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INTRODUCTION

The practice of legally permitting motorists the option of right-
turn-on-red (RTOR) at signalized intersections after stopping and yielding
the right-of-way to pedestrians and other traffic is now a widely accepted
traffic regulation in the United States. RTOR maneuvers are generally
permitted nationwide at all signalized intersection approaches unless the
turn is specifically prohibited by a sign. The only exception to the
general rule is New York City where RTOR maneuvers are prohibited unless
specifically permitted by a sign. In addition to RTOR, many states now
permit left-turn-on-red (LTOR) from a one-way street onto a one-way
street, unless the maneuver is specifically prohibited by a sign.

In spite of the widespread adoption of RTOR, the issue remains con-
troversial. Proponents of RTOR cite over 40 years of successful experi-
ence with the maneuver in California and other western States and suggest
that RTOR results in savings of time and motor fuel by reducing vehicle
delay. They also feel that RTOR reduces congestion and is not hazardous,
since RTOR-related crashes represent a small percentage of accidents at
signalized intersections. Opponents of the measure suggest that RTOR is
nazardous to pedestrians and bicyclists, especially children, elderly, and
handicapped persons. They also feel that motorists disregard the law by
failing to stop and yield to traffic and that the time savings are not
significant compared to the hazards associated with RTOR.

Perhaps the most controversial and important aspect of RTOR is
safety. Although a number of investigations have been conducted, several
safety issues associated with RTOR have not been conclusively proven.
Also, substantially different conclusions have been developed by different
researchers using the same data. While no studies have been completely
successful in isolating and quantifying the safety impacts of RTOR, con-
sidered together the studies provide considerable evidence which suggests
that RTOR is associated with an increase in the potential for pedestrian
accidents,



Four major issues of concern relative to RTOR are:

1. What is the current level of motorist compliance to RTOR prohibi-
tion (NO TURN ON RED) signs?

2. At sites where RTOR is allowed, what is the current level of
motorist compliance to the requirement to come to a complete stop
before making a RTOR?

3. What are some of the RTOR-related countermeasures which would
improve motorist compliance and/or reduce the hazard to pedestri-
ans under various site conditions?

4. Are the Manual on Uniform Traffic Control Devices (MUTCD) war-
rants for RTOR prohibition appropriate, and if not, what new
warrants or guidelines should be adopted?

These four basic issues are addressed in the following chapters. Chapter 1
involves an analysis of motorist compliance to RTOR regulations in three
major U.S. cities (Issues 1 and 2 above). Chapter II is a summary of coun-
termeasure effectiveness based on field testing. Chapter 111 documents a
review of MUTCD guidelines for RTOR prohibitions and corresponding recom-
mendations. A summary of conclusions and recommendations is given in
Chapter IV. The appendix contains an assessment of current practices and
impacts of RTOR.



CHAPTER |
OBSERVATIONAL STUDIES OF RTOR COMPLIANCE

INTRODUCTION

The recent adoption of the Western Rule in the U.S. relative to
right-turn-on-red (except for New York City) has resulted in the right of
motorists to turn right on a red signal (except when otherwise signed)
after stopping and yielding to pedestrians and motorists. However, two of
the reported problems of the generally permissive RTOR rule involves
motorists:

1. Turning right on red at RTOR-prohibited locations (i.e., NO
TURN ON RED signs exist), and

2. Turning right on red (where permitted) without stopping.

It has been speculated that one of the causes of violations of RTOR
prohibitions is the "carry-over effect" to motorists due to the current
RTOR permissive rule which causes them to expect to be able to turn right
on red at all intersections. One confounding problem is that the NO TURN
ON RED (NTOR) sign is not always placed in the same position, and may not
be noticeable to drivers, even when the sign is placed in accordance with
MUTCD standards. Other problems involve the lack of police enforcement of
RTOR prohibition in many areas. The current MUTCD warrants for a NO TURN
ON RED sign has led to a very high use of RTOR prohibitions in some cities
and little or no use in other cities. Many believe that RTOR is not
hazardous, and so prohibitions are rarely if ever needed. Others view RTOR
as a detriment to safety which should never have been implemented.

The other compliance problem with RTOR relates to RTOR vehicles which
fail to come to a full stop before turning right on red where RTOR is

allowed. Previous studies have shown that between 3 percent and 65 per-
cent of vehicles commit such RTOR violations.[1,2] However, only about

1 to 3 percent of RTOR violations (i.e., failing to stop) resulted in an
unsafe act or hazardous situation.[2]
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With evidence of these two types of RTOR violations, a need exists to
determine the current status of motorist compliance with RTOR prohibi-
tion. Therefore, the purpose of this chapter is to:

1. Conduct observational studies at signalized intersections in
several cities to determine current motorist compliance to:
- RTOR prohibition (NO TURN ON RED signs).
- The requirement to make a full stop before turning right on
red (where RTOR is permitted).

2. Collect traffic, geometric, and other physical site characteris-
tics and determine what site factors are associated with high and
low rates of RTOR violations.

Based on this and other information, a list of candidate countermeas-
ures was developed, as discussed in Chapter II. Then, the most promising
countermeasures were selected and field tested to determine their effect
on pedestrian safety and operations, as evidenced by pedestrian-vehicle
conflicts and other measures.

MOTORIST COMPLIANCE WITH RTOR LAWS

One of the objections to the generally permissive RTOR regulation is
that motorists frequently do not stop before turning on red. Such concerns
have recently been expressed in several studies.[1,2,3] An assessment of
motorist compliance with stopping is presented below, followed by a
discussion of motorist violation of turning on red where the maneuver is
prohibited.

Compliance Where RTOR is Permitted

The generally permissive RTOR rule requires that motorists must come
to a full stop and yield to pedestrians and other traffic in the intersec-
tion before turning on red. There have been several examinations of motor-

ist compliance and violations to the RTOR law. In a 1983 study of five
intersections in New Jersey, Davis and Mullowney [5] found that overall,
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40 percent of the drivers who turned on red failed to come to a stop
before turning. Violation rates per site ranged from 38 percent to
71 percent of RTOR vehicles. Under the sign-permissive rule in Virginia,
Parker [6] found that 9 percent of the RTOR motorists at 15 approaches did
not come to a full stop before turning. A study conducted at 11 sites in
Providence, Rhode Island, found that 65 percent of the motorists did not
stop.[7] At 12 locations in Springfield, Massachusetts, only 28 percent
of the RTOR motorists did not come to a full stop.[7] The low violation
rate in Springfield was attributed to the newness of the RTOR maneuver and
the sign reminding motorists to stop. Baumgaertner [2] collected compli-
ance data at 13 approaches in Maryland and also found the noncompliance

rate, under the sign permissive rule, was 64.4 percent which compares
closely with the Providence data.

RTOR violation data were collected for generally permissive RTOR in
two studies in which the general rule had only been adopted for 1 year.
[1,5] At seven approaches in North Carolina, Parker [6] found that
2.0 percent of the RTOR motorists did not stop. However, after generally
permissive legislation was enacted in Virginia, Parker [1] found that
11.5 percent of the RTOR motorists violated the law. It is important to
note that the violation rate varied considerably with 48 percent of the
violations reported at two approaches.

A high violation rate creates a law enforcement problem and may lead
to a serious safety problem. In their studies, Baumgaertner [2] and
Parker [1] also recorded the number of unsafe turns where the RTOR motor-
ists did not stop or yield to other traffic in the immediate vicinity of
the intersection. In both studies, less than 2 percent of the motorists
made an unsafe turn. Additional studies of motorist compliance are needed
periodically to examine trends over time and to identify unsafe approaches
so that appropriate countermeasures can be applied.

The magnitude of the RTOR violation problem can be put in perspective
by comparing it with motorist compliance at stop sign locations. In a

Chicago study, 53 to 76 percent of all drivers failed to come to a com-
plete stop at stop signs. However, only § to 10 percent of all vehicles
5



traveling in excess of 5 mph (8 kph) violated the stop sign.[8] A 1976
study by Beaubien [9] was conducted in Troy, Michigan, to determine
whether stop signs were effective for speed control in residential areas.
At the three locations, full stops ranged from 6 to 51 percent of vehi-
cles, rolling stops ranged from 34 to 54 percent, and no-stops ranged from
15 to 47 percent.[9] Based on this data, the violation rate involving
stop signs appears to be considerably higher than the RTOR noncompliance
rate.

