-way of the opposng traffic. A fal-criticd response was an
incorrect response in which the driver incorrectly responded to PPLT sgnd display and impeded
the right-of-way of opposing traffic, cregting the potentid for a crash. Table 1 summarizes the
Sx possible responsesin the smulator experiment.

Throughout the study, drivers were asked to think out loud and verbaly express ther thoughts
about anything they observed. Research team members were present to record the results of the
amulation, including the responses a each intersection and other driving related factors such as
indecison, unnecessary braking, or any pertinent verba comments made. Each experiment was
recorded on videotape alowing the researchers to verify and review the manudly collected data.



Table1l Summary of Possible Driving Smulator Responses

Response
Type Category Sub-category Driver Action

1 Correct . Yiel_d, go if an acceptable gap in opposing
traffic dlows

2 Stop, instead of yield before proceeding
through intersection

By movement
3 Stop and remain stopped (must be directed to
Fail-sdfe proceed)

Stop, wait for dl opposing traffic to pass

4 By treffic before proceeding (driver did not accept

severa large gaps)

No vishble stop or yield before attempting to
5 Non-serious | proceed through the intersection (avoided
conflict by stopping short of opposing traffic)

Fail-criticd
Go through intersection incorrectly taking the
right-of-way from opposing traffic (crested
crash potentia or crashed with opposing
traffic)

6 Sarious

Driver comprenenson of the 12 experimentd dgnd displays was ddidicdly anadyzed usng
datistical procedures. Specificaly, the distribution of correct and incorrect responses was used to
complete an andysis of variance (ANOVA) to compare driver comprehension related to the 12
sdected PPLT sgnd displays For each andyss, the 95 percent confidence interva was
caculated based on abinomia proportion as follows:

95 percent C.l.= p+1.96 X
\/n

where: p = sample proportion;
1.96 = vaue associated with 95 percent confidence levd;
q=1-p; and,
N = number of trids.



Confidence intervas will straddle the estimated parameter a specified percent of time in repeated
sampling; therefore, in this andyss the 95 percent confidence intervd is used, indicating that if
the experiment were repeated 100 times than the mean would be within the caculated confidence
interval 95 percent of thetime. Minitab© release 13.31 was used to complete the analysis (5).

RESULTSAND ANALYSES

A totd of 316 driver completed the driving smulator completed the experiment as described in
this report (223 drivers a UMass and 93 drivers a TTI). The drivers evaluated a total 3,402
amulaor approaches with one of the 12 experimentd PPLT ggnd disilays  Ovedl the
percentage of correct responses was 70 percent. Correct responses ranged from 67 percent to 75
percent for the 12 PPLT dgnd displays. The percentage of correct responses is presented in
Table 2 with a 95 percent confidence interva. Usng the ANOVA modd with a 95 percent
confidence level and testing the null hypothesis that dl 12 means were equa, a pvaue of 0.542
is obtained indicating that the percent d correct responses for the 12 PPLT signd displays do not
differ ggnificantly; a p-value grester than 0.05 indicates that the null hypothesis can be accepted
a the 95 percent level, and a p-vaue less than 0.05 indicates that the null hypothess can be
rejected at the 95 percent leve.

An agument can be made that drivers making a Response Type 4, the fail-safe by traffic
response, have not actualy committed a driving error.  With this response drivers chose to wait
for dl opposing vehicles to pass before completing the permitted left-turn maneuver despite the
presence of severa large gaps in the opposing traffic stream.  In redlity, dl these drivers have
done is operated the vehicle in the smulated environment in an overly cautious manner. Based
on driver comments recorded throughout the experiment, two prevaent explanations as to why
drivers elected to wait rather than proceed were noted:

Driverswere in fact unfamiliar with the vehicle/surroundings and were therefore
unsure if they could safely execute the left turn maneuver within the opposing gap
provided;

They were just cautious by nature.

Consdering both Response Type 1 (correct) and Response Type 4 (fail-safe by traffic) as a
correct response the adjusted percent of correct response is presented in Table 3. After adjusting
to account for both accepted correct responses the overal percentage of correct responses was 91
percent. There was no datidicaly sgnificant difference in the percentage of correct responses
to any of the PPLT sgnd displays (p = 0.611). For the remainder of the analysis both Response
Type 1 and Response Type 4 were considered as correct responses.

Further evduation of the data was completed conddering permitted indication, arrangement,
location, and through indication. These results are presented in Table 4. Left turn permitted
indications were ether green bdl (GB), flashing ydlow arow (FYA), or a Smultaneous
combination (GB/FYA) of the two disdlays. Arrangements evauated were five-section cluster,
four-section vertica, and five-section verticd. Location was ether shared or exclusve and
described the location of the PPLT section head. The through indication was ether GB or red
bal (RB).