A 1978 study observed motorist obedience to the stop signs in Barton,
Springfield, and Providence. The percent of vehicle violations (not
stopping) ranged from 31 to 39 percent. Of those vehicles not forced to
stop by cross-street traffic, the percent of violations (nonstopping vehi-
cles) ranged from 35.2 to 71.2 percent.[7]

Violations Where RTOR is Prohibited

Another major concern is whether motorists are violating the law by
turning right on red at locations where the maneuver is prohibited. There
is evidence that violations do occur. The most recent study was conducted
in New Jersey in 1983, and found that 6 percent of right-turn vehicles
turned on red (at five intersections) where RTOR was prohibited.[5]

Benke et al. [10] collected violation data at 11 sites where RTOR
maneuvers were prohibited under the sign permissive and generally permis-
sive.rules and found that the violation rates were 1.23 and 9.56 percent,
respectively (i.e., 1.23 percent of the motorists made an illegal RTOR
maneuver). The authors attributed the high violation rate, which occurred
at 4 of the 11 sites, to poor visibility of the sign resulting from poor
sign placement and a busy signing environment at one location. In Indiana,
Mamlouk [11] found that 1.4 percent of the motorists made an illegal RTOR
maneuver under the sign permissive rule. It was also reported that the
violation rate varied considerably with one site having an 18 percent
violation rate. At that location, sign placement made it difficult for
motorists to see the traffic control device. A detailed state-of-the-art
summary on RTOR is given in the appendix.
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METHODOLOGY

Data were collected to investigate two problems associated with RTOR:
(1) to determine if RTOR prohibitions are being obeyed; and (2) to deter-
mine if motorists are coming to a complete stop prior to making a RTOR
maneuver where RTOR is permitted. Each of these problems required sepa-
rate data collection plans and procedures, as discussed below.

»

Data Collection Plan For Violations of RTOR-Prohibited Locations

The data collection plan for this phase of the study consisted of the
following activities:
¢ Selection of cities for data collection.
Selection of data collection sites.

°
¢ Development of data collection forms and procedures.
¢ Observer training and data collection.

°

Data reduction, checking, and verification.

Each activity is described below.

Selection of Cities for Data Collection

One of the factors that could have a major impact on RTOR compliance
is the recent history of RTOR in the area, since this could influence the -
level of motorist knowledge and understanding of RTOR and RTOR prohibi-
tion. For example, motorists in cities which have had the Western Rule
for many years (e.g., Los Angeles) may respond differently to RTOR
prohibition than motorists in eastern cities which have used the Eastern
Rule until recently (e.g., Washington, D.C.). Other factors such as level
of police enforcement of RTOR, area characteristics, local driver charac-
teristics may also effect the level of compliance and vary from city to
city or State to State, although such factors are difficult or impossible
to quantify.

To allow for collecting data for a variety of conditions, three U.S.

metropolitan areas were selected:



¢ One city in the Western United States which has had the Western
Rule (RTOR permissive law) in effect for many years.

® One city in the Eastern United States which has only recently
adopted the Western Rule {within 4 or 5 years).

¢ One city in a neutral part of the country such as the Midwest.

After discussions with the FHWA and numerous cities, it was decided
to use Washington, D.C. to represent the city which until recently had the
Eastern Rule. The cities of Dallas and Austin, Texas, were selected to
represent cities with the Western Rule, and Detroit, Michigan, was
selected from the Midwest. Washington, D.C. currently prohibits RTOR (for
either part of the day or all day) at approximately 70 percent of its
intersections. RTOR is prohibited at only a small percentage of intersec-
tions in Dallas and Austin, while RTOR prohibition is used at an estimated
10 to 20 percent of signalized intersections in the Detroit area.

Selection of Data Collection Sites

Sites were selected to provide a variety of geometric, volume, and
other conditions throughout the city. One of the site selection criteria
was moderate to high levels of pedestrian volume. However, some sites
with Tow pedestrian volumes were selected which exhibited unusual geomet-
rics. Also, intersections having two or more approaches prohibiting RTOR
were selected in many instances to facilitate data collection.

To select the sites and approaches, a list of sites with RTOR prohi-
bition was obtained from each city. The sites were field reviewed by the
project engineers prior to data collection. During this review, basic
site information was obtained and observation points and data collection
time periods were selected. Violation data were collected for a total of
110 approaches, to provide a variety of site characteristics.

Develop Data Collection Forms and Procedures

Data collection forms and procedures were developed to assist obser-
vers in obtaining accurate and consistent data. Two basic types of data

were collected; (1) site data, and (2) violation data. Site data collected
8



included all traffic control devices (signs, signals, and pavement mark-
ings), intersection geometrics, posted speed limits, sight distance for
the right-turn vehicle, and pertinent signal data. A copy of the data
collection form is shown in figure 1.

The reverse side of the form was used for the condition diagram, and
observers were instructed to draw a detailed site diagram with street
widths, Tlocation of pavement markings, signs and signals, special turn
Janes, intersection geometry, type of development on each corner, location
of on-street parking (if any), and other physical features. Observation
data were collected in 10-minute intervals on the form shown in figure 2.
Such data included:

e Start time and end time of the data collection period (military
time).

e Approach (northbound, eastbound, southbound, etc.).

e The number of right-turn-on-green (RTOG) vehicles. Right-turn-on-
green vehicles were categorized into:

- Arrive on green - The vehicle arrives at the crosswalk or stop
bar during the green/amber interval to turn right. If a vehicle
is second or third in line to turn right and is waiting at the
1ight on red but arrives at the crosswalk on green, it is
considered to have arrived on green. .

- Arrive on red: RTOR opportunity - The vehicle is at the cross-
walk or stop bar during the red interval (i.e., first in line
to turn right) and has at least one opportunity to make a RTOR
maneuver, but chooses not to do so. A RTOR opportunity is
defined as a gap in cross traffic and pedestrian traffic of
approximately 6 seconds or more.

- Arrive on red: No RTOR opportunity - The vehicle is at the
crosswalk or stop bar during the red interval (i.e., first in
1ine to turn right) and does not have at least one opportunity
to turn right on red.

o Right-Turn-on-Red Maneuvers. Right turns on red were categorized

into the following:



ixtersection MDY

RTOR - SITE DATA FORM

AND I DATE 3-15-&3

CITY/COUNTY  (Jarren / Macomé STATE M.ch
OBSERVER _ B.C.
AREA TYPE WEATHER  Clovdy TEMPERATIRE 470 °
Rura) PAVEMENT CONDITION (Grood
Residential
Commercial
Industrial
(d.11]
Sight Posted Offset RTOR RTOR Sign
Approach Distance Speed Stop Bar Prohibitjons Mount ing
NB >500 £+ 1) Sdt | nwone ANMone
s8 >6o0ft | 40 sS4t NMone NMene
£B >500 £ &0 S5i+ NT Lost
WB >s004+ | 40O S5{+ NTOR Post
Signal Timing
Phase
- A B C D
Duration During Each Phase
Interval A B L _Dn_ £
Red 30 z6 .
Green 26 30
Amber ‘/ ‘/
Walk
Clearance
DONT WALK
Cycle Length 60
Figure 1. RTOR site data form.
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- No conflict - No conflict with cross traffic or pedestrians
during the RTOR maneuver.

- Conflict with traffic.

- Conflict with pedestrians. Pedestrian conflicts were recorded
based on whether they occurred at the near or far crosswalk and
the type of conflict. The near and far crosswalk is illustrated
in figure 3. Conflict type is defined as:

Vehicle Hesitation (VH) - Vehicle slows or stops to avoid
hitting a pedestrian while executing a RTOR maneuver.

Vehicle Swerve (VS) - Vehicle swerves to avoid hitting a cross-
ing pedestrian.

Pedestrian Hesitation (PH) - Pedestrian slows, stops, or
reverses his direction of travel to avoid a collision.
Pedestrian Run (PR) - Pedestrian increases his speed or runs to
avoid a collision.

Interaction (I) - Neither the vehicle nor the pedestrian reacts
but the pedestrian is in a moving lane and is within 20 feet
(6 m) downstream of a RTOR vehicle.

o Pedestrian volume - The total number of crossing pedestrians
recorded separately for the near and far crosswalks (figure 3)
regardless of their direction of travel or compliance to the
pedestrian/traffic signal.

When two or more conflict types occurred during a single event (i.e.,
a vehicle hesitates and a pedestrian runs during the same RTOR event) only
the most severe conflict was recorded. Only one conflict was recorded per
RTOR vehicle, regardless of the number of pedestrians involved in the
conflict.

A minimum of 4 hours of data were collected on each approach. Eight
or more hours of data were collected on several approaches to test for
data repeatability.
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Figure 3. illustration of the near and far crosswalks.
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Observer Training and Data Collection

Training consisted of individual and group instruction in collecting
complete, accurate, and consistent data. To insure consistency between the
observers, all four were trained by collecting data on the same approach
during the same time intervals. Data were compared for each event, and
discussions were held to allow necessary adjustments to be made in data
collection procedures until a high degree of reliability was attained.

Data collection was started in January 1983 and was completed in
September 1983. Data were obtained for 110 approaches prohibiting RTOR.
At least two different observers collected data in a city to minimize data
collector bias. Data collection involved first collecting detailed site
information, including a condition diagram at the site. Site distance
data were collected by first viewing the driver's visual perspective using
a scaled reference stick, marked at the approximate driver eye height
(3.75 ft, 1.1 m) from the spot a driver would be situated prior to making
a right turn. The sight distance would be measured to the worst case
condition (due to parked cars, etc.), using a measuring wheel. Specific
sight distances were measured up to 300 ft (90 m) (above which a greater
than 300 ft (90 m) designation was given).

The conflicts, violations, and pedestrian volume data were normally
collected on two approaches of an intersection. Data were usually collec-
ted for a total of 8 hours, alternating between the two approaches every
30 minutes.

Data Reduction, Checking, and Verification

Data were transcribed onto coding forms and then keypunched into the
computer. Several measures were taken to insure data quality and reliabi-
lity. This process began with a thorough training program and with several
observe-the-observer visits by project engineers out in the field. At
Jeast two different data collectors were in each of the four cities, and
some approaches were collected by different observers at different times
to compare data consistency between observers. In the processing of data,
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all data coding was double checked and all keypunched data were verified.
Computer programns were developed to identify missing, illogical, or incon-
sistent data in the data base. Data inconsistencies or errors were then
corrected.

Data Collection Plan for Violation Data at
RTOR-Permitted Approaches

This portion of the study involved collecting violation data at RTOR-
permitted sites to determine if vehicles were making a complete stop prior
to their right-turn-on-red maneuver. These data were later compared to
stopping characteristics data for right-turn motorists at stop sign loca-
tions.

The purpose of this data collection was to:

o Collect field data and quantify problems related to motorist
violations due to failing to stop before turning right on red (at
sites where RTOR is permitted). ‘

e Use the violation data (i.e., motorist failure to stop) along with
physical site information (i.e., geometrics, signal information,
traffic, and pedestrian volumes, etc.) to develop appropriate
locational treatments.

The data were collected at sites within Washington, D.C., Dallas/Austin,
Texas, and Detroit, Michigan.

The activities for this data collection effort consisted of:

Selection of data collection sites.

Development of data collection forms and procedures.
Observer training and data collection.

Data reduction, checking, and verification.

15



Selection of Data Collection Sites

Sites selected included signalized intersections with at least two
approaches having RTOR permitted or intersections with at 1least two
approaches controlled by stop signs. Initial site selection was made by
selecting a list of potential test sites. Final site selection was made
by reviewing candidate sites with high right-turn volume, high RTOR volume
(signalized locations), and moderate to high pedestrian volumes. The sites
selected were in the vicinity of the RTOR-prohibited locations used for
collection of violation data relative to prohibition signs. Data were
collected for 29 total approaches of signalized intersections and 28 stop
sign approaches.

Development of Data Collection Forms and Procedures

Data collected included site information and stopping characteristics
(observation) data. Site data were also collected as described earlier
(see figure 1). Observation data were collected on the RTOR and Stop Sign
Stopping Characteristics Data form, as shown in figure 4. A total of
4 hours of data were collected on each approach, or a total of 8 hours at
each intersection. Data collection was alternated between two approaches
with 30 minutes of data collected on an approach (summarized and recorded
in 10-minute intervals). In this manner, data were sampled from both
approaches'throughout the day.

Data collected on the RTOR and Stop Sign Stopping Characteristics
Data form included:

Intersection name, city, location, etc.

Intersection control - Traffic signal or stop sign.

Time period data collection began and ended (military time).
Approach data collected on - Northbound, eastbound, southbound,
etc.

o Right-turn-on-green - The number of vehicles that turn right on

green signal indications (for signalized approaches only).
e Right-turn-on-red vehicles - The type of stop for right-turn-on-

red or stop sign right-turn vehicles defined as:
16
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- No Stop: The vehicle slows only to negotiate the right turn and
does not make any effort to stop.

- Rolling Stop: The right-turn vehicle slows more than the no
stop condition but at no time do the wheels come to a complete
stop in the vicinity of the stop bar or crosswalk.

- Full Stop-Voluntary: The vehicle comes to a complete stop in
the vicinity of the stop bar or crosswalk but is not forced to
stop by pedestrians in the crosswalk or cross-street traffic.

- Full Stop-Forced: The vehicle comes to a complete stop in the
vicinity of the stop bar or crosswalk and does so due to the
existence of pedestrian crosswalk activity or through traffic.
Note that this does not necessarily mean the vehicles would not
have voluntarily stopped if no pedestrian or cross-traffic were
present.

o Pedestrian volume - Crossing pedestrian traffic on the near side
or far side crosswalk, as defined in figure 3.

o Opposing traffic - The cross-traffic potentially conflicting with
RTOR or right turns at stop signs. For an approach intersecting a
two-way street, only the direction of cross-traffic conflicting
with the right-turn maneuver would be counted.

Observer Training and Data Collection

Training included individual and group sessions and centered on the
definition of a full-stop (voluntary or forced), rolling stop, and a no
stop. Training was completed after a high degree of consistency was
obtained between the observers from independent data collection tests on
the same approach at the same time. Data were collected in June through
September 1983 at a total of 29 RTOR-permitted approaches at signalized
Tocations and 28 approaches controlled by stop signs.

Data collection included developing site diagrams as described with
the RTOR-prohibited sites and collecting observation data. Observation
data collection involved 8 hours on an intersection (4 hours for each of
two approaches). Data were sampled by alternating between approaches every

30 minutes to collect from both approaches during all times of the day.
18



Data Reduction, Checking, and Verification

Data were recorded in-house and checked for inconsistencies or miss-
ing information. Data were keypunched, checked, and verified. Programs
were developed to identify data inconsistencies and logic errors. Other
checking was conducted on the data file to ensure a high degree of data
quality.

RESULTS

The results of this phase of the study consisted of several basic
types of analyses, including:

e The status of violations to RTOR-prohibition signs.

e The status of violations to the stopping requirement at RTOR-
permitted sites.

e Determination of locational factors related to RTOR viola-
tions.

These three issues are discussed below.

Status of Violations to RTOR-Prohibition Signs

Violation data were collected at a total of 110 intersection
approaches relative to vehicles illegally turning right on red. The viola-
tion rate for a group of sites may be expressed in several different ways,
including:

® "Overall RTOR Violation Rate" - The overall percentage of right-
turn vehicles which turn right on red (i.e., total number of RTOR
events at a group of sites divided by the total right-turn
volume). This was a common way of expressing violations in past
studies.

® "Mean RTOR Violation Rate" - The average percentage of right-turn
vehicles which turn right on red (i.e., the mean percent viola-
tions of a sample of intersection approaches). This can only be
computed for a sample of two or more sites.

19



To

“Overall RTOR Violation Rates Per Opportunity" - The percentage of
vehicles turning right on red of those vehicles having an oppor-
tunity to do so. In the first two definitions above, all right-

turning vehicles are included in the denominator, regardless of
whether they arrive on red, arrive on green, or had an opportunity
to make a RTOR (i.e., they were the second or third car stopped in
the right-turn lane, or a lack of gaps in cross-street traffic
prevented them from turning right on red). This definition only
includes those vehicles stopped first in line at the red light
which have an adequate gap and an opportunity to turn right on
red. It is really a measure of the percentage of motorists which
"would violate the RTOR prohibition if given the chance." This
definition will result in a higher percent violation rate than the
previous two definitions.

“Mean RTOR Violation Rate Per Opportunity" - This is the same as
the definition above, except a mean of the violation rates of the
sites is used.

illustrate the three definitions of violation rate, consider hypo-

thetical data on three intersection approaches, A, B, and C (1 hour of
data per approach) when each have NO TURN ON RED signs.

Percent Percent Vehicles

Total Vehicles Turning Right On
Right RTOR RTOR Turning  Red Which Had
Approach  Turns Violations Opportunities On Red _an Opportunity
A 50 3 10 6.0 30.0
B 45 5 20 11.1 25.0
C 40 10 30 25.0 33.3
Totals 135 18 60

From the example above, the overall RTOR violation rate for the three
approaches is the total RTOR (18) divided by the total right turns (135),

or 13.3

percent. The mean RTOR violation rate for the three approaches is

the average of 6.0 percent (approach A), 11.1 percent (approach B), and
25.0 percent (approach C), or 14.0 percent. This differs slightly from the
13.3 percent overall RTOR violation rate.
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To compute the overall and mean RTOR violation rate per opportunity,
only the RTOR opportunities are used in the denominator. Thus, in the
example above, the "overall RTOR violation rate per opportunity" for the
three approaches is the total number of violations (18) divided by the
total opportunities (60), or 30.0 percent. The mean RTOR violation rate
per opportunity is computed as the average violation rate of Site A
(30.0 percent), Site B (25.0 percent), and Site C (33.3 percent), or
29.4 percent, which differs slightly from the 30.0 overall rate.