Table2 Percent of Correct Responsesin Driving Simulator Experiments

Permitted Thru Per cent 95%

Sc? | Arrangement® | Indication® | Indication” | Obser.® Correct' Cl.
1 5-Section Cluster GB GB 279 71 5
2 5-Section Cluster GB RB 286 75 5
3 5-Section Cluster FYA GB 282 70 5
4 5-Section Cluster FYA RB 285 67 5
5 5-Section Cluster GB/FYA GB 286 69 5
6 5-Section Cluster GB/FYA RB 279 69 5
7 | 4-SectionVerticd FYA GB 281 70 5
8 | 4-Section Vertica FYA RB 288 69 5
9 | 5-Section Vertica GB GB 290 74 5
10 | 5-Section Vertica GB RB 281 73 5
11 | 5-Section Vertica FYA GB 289 67 5
12 | 5-Section Veticd FYA RB 276 71 5
TOTALS 3402 70 2

& Seenario identification number

® PPLT signal display arrangement

© Left-turn permitted indication GB = Green Ball; FY A = Rashing Yellow Arrow

9 Indication for adjacent through lanes GB = Green Ball; RB = Red Bl

© Number of Observations
" Percent Correct which is Response Type 1




Table 3 Adjusted Percent of Correct Responsesin Driving Smulator Experiments.

Permitted Thru Per cent 95%

Sc? | Arrangement® | Indication® | Indication | Obser.® | Correct C.l.
1 5-Section Cluster GB GB 279 90 4
2 5-Section Cluster GB RB 286 93 +3
3 | 5-Section Clugter FYA GB 282 90 3
4 5-Section Cluster FYA RB 285 90 4
5 5-Section Cluster GB/FYA GB 286 94 +3
6 5-Section Cluster GB/FYA RB 279 90 4
7 | 4-Section Vertica FYA GB 281 92 +3
8 | 4-Section Vertica FYA RB 288 91 +3
9 | 5-Section Vertica GB GB 290 92 +3
10 | 5-Section Vertica GB RB 281 91 +3
11 | 5-Section Vertica FYA GB 289 89 4
12 | 5-Section Veticd FYA RB 276 90 4
TOTALS 3402 91 1

& Soenario identification number

® PPLT signal display arrangement

© Left-turn permitted indication GB = Green Ball; FY A = Rashing Yellow Arrow
9 Indication for adjacent through lanes GB = Green Ball; RB = Red Bl

© Number of Observations

" Percent Correct which is Response Type 1 and 4




Table 4 Percent Correct by PPLT Display Component

PPLT Display Per cent Statistical
Component L evel Obser. Correct® 95% C.I. p-value
GB 1136 91 +2
Permitted
Indicatior? FYA 1701 90 +1 0.433
GB/FYA 565 92 +2
5-Section Cluster 1697 91 +1
Arrangement® 4-Section Verticd 569 o1 +2 0.747
5-Section Vertica 1136 90 12
Thu GB 1707 91 +1 0716
Indicatior? RB 1695 o1 +1
Shared 846 90 12
Location® 0.206
Exdusve 2556 91 +1
& Response Types 1 and 4

b eft-turn permitted indication
©PPLT sgnd display arrangement

9 Indication for adjacent through lanes
¢ Location of PPLT Signal Display

The percentage of correct responses by permitted indication ranged from 90 to 92 percent;
however, permitted indication was not datidicdly sgnificant (p = 0433). Smilaly, the
arangement of the PPLT dgnd display was not dgnificant in determining driver comprehension
(p= 0.747). The percentage of correct responses was 91 percent regardless of the through
indication, indicating that this variable was not sgnificant (p = 0.716). Isolaing the location of
the PPLT signd digplay was not satigticaly significant (p = 0.206).

An andyss of driver comprehenson by the geographic region was aso completed. Drivers
participating in the smulaior study at UMass responded correctly 90 percent of the time, and
drivers a TTIl responded correctly 93 percent of the time.  This difference is datidicdly
ggnificant (p = 0.012). Because of this finding the data were cross-analyzed by the percent
correct a each of the 12 PPLT sgnd displays and the location where drivers participated in the
experiment (UMass or TTI).  This andyss yidded no datidicdly sgnificant differences in the
percent correct for each of the 12 expeimentd PPLT dgnd digplays a both experiment
locations (p = 0.529)



SUMMARY OF FINDINGS

Thefindings of the driving Smulator experiment include:

The gap sequence of the opposing traffic was sdlected such that drivers waiting to make a
left-turn would have sufficient time and space to do such; however, in the Smulator many
drivers opted to wait for dl of the opposing vehicles to pass before proceeding with the
left-turn maneuver even when they understood the permitted indication. As a result this
response f(ail-safe by traffic) which was origindly consdered to be an incorrect response
was consdered as a correct response throughout the anayss.

The percentage of correct responses to the 12 PPLT signd displays ranged from 89 to 94
percent, and there was no statigticaly sgnificant difference.

Within the dala st there was no dggnificant differences among the PPLT digplay
components.  Specificdly, there was no sgnificant difference in the percentage of correct
responses by permitted indication (GB, FYA, or GB/FYA), PPLT display arangement
(five-section cluster, four-section verticd, or five-section vertica), PPLT display location
(shared or exclusive), or adjacent through indicetion (GB or RB).

Ovedl, the percentage of correct responses for drivers participating in the experiment at
TTI were ddtidicdly higher than drivers & UMass, however when the data is cross-
andyzed by the 12 experimenta PPLT dgnd displays and geographic location there is
no sgnificant differences in the percent of correct responses.

A complete andyss of the permitted indications discussed in this paper is currently being
conducted as a component of NCHRP 3-54(2), and in addition to the smulator data presented
here, a datigticd amdlyss of incorrect responses, demographic data, and results of a
smultaneoudy conducted static evaluation are being conducted.
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