The actual violation rates are summarized in table 1 for each of the
three cities and for the overall data base. Of the 110 intersection
approaches, 59 were from Detroit, 27 from Washington, D.C., and 24 from
the Dallas/Austin area. A total of 2,500 violations were observed for the
67,347 total turning vehicles, or 3.7 percent overall. The overall viola-
tion rates ranged between 3.4 percent (Detroit) and 4.4 percent (Dallas/
Austin). The mean violation rate was 5.1 for all sites and ranged from
4.6 percent (Washington, D.C.) to 6.9 percent (Dallas/Austin). These num-
bers compare closely with the 6 percent overall violation rate found by
Davis and Mullowney [5] in New Jersey at 11 sites in a 1983 study.

Table 1. Summary of RTOR violations at RTOR-prohibited sites.

Yiolation Rate

‘Violation Rate Per Opportunity

Total Right Total RTOR Overall Mean Total RTOR Overall Mean

City Approaches Turns Yiolations Rate (%) Rate (%) Opportunities Rate (%) Rate (%)

_— —

Detroit 59 33,400 1,119 3.4 4.7 5,904 19.0 22.0

wasnington, D.C. 27 22,742 888 3.9 4.6 4,122 21.5 19.4

Dallas/Austin 24 11,205 493 4.4 6.9 2,288 21.5 24.6

Totals 110 67,347 2,500 3.7 5.1 12,314 20.3 21.9
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Other information in table 1 relates to RTOR violation rates per
opportunity. For example, of the 67,347 right-turns at the 110 sites, only
12,314 (18.3 percent) had an opportunity to turn right-on-red. This is
because many arrived and turned right on green or were not the lead vehi-
cle stopped in the right-turn lane (could not physically make the turn on
red). In a few cases, no opportunity existed for a RTOR violation due to
high pedestrian or cross-street traffic.

The overall RTOR violation rate per opportunity was 20.3 percent, and
was consistent among the cities, ranging from 19.0 percent (Detroit) to
21.5 percent (Washington and Dallas/Austin). This dindicates that about
1 out of every 5 motorists turns right on red when given the opportunity
when it is prohibited.

One additional analysis was also conducted of the percentage of
overall RTOR violations which resulted in a conflict, as summarized in
table 2. Of the 2,500 total RTOR violations at the 110 approaches, 585 of
them (23.4 percent) resulted in some type of conflict., Of the 2,500 viola-
tions, 187 (7.5 percent) involved cross-traffic, 139 (5.6 percent) in-
volved pedestrians in the near crosswalk, and 259 (10.4 percent) involved
pedestrians in the far crosswalk.

Tahle 2 Summary of yiolations and conflicts at RTOR-prohibited sites.

Number of RTOR Violations Resulting in Conflicts (X)
Pedestrian Conflicts
Total
Total Conflicts Conflicts Near Far
Number of Total With With Crosswalk Crosswalk

L City Violations Conflicts Traffic Pedestrians Only Only
Detroit 1,119 246 79 167 61 106
(22.0) (7.1) (14.9) (5.5) (9.5)

Washington, D.C. 888 199 28 171 44 127
(22.4) (3.2) (19.3) (5.0) (14.3)

Dallas/Austin 493 140 80 60 34 26
(28.4) (16.2) (12.2) (6.9) (5.3)

Total 2,500 585 187 398 139 259
(23.4) (7.5) (15.9) (5.6) (10.48)
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In terms of individual cities, RTOR violations 1in Dallas/Austin
resulted in a conflict 28.4 percent of the time compared to approximately
22 percent in the other two cities. In particular, 16.2 percent of RTOR
violations in Dallas/Austin resulted in a cross-traffic conflict, compared
to 3.2 percent and 7.1 percent in Washington, D.C., and Detroit, respec-
tively. However, pedestrian-related conflicts ranged from 19.3 percent of
RTOR violations in Washington, D.C., compared to 14.9 percent (Detroit)
and 12.2 percent (Dallas/Austin), probably due to the higher densities of
pedestrians at the Washington sites.

These pedestrian conflicts occurred most frequently on the near
crosswalk in Dallas/Austin (6.9 percent on the near crosswalk to 5.3 per-
cent on the far crosswalk). However, the far crosswalks experienced more
of the pedestrian conflicts than the near crosswalk at the sites in
Washington (14.3 percent to 5.0 percent) and Detroit (9.5 percent to
5.1 percent). RTOR violations with pedestrians in the far crosswalk could
be largely the result of pedestrian violations, since during a red phase,
pedestrians in the near crosswalk would normally have the WALK interval.

From the discussion above, it should be remembered that while
23.4 percent of all RTOR violations resulted in conflicts, only 3.7 per-
cent of all right-turning vehicles committed a RTOR violation. Thus, only
(0.234) x {0.037) = 0.9 percent (less than 1 in 100) of the right-turn
vehicles was involved in any kind of a RTOR-related conflict (585 RTOR-
related conflicts for 67,347 total right-turning vehicles). Further, RTOR-
pedestrian conflicts resulted from only 398 of 67,347 right-turning vehi-
cles, or 0.59 percent, or about 6 out of every 1,000 right-turning vehi-
cles. It should also be remembered that a majority of the sample sites
were in areas with moderate to high pedestrian volumes, so these percent-
ages of pedestrian conflicts are likely higher than would be expected at
the overall sample of intersections in a city.

As discussed earlier, details were also recorded for the specific
types of pedestrian conflicts resulting from each RTOR violation, as sum-
marized in table 3. Of the 398 resulting pedestrian conflicts, the most
prevalent types were pedestrian-vehicle interactions (36.5 percent),
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pedestrian hesitations (30.9 percent), and vehicle hesitations (27.1 per-
cent). Only 16 pedestrian runs and 6 vehicle swerves were observed during
the 573 hours of data collection. Vehicle hesitations were more prevalent
in the far crosswalk than the near crosswalk (31.3 percent to 19.4 per-
cent) and pedestrian/vehicle interactions were more common on the near

crosswalk than the far crosswalk (41.7 percent to 33.6 percent).

Table 3., Summary of types of pedestrian conflicts resulting from

violation of RTOR prohibition.

Number of Conflicts (% in Parenthesis)

Type of Pedestrian Conflict Near Crosswalk | Far Crosswalk | Totals
Vehicle Hesitation 27 81 108
(19.4) (31.3) (27.1)

Vehicle Swerve 2 4 6
(1.5) (1.5) (1.5)

Pedestrian Hesitation 48 75 123
(34.5) (29.0) (30.9)

Pedestrian Run 4 12 16
(2.9) (4.6) (4.0)

Pedestrian/Vehicle Interaction 58 87 145
(41.7) (33.6) (36.5)

Totals 139 259 398
{100.0) {100.0) {100.0)

A comparison was also made between RTOR-related conflicts and RTOG
(right-turn-on-green) conflicts for a sample of the data sites, as summar-
ized in table 4. The sample includes 37,962 right-turn vehicles, of which
1,488 (3.9 percent) illegally turned right on red, and 96.1 percent turned
right on green. In terms of pedestrians, 14.2 percent of RTOR maneuvers
resulted in a pedestrian conflict compared to 19.5 percent of RTOG maneu-
vers which resulted in pedestrian conflicts. However, an additional
126 RTOR maneuvers (8.5 percent) resulted in cross-traffic conflicts.
Thus, a total of 22.7 percent (14.2 + 8.5) of illegal RTOR maneuvers
resulted in a conflict, compared to 19.5 percent of RTOG conflicts. Thus,
while illegal RTOR maneuvers result in a slightly higher rate of total
conflicts than RTOG (22.7 to 19.5 percent), fewer pedestrian conflicts

occurred with il1legal RTOR maneuvers than with RTOG (14.2 percent compared
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to 19.5 percent). It should be mentioned that pedestrians may legally

cross the street in the near crosswalk with RTOR and the far crosswalk
with RTOG.

Table 4. Comparison of pedestrian conflicts occurring with RTOR and RTOG.

RTOR With Conflict RIOC With Conflict

Total Cross Peds Peds Peds Peds

Right Percent | Traffic Near Far Near Far

City Turns | RTOR | RTOG | RTOR [ X [ % [ % 1 X [ %

;:

Detroit 20,867 761 | 20,106 3.6 49 6.4 | 39 5.1| 60 7.9 149 | 0.7] 3,547 | 17.6
Washington, D.C. 9,000 334 8,666 | 3.7 5 1.5 | 17 5.1 57 |17.1| 87| 1.0{ 2,628 30.3
Dallas/Austin 8,095 393 | 7,702 | 4.9 |72 |18.3| 20 | 5.1| 19 | 4.8| 35| 0.5]| 6%][ 9.0
Total 37,962 | 1,488 | 36,474 3.9 126 851 76 5.1] 136 9.1] 2711 0.7]6,865)18.8

Status of Violations to the Stopping Reguirement
at RTOR-Permitted Sites

Data were collected at 29 RTOR-allowed approaches in the three cities
relative to the frequency of vehicles making a full stop, rolling stop, or
no stop when turning right on red, as summarized in table 5. In addition,
stopping data were also collected at 28 stop sign locations for comparison
purposes. A total of 4 hours of data were collected per approach, for a
total of approximately 228 hours of data. Conflict data were not collected
relative to stopping characteristics data.

For the 29 signalized approaches (with RTOR allowed), 26.2 percent of
right-turn vehicles turned right on red overall, with a small variation
between cities (from 24.2 percent in Dallas/Austin to 29.3 percent in
Washington, D.C.). Of all the vehicles turning right on red at the 29 ap-
proaches, 14.8 percent were recorded as no-stops (turned as if a green
light existed), 42.1 percent made rolling stops, and 43.1 percent made
full stops. Thus, 56.9 percent (42.1 + 14.8 percent) of motorists violated
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the RTOR law by not making a full stop before turning right on a red sig-
nal. Of the 43.1 percent full stops, 36.0 percent were “"forced" to stop
(i.e., by oncoming traffic or pedestrians) and 7.1 percent were voluntary
stops.

An analysis by city showed that total violations (no-stops plus
rolling stops) were the highest in Washington, D.C. (with 61.4 percent of
vehicles not fully stopping) and Detroit (59.1 percent of vehicles not
fully stopping), and lowest in Dallas/Austin (50.3 percent of vehicles not
fully stopping).

The percent of right-turning vehicles stopping at RTOR-allowed sites
was compared to those at stop sign locations, since motorists under both
situations are required to make a full stop and then turn right after
yielding to pedestrians and cross-street traffic. Thus, the relative mag-
nitude of nonstopping motorists at RTOR-allowed locations could be dis-
cussed in terms of another type of traffic control. Such comparisons of
compliance between RTOR-allowed sites and stop sign locations has been
made in several previous RTOR studies.

The overall violation rate (i.e., motorists not fully stopping) of
right-turn vehicles was found to be 68.2 percent at stop sign locations,
compared to 56.9 percent at the RTOR-permitted sites, a difference of
11.3 percent. Rolling stops were higher at the stop sign locations
(57.3 percent) compared to RTOR-allowed locations (42.0 percent). However,
the percent of no-stops was 14.8 percent at the RTOR-permitted locations,
compared to 10.9 percent at the stop sign locations.

The overall percentage of voluntary stops was approximately 7 percent
at both the RTOR-allowed sites and the stop sign locations. However,
36 percent of the RTOR motorists were forced to stop at the RTOR-allowed
locations, compared to 24.7 percent at the stop sign locations, a differ-
ence of 11.3 percent. Note that a difference of 11.3 percent was also
found between RTOR-allowed and stop sign approaches in terms of overall
violations. This indicates that the slightly higher percent vehicles stop-
ping at the RTOR locations (43.1 percent) compared to the stop sign loca-

27



tions (31.8 percent) could be largely the result of more opportunities for
a rolling or no stop at the stop sign locations. Thus, little difference
in driving behavior seems apparent in terms of stopping compliance between
the RTOR-permitted locations and the stop sign locations.

The overall 56.9 percentage of vehicles not fully stopping (before
turning right on red) is higher than the 40 percent found by Davis and
Mullowney [5] in a 1983 study of intersections in New Jersey. Part of the
differences could be slight variations in the definitions of a rolling or
full stop, differences in site characteristics, or differences in motor-
ist behavior at the New Jersey sites. However, a 1978 study of 11 sites in
Providence, Rhode Island, and 12 locations in Springfield, Massachusetts,
found that 65 percent and 28 percent of the motorists, respectively,
did not stop before turning right on red. The high compliance rate in
Springfield was attributed to the newness of the RTOR maneuver and the
sign reminding them to stop.[7] 1In a 1981 study, Baumgaertner [2] found
that 64.4 percent of drivers failed to stop in Maryland before turning
right on red. Thus, other recent studies have found rates of nonstopping
to range from about 28 percent to 65 percent, and the finding of 56.9 per-
cent in this study falls within this range. It seems apparent, however,
that the percentage of nonstopping vehicles varies from city to city and
may have changed in recent years.

It should also be mentioned that conflict data were not collected
relative to stopping characteristics of RTOR vehicles. The conflicts
resulting from RTOR are highly dependent on pedestrian volumes, RTOR
volume, side-street volume, and numerous locational factors. Thus, a

direct comparison of conflicts is not appropriate between sites with RTOR-
allowed and RTOR-prohibited, since sites may differ greatly in terms of
pedestrian volume, RTOR volume, etc. It 1is possible, however, that a
conflict problem on an intersection approach may exist due to the failure
of RTOR vehicles to make a full stop. The magnitude of this RTOR conflict
problem can only be determined based on stopping characteristics data and
corresponding conflict data at a large number of sites with RTOR allowed
(i.e., 100 or more) with a variety of site and volume conditions.
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Locational Factors Related to RTOR Violations

The next phase of the study involved determining the geometric,
traffic control, and other locational characteristics which are associated
with high RTOR violation rates. The basic analysis approach for deter-
mining such related factors involved a safety engineering study of indivi-
dual sites. This first involved ranking approaches by violation rate and
then identifying common locational factors associated with high violation
sites and low violation sites. This ranking was generated first for the
110 sites with RTOR prohibition, and then a separate ranking was developed
for the 29 RTOR-allowed sites. A discussion is given below of these two
situations.

Locational Factors for RTOR-Prohibited Sites

Violation rates (turning right on red) at the RTOR-prohibited sites
ranged from 0 to 25.6 percent. A distribution of the violation rates of
the 110 sites was as follows:

Number of Sites Percent Violations

13 0tol Low Violation
21 lto?2 Approaches
19 - 2to3
11 3to4

6 4 to 5

11 5 to 6

7 6 to 8 High Violation
4 8 to 10 Approaches

7 10 to 12

8 13 to 18

3 18 to 30

110 Total

The top 29 approaches (26.3 percent) were found to have a violation rate
above 6.0 and were labeled as the high violation group. A total of 34 ap-
proaches (30.9 percent) had a violation rate of 2 percent or less and were
labeled as the low violation group.
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For the locations in the two violation groups, factors were identi-
fied which were related to high and low violations based on field inspec-
tions, a review of site diagrams, and a review of computer summaries of
traffic data, signal data, and other information at each site (figure 5).
Location factors were identified as related to high violations if they
were routinely found in the high violation group but not in the low viola-
tion group. Traffic and roadway factors found to be typically associated
with high violation rates include the following variables (individually or
in various combinations):

o Confusing or inappropriate partial prohibition signs (i.e., NTOR-
School Days Only sign located near a university, since motorists
aren't sure whether classes are in session on Saturdays, during
summer sessions, etc. Another NTOR sign near an elementary school
prohibited RTOR during times after children had already arrived at
school (9:00 a.m. to 2:00 p.m.) and ended prior to children leav-
ing for home in the afternoon).

o NTOR signs which are located far-side or are inconspicuous to the
motorists, particularly when placed far side across wide streets.

e Combinations of low cross-street volume and Tow pedestrian volumes

¢ Approaches with easy right-turn maneuvers or right turns less than
90 degrees such as at Y-intersections, particularly with low con-
flicting movements.

o Long cycle lengths resu]ting in excessive waiting time for right-.
turn motorists.

-0 High speed ramps forming a T-intersection with a low-volume cross-
street.

o Wide one-way streets on the cross street with low volume in the
curb lane.

o Confusing, multi-leg intersection approaches or approaches with an
offset cross street.

o Approaches where RTOR prohibition appears not to be justified for
some or all periods of the day due to low traffic volumes and
1ittle or no pedestrian traffic.
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¢ Low right-turn volume per hour was also associated with a high
percent violations. However, this is somewhat misleading, since
the percent violations is the total RTOR vehicles divided by the
right-turn vehicles (including RTOG). As right-turn volume in-
creases, a higher percentage of right-turn vehicles are trapped

second, third, or fourth in line and cannot physically make a
RTOR.

The intersection approaches with low RTOR violation rates were also

studied to determine related factors. These factors typically found at low
violation sites included:

o Double NTOR signs located near side and far side, or NTOR signs
which were located overhead or in a conspicuous location for
stopped motorists.

¢ High pedestrian volumes in either the near or far crosswalk
(reduced opportunity for a RTOR).

¢ High cross—-street volume (reduced number of gaps and lower oppor-
tunity for a RTOR).

¢ C(Crosswalk set back from the intersection further than normal, com-
bined with high pedestrian volumes.

¢ Short signal cycle length.

o A sharp right-turn maneuver (greater than 90 degrees) combined
with poor sight distance.

e High right-turns per hour was also associated with a low violation
rate. However, this is misleading, as discussed previously.

o A cross street with on-street parking on the right, which forces a
RTOR vehicle to make a wide turn beyond parked cars.

These results seem to indicate that motorist violations to NTOR signs
are high when the signs are obscure, or when it is not obvious to the dri-
ver why RTOR is prohibited (i.e., low pedestrian and cross-street volume
and good sight distance). Drivers are particularly likely to run a NTOR
sign at sites with long cycle lengths (when waiting time may be long).
Some of the factors listed above were found to be useful for developing
countermeasures, as will be discussed later,
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Consideration was given to conducting more formal statistical analy-
sis techniques to further support the factors which are associated with
high and low violation rates. A branching analysis was conducted to iden-
tify roadway variables (independent variables) that account for the
largest amount of explained variance in the violation rate (dependent
variable)., Each data sample in the analysis was represented by a 30-minute
data period, using a total of 1,030 data points. The results of the analy-
sis are shown in figure 6 which indicates that important factors dinclude
right-turn volume, number of phases, pedestrian volume, roadway operation
(one- or two-way) and roadway configuration (with respect to the cross
street). Most of these results are in basic agreement with the more
detailed engineering analysis. However, the results of the branching
analysis must be treated with caution, since: (1) the branching analysis
produces more reliable results for very large samples of sites; and
(2) the interaction effect of two or more important locational variables
may not be properly accounted for with a branching analysis to explain
variation in conflicts.

In addition to the branching analysis, preliminary Pearson correla-
tion analysis and ANOVA tests were conducted. However, correlation coeffi-
cients were low (below 0.3) for individual variables, and the ANOVA test
required a larger data base of approaches to control for the interaction
of traffic and roadway variables as they affect RTOR violation rates.
It was evideht that an engineering analysis of each approach was most
useful in determining individual factors or combinations of factors that
were related to high or low violation rates,.

Locational Factors for RTOR-Permitted Sites

A detailed study was also made of traffic, geometric, and other fac-
tors (figure 7) at each of the 29 RTOR-permitted approaches to identify
factors related to stopping violations (i.e., not making a full stop
before turning right on red). At the 29 signalized approaches with RTOR
permitted, no-stops ranged from O percent to 45.2 percent, and total
stopping violations (no stops plus rolling stops) ranged from 21.2 percent
to 88.9 percent. One approach that had a sign posted "RIGHT TURN ON RED
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ALLOWED AFTER STOP" experienced 26.7 percent no-stops and 68.6 percent
total stopping violations, compared to an overall average of the 29 sites
of 14.8 percent no-stops and 56.9 percent total violations. It is possible
that the sign had an effect of increasing stopping violations at the site,
although insufficient data existed to verify this,

Locational factors found to be associated with a high rate of stop-
ping violations include:

o Good sight distance with low pedestrian volume and low cross-

street volume.

High right-turn volume.

Low pedestrian volume.

Low cross-street volume.

Unusual signal timing, such as split phasing, which minimized or

eliminated conflicting traffic for part of the red interval.

o Offset cross street (which lowered or delayed conflicting traffic
and increased the opportunity for a RTOR rolling stop or no-stop).

e Nearby signalized intersection on the cross street upstream, which
created artificial gaps in cross-street traffic and provided

greater opportunities for RTOR rolling stops or no-stops.

The factors found to be associated with low stopping violations at
RTOR-allowed approaches included:

e High cross-street volume.

e Poor sight distance (i.e., on-street parking on the cross street
to the left of the approaching right-turn motorist).

e High speed of cross street.

e High pedestrian volume.

These results indicate that drivers were more likely to comply with
the stopping requirement when forced to do so (i.é., high pedestrian
volume or cross-street traffic). Also, poor sight distance was a factor
associated with high compliance, since drivers often made a full stop to
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Took for cross-street traffic. During intervals of little or no pedes-
trian or conflicting traffic (such as with special signal phasing), motor-
ists were less likely to make a full stop before turning right on red.

More formal statistical analysis techniques were not utilized for
identifying related factors, since such analyses are not particularly
appropriate for relatively small sample sizes of this type. These factors
listed above were considered for development of possible countermeasures
relative to RTOR stopping violations, as discussed in the next section.

SUMMARY OF FINDINGS AND CONCLUSIONS

The purpose of this analysis was to conduct observational studies at
signalized intersections to determine the current motorist compliance to
RTOR prohibition and the requirement to make a full stop before turning
right on red (where permitted). Traffic, geometric, and other physical
site characteristics were collected in Detroit, Washington, D.C., and the
Dallas/Austin area; and an in-depth engineering study was conducted at
each of 110 intersection approaches where RTOR is prohibited. Data were
also collected at 29 RTOR-allowed intersection approaches and 28 stop sign
approaches relative to stopping characteristics (i.e., percentage of full
stops, rolling stops, and no stops of RTOR vehicles). Then locational
factors were identified relative to high and low violation rates. The
following is a summary of key findings and conclusions :

1. Overall, only 3.7 percent of all right-turning drivers violate
the RTOR prohibition signs, based on a sample of over 67,000
drivers. However, of those motorists given an opportunity to
commit a RTOR violation, about 20 percent of them violate the NO
TURN ON RED sign.

2. Of the drivers who commit a RTOR violation, about 23.4 percent of
them result in conflicts with pedestrians or cross-street traf-
fic. However, less than 1 in 100 of the total right-turn vehicles
is involved in a RTOR-related conflict.
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At a sample of RTOR-prohibited sites 22.7 percent of the illegal
RTOR maneuvers resulted in a conflict to cross-traffic or pedes-
trians. However, only 14.2 percent of RTOR maneuvers resulted in
a conflict to pedestrians, compared to 19.5 percent RTOG maneu-
vers which involve a pedestrian conflict.

Of the 29 intersection approaches with RTOR allowed, 26.2 percent
of right-turn vehicles turned right on red. Of the vehicles
turning right on red the violation rate (not making a full stop)
was 56.9 percent. This rate was higher for Washington (61.4 per-
cent of vehicles not fully stopping) and Detroit (59.1 percent),
compared to Dallas/Austin (50.3 percent).

The overall violation rate (percent not fully stopping) at the
28 stop sign approaches was 68.2 percent, compared to 56.9 per-
cent for signalized approaches with RTOR allowed, a difference of
11.3 percent. However, 36 percent of vehicles were found to stop
at RTOR-allowed approaches, compared to 24.7 percent at stop sign
locations. Thus, the 11 percent higher violation rate at stop
sign locations may be at lest partly explained by the greater
percent of opportunities for a rolling stop or no-stop.

Examples of physical site factors found from in-depth site
studies to be related to high RTOR violation rates include:

Confusing or inappropriate partial prohibition signs.

Far side or inconspicuous NTOR signs.

Long cycle lengths.

Confusing multi-leg intersection approaches.

Unjustified RTOR prohibition.

Split-phasing of the signal which creates low opposing traf-

fic for RTOR maneuvers.
e C(Combinations of a low volume or high speed of cross-street
traffic, and low pedestrian volumes.
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CHAPTER 1I
DEVELOPMENT AND TESTING OF COUNTERMEASURES

INTRODUCTION

The primary RTOR accident countermeasure used to date has been to
prohibit RTOR on an approach. Total as well as part-time prohibitions
have been used. However, there is strong evidence that RTOR prohibitions
are not the only solution to the problem. In fact, an unwarranted RTOR
prohibition may result in a high violation rate.

Past research has failed to clearly demonstrate the types of counter-
measures which will most likely minimize the adverse effects of RTOR. A
wide variety of site conditions such as geometrics, vehicle speeds, traf-
fic volumes, pedestrian activity, and other factors may affect the safety
and operations of RTOR maneuvers. Thus, there is a need to develop and
test countermeasures which would reduce pedestrian hazards from RTOR vehi-
cles for various site characteristics.

The purpose of this chapter is to: (1) develop potentially cost-
effective countermeasures for RTOR-related pedestrian. hazards; (2) field
test the most promising countermeasures; and (3) recommend the ones which
are found to be most effective for various site conditions. These may
include countermeasures to:

e Reduce motorist violation of RTOR prohibitions signs.

o Reduce the number of drivers that fail to come to a full stop

before turning right on red at locations where RTOR is allowed.

e Minimize the potential hazard to pedestrians resulting from motor-

ists turning right on red (either legally or illegally).

e Improve conditions at the approach to allow motorists to make a

safer RTOR maneuver.

The general types of countermeasures which are considered in this
analysis include physical roadway improvements, such as: (1) signing
options, (2) signal modifications, (3) pavement markings, (4) design
changes, and (5) other treatments (i.e., adding intersection 1lighting,
removing roadside clutter, etc.). The use of selective traffic enforce-
ment and public (driver or pedestrian) education programs is recognized as
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a potential treatment for a RTOR problem, as with many other traffic safe-
ty problems. It is also recognized that changes in local or national laws
regarding RTOR could impact RTOR safety and operations. However, the
development and testing of countermeasures in this study is limited only
to the physical roadway improvements, and does not include the testing of
education, enforcement, or changes in laws or regulations.

BACKGROUND

The number and scope of countermeasures for RTOR accidents indenti-
fied in the 1literature are somewhat limited. However, several authors
have addressed this issue. Parker [1] developed a 1ist of recommendations
to consider when implementing RTOR prohibitions. These considerations
included:

Increase sign size.
I1Tuminate the NTOR sign.
Modify sign location (post mounted or overhead).

Improve legislation and enforcement to protect pedestrians in RTOR

situations.

o Offset stop bars to allow a "clear view" for motorists in the
right lane.

e Improve public awareness of RTOR regulations and safety.

e "“Fine Tune" traffic signal timing.

e Replace or install presence detectors at intersections which are

traffic actuated to improve the efficiency of traffic opera-

tions.

McGee [12] also developed some recommendations for utilizing RTOR and
RTOR prohibitions which included:

Improve the wording of sign messages prohibiting RTOR.
Provide variable RTOR time restrictions (i.e., during school hours
or specific times or days).

e Install more than one RTOR prohibition sign facing each approach.
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® \Use YIELD TO PEDESTRIAN signs in areas of high pedestrian volumes.
® Use RIGHT TURN ON RED AFTER STOP signs.

In their 1981 study, of RTOR related to pedestrians and bicyclists,

Preusser et al. [13] suggested the following potential countermeasures as
worthy of further analysis and development:

o Provide bicyclist and pedestrian education programs.

o Modify warrants for RTOR prohibition to include considerations for
bicycle traffic.

o Use exclusive pedestrian signal phasing which would include an
illuminated NO TURN ON RED message.

o Set back the pedestrian crosswalk so the pedestrians would cross
the street behind the RTOR vehicle.

In 1984, Technical Committee 4A-17 of the Institute of Transportation
Engineers [14] developed guidelines for prohibiting RTOR. Some of their
study recommendations addressed countermeasures related to RTOR, includ-
ing:

¢ Use a disappearing legend sign for pari-time prohibitions and
approaches near railroad crossings.

o Consider less restrictive prohibition signs instead of full prohi-
bitions (i.e., NO TURN ON RED TO HENRY STREET).

o Provide education and enforcement programs.

COUNTERMEASURE DEVELOPMENT

The development of countermeasures for RTOR-pedestrian accidents may
be based on the sequence of events leading to such an accident, as well as
the actions and contributing causes. For example, figure 8 illustrates
the sequence of events of RTOR pedestrian accidents beginning with the
total population of signalized intersection approaches. Vehicles turning
right on red (whether permitted or prohibited) when combined with pedes-
trians may lead to accidents. When evasive action is taken by either the
driver or pedestrian, a RTOR pedestrian accident is avoided. However,
when neither reacts in time, a RTOR pedestrian accident results.
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It may be possible to prevent a RTOR-pedestrian accident by inter-
jecting countermeasures at two specific stages in the sequence of events,
namely, at points A and B as shown in figure 8. Actions at point A address
the problem of vehicles turning right on red, even though a RTOR prohibi-
tion exists on the approach. Countermeasures of this type are designed to
reduce RTOR violations.

At point B in figure 8, motorists turn right on red with pedestrians
present, and neither the drivers nor the pedestrians take adequate evasive
action to avoid a RTOR-pedestrian accident. Countermeasures directed at-
point B would be involved primarily with changing the behavior or aware-
ness of pedestrians or motorists to avoid a RTOR-pedestrian accident.

The development of possible RTOR-related accident countermeasures for
field testing in this study involved treatments to break the chain of
events leading to a RTOR-pedestrian accident. Sources used in counter-
measure development included:

@ Published and unpublished literature.

e Treatments used in the past by highway agencies.

e Considerations to eliminate specific types of violation problems
discovered in the Chapter I analysis. |

e Brain-storming sessions conducted by the study team with assist-
ance from selected highway agency officials.

The countermeasures for RTOR-related accidents from the literature
were discussed in the previous section. Other countermeasures based on the
RTOR violation data (see Chapter 1) were developed next. The factors
related to high and Tow RTOR violations were studied and then grouped into
corresponding "high violation" and "low violation" categories, as listed
in table 6. For example, one of the factors related to high violation of
NTOR signs was "long cycle length" (excessive delay to right-turn motor-
ist). A corresponding factor related to low violation rates was "short
cycle length." Thus, by grouping these factors, candidate countermeasures
were developed, such as improving signal timing or installing traffic
actuation devices.
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Population of
Signalized
Intersection
Approaches

v

v

RTOR
Prohibited

—0,

Vehicles Turning

v

RTOR
Permitted

~

Vehicles Not

Countermeasure Type A -
Directed at Improving
Motorist Compliance
at Approaches with RTOR
Prohibitions (or Improv-
ing Guidelines for RTOR

Prohibitions Right-on-Red Turning Right
on-Red
Countermeasure Type B -
Directed at Improving v 41
Safety Conditions at One or More No Pedestrians
all Intersections Pedestrians Are Present >
Related to RTOR Regard- Are Present
less of Whether RTOR (B) K
is Prohibited v v v
Neither Motorist Pedegtrian
Pedestrian Observes Notices
Nor Motorist Pedestrian Right-Turning
Takes Adequate And Takes Vehicle And
Evasive Action Adequate Takes Adequate
Evasive Action Evasive Action
Y L 2
vy Vv
RTOR Pedestrian P:geZIesan
Accident Occurs Accident
Occurs

Figure 8. Application of countermeasure types to the chain of events for RTOR

pedestrian accidents,
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As shown in table 6, seven basic situations were found for which
countermeasures could be proposed. Four of these situations related to
violations of RTOR prohibitions, and three of them involved the incidence
of stopping violations (vehicles not making a full stop prior to a RTOR
maneuver) where RTOR is allowed. For several of the violation causes,
countermeasures were suggested which may either have an effect on the
violation rates, or may reduce the degree of hazard resulting from the
violations. For example, for RTOR violations involving not making full
stops before turning right on red, countermeasures which may reduce the
danger of such violations may include:

e Relocating the crosswalk further from the intersection.

o MWarning pedestrians of possible right turn danger through the use
of WALK WITH CARE pedestrian signals or LOOK FOR TURNING VEHICLES
pavement markings.

e Construction of a pedestrian overpass or underpass to physically
separate pedestrians and motorists.

Although RTOR motorists should yield to pedestrians, pedestrians
should also be alert whenever crossing the street, since the pedestrian
js usually the one who is injured in the event of a vehicle-pedestrian
accident. Thus, some of the countermeasures listed in table 6 are intend-
ed to reduce violations related to RTOR, and other countermeasures are
intended to reduce the potential haiard of RTOR maneuvers (either legal or
illegal).

Based on all of the sources discussed previously, 30 potential RTOR-
related accident countermeasures were summarized in table 7. These were
categorized under five general categories:

Signs (12 countermeasures).
Signals (6 countermeasures).
Pavement markings (3 countermeasures).
Design treatments (5 countermeasures).

Others (4 countermeasures).
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For each countermeasure, a description is given along with comments
and an indication regarding whether the countermeasure was selected for
field testing. Many of these countermeasures may relate not only to RTOR
and RTOR-pedestrian accidents, but to pedestrian accidents in general. A
few of the countermeasures (i.e., eliminating unwarranted signals and
retiming signals) may also affect other types of accidents (rear-end,
right angle, etc.) and intersection operations (delay, congestion).

COUNTERMEASURE SELECTION AND FABRICATION

Of the 30 countermeasures which were developed and described, efforts
were made to select the 7 or 8 most promising ones for field testing. A
panel of traffic engineers and project team members was assembled for the
purpose of reviewing each of the candidate countermeasures and evaluating
each one based on:

e Expected effects on safety and operations.

® (Costs for installation, operation, and maintenance.

e Practical considerations, including possible adverse effects and
geometric and traffic limitations.

After discussing and evaluating each countermeasure, the following
were selected for field testing:

1. A NO TURN ON RED sign with a red ball in the center - Due to the
preponderance of signs and information at many intersections, the
red ball sign is expected to be more easily seen and remembered
by an approaching RTOR motorist.

2. Larger 30 x 36-in (75 x 90-cm) NO TURN ON RED SIGN - At intersec-
tions where the standard-sized 24 x 30-in (60 x 75-cm) sign is
not easily seen, such as on the far side of a wide intersection,
the larger sign is expected to be more conspicuous.

3. NO TURN ON RED WHEN PEDESTRIANS ARE PRESENT sign - The WHEN
PEDESTRIANS ARE PRESENT supplementary message was thought to be
preferable to time-designated restrictions. This would allow
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motorists to turn right on red when conditions allowed, but would
require them to yield to pedestrians.

A red ball NO TURN ON RED sign with a WHEN PEDESTRIANS ARE
PRESENT legend - This 1is intended to test the combination of
countermeasure numbers 1 and 3 above.

Offset stop bar - This is intended to provide improved sight
distance to RTOR vehicles in the right lane by moving back the
stop bar of adjacent stopped vehicles (in the left or "middle"
lanes) by approximately 6 to 10 ft (1.8 to 3 m). Thus, RTOR
motorists may get a better view of cross-street traffic coming
from the left.

LOOK FOR TURNING VEHICLES pavement marking in the crosswalk -
This low-cost countermeasure is intended to remind pedestrians to
be alert for turning vehicles, including RTOR and other turning
vehicles.

Variable message NO TURN ON RED/Blank-out sign - This is another
alternative to a time-designated RTOR prohibition, but would
illuminate the NO TURN ON RED message only during times, seasons,
days, or intervals when RTOR prohibition is justified.

Photographs or illustrations of these devices are illustrated in figure 9.

METHODOLOGY

The data collection plan for the testing of devices consisted of the
following activities:

Selection of test sites.

Measures of effectiveness (MOE's).
Data collection procedures.
Statistical tests.

Each activity is described below.
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NO TURN

ON RED

Countermeasure 1. Red ball NO TURN ON RED sign

~No
TURN

ON
RED

Countermeasure 2. Larger NO TURN ON RED sign

Figure 9. Photographs of the experimental devices.
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Countermeasure 3. NO TURN ON RED WHEN PEDESTRIANS ARE PRESENT sign

NO TURN

WHEN
PEDESTRIANS
ARE PRESENT

Countermeasure 4. Red ball NO TURN ON RED WHEN PEDESTRIANS ARE PRESENT sign

Figure 9. Photographs of the experimental devices (continued).
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Countermeasure 5. Offset stop bar

I COPCIR

AL FERTNY

Countermeasure 6. LOOK FOR TURNING VEHICLES pavement markings

Figure 9. Photographs of the experimental devices {(continued).
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Countermeasure 7. Variable message NTOR/blank-out sign

Figure 9. Photographs of the experimental devices (continued).
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Selection of Test Sites

Sites selected for countermeasure testing included those which had a
deficiency and were thought to be correctable by the device. Several
general criteria and inputs were used in the initial site selection
process. Each device was intended to be tested in at least two of the
selected cities. A list of candidate cities and types of sites were
developed for each device. For example, the red ball NTOR sign was not
tested in Dallas, since the device is already used there. In addition, the
offset stop bar and the pavement markings were tested at sites where RTOR
is allowed, since these devices are intended to encourage a safer RTOR
maneuver. Other criteria used in identifying the sites for each counter-
measure are summarized in table 8.

Using the criteria in table 8 and RTOR conflict and violation data
collected for 199 approaches, several sites were tentatively selected for
testing purposes. Discussions were held with local engineering officials
from Dallas, Detroit, Austin, and Washington, D.C. on the proposed sites,
and the 1ist of test sites was finalized. The variable message/blank-out
NTOR sign was tested in conjunction with work underway by the Michigan DOT
to install several of these devices in the Lansing and Grand Rapids areas.

Selection of MOE's

The ultimate goal of the selected countermeasures was to improve RTOR
safety and reduce RTOR-pedestrian accidents. However, accident data is a
poor measure of effectiveness (MOE) for use in testing such devices,
since:

e RTOR accidents are extremely rare events at a given Tlocation. In
order to have an adequate sample of RTOR accidents before and
after countermeasure installation, it may be necessary to install
countermeasures at thousands of locations and then wait several
years for the after accident data.

e RTOR-related accidents are often difficult, if not impossible, to
identify from the accident report form.

58



*3}3J043-5504D

325 03 3ue| uany Y614 3yl uy asoyy 40y L3 nd
~1341p bupsned 3bue we 0 6uj3I3SAIJUY SIFAS
*auey uany-Jybia ayy up sisyaojom

40§ UOL3IN43Sq0 IWRIS|P I6yS e buysned sauey
|PPIW 3Y) U} I R4} JIYI0 40 SISNQ ‘SRONu)

) *yseoud

~de 3Y) U0 UOLIIILLP O UL SIUR| IACH 40 OM]
*JUN|0A UR}a3SIPAd II0AIpom 03 MmO

*SauN | 0A yoLY pue uani-ybia ybiy o1 ajesdpoy

‘yoeousdde ayy e pOmoOLLR ¥WOLY - Jeg dois 138330 S
*ydeouadde
3y) 1@ 151@ Aovw J3IIN|D (BNS|A I QRI3PISUO) -
*S3un| oA uejaysapad mol - *(3u3saad 30U | jje4) SSOLI pue
° JOA sueLa}sapad “°3°y) pajueusem 10U Sem uoL}ygiyosd
-nauew yOLY © new 03 duRISIp W6ys Iyenbapy - 3y} UaYM UOLI4QIY0Id HYOLN YD JO UOLIRIOLA YBIN - ubys
*3|342 3y} jo uojjuod ® Burunp JuauBAcs *100Yy2S ® Je3U 40 (g) Yl uy S yons ‘fep INISI8d TWV SNVIuL
p3123304d ® Uy S3UN|OA u.n3-333| Guysoddo ybiH - 3y} Noybnouyy saun|oa ueya3sapad Gupienionyy - -S3I03d NIMM I YIIM
*SWNL0A un-3ybys ua_z - SISLX3 A|Jud44nd uoiltqiyosd YOLN LINJ 40 (eLided - ubis HOLN Lieg Py ‘¥
*SISLX3
Ajudaund uor3iqryosd ¥OLY (eiised 40 (N4 ~
*WOLY 3jes @ 3qew 0] 3dueisip 6LS Ijenbapy -
*31249 3yl Jo uoylsod e Guyanp uaanduew *(juasaad jou 3yjjea) SSO4D pue
uany-333| buisoddo p33133j104d g uo}l|puo) sueyaysapad -3 |) pajueasem J0U SeM uoL3yiqLyosd
3y) uays uoL3ILqyosd YOLN 3Yy JO uoLIR|OLA YbLY -
‘pajuRadeM J0U Sem u0i31qiyoad 3y} *100Yds ® Je3u 40 (g Y Uy Se yons ‘Aep
uays Su0y3LGIYosd YOLN Y} JO UOLIRLOLA YbLH - 3y1 noybnouyy sawn oA ueyaysapad buijenidngy - ubis INISINd JW
*3tuiad SUOLILPUOD UIYM J3AnIuRw *$3S1X3 A|JUd4and voiItqiyoad yYoIN (NS 40 (eLlsed -  SNVIYLSIGId N3HM WOIN '€
Y01y 9ses ¢ ayjew 0] adueysip ybis ajenbapy -
*aun |OA uany-yybia ybyy 0y 3jedapoy -
*(09) 3y} 40 (Oo0yds © Jedu ‘°3° L) Aep j0 ‘(240w 40 s3aue| anoj A|ajewixoadde) apim
saw) pojgidads Buyanp suoiliqiyosd yoly wed S| 199415 $SO04I Ay} Au3ym ‘133415 3yl JO apis Jey
-J0M PLNOM YOLyYm SAUN|OA uriaysapad bBuyjenyongy - 3yy uo (eubis ayy 4edu pajedo| sy ubys YOLN Ayl -
*334S Y e SIS4Xd A Judd ~uot 34 qiyoad
-4nd u0y31qiyosd PIs-uo-uany-ou (eyjsed 40 ||NJ - 301y bupisyx@ ayy j0 suoyie|oyA ybyy 03 ajesapoy -
*Saun(O0A uani-3ybia ybiy 01 esdpoy -
*Aep jO 3wy uo paseq ubys no-jue (g /uOIN *sawn|oA ueluysapad ybiy oy ajesapoy - ubis g3y
aun| oA ueiaysapad bupjenyongy :y uOLILpUO) abessow A qgiaep 4 *SISLXd A(juaLand uotItqiyosd yoiy tind - NO N3l ON 436407 2
*Bunoo| INOYIIM "uoL333$ 49Ul Y} Jeau
393415 3y} buia3ajud suetuysapad jO SIjuesuf - Juaudo3A3p puR $32L AP |04JU0D DL yjea) *subys
*J3AnduRw ¥OLy © 40} dueysip ybys ajenbapy - 434310 wouy J4I3IN|D (BNSLA SO JuNOLR 3| GeJIPLSUO) -
SN[ 0A YOLY pue uany-jybis ybiy 03 Ijeudpoy - ‘u0y34qiyosd 301y 3Y) JO SUGKIRIOLA ybiH -
*S3UN|OA ue|4}sapad 3jesapoy - sbuyxyey jududARg $31) *Saun oA uan3-Iybia ybiy 03 ajeudpoy -
‘ydeoudde ayy e pomof (e ¥OLY -  -IHIA ININYOL ¥O3 %007 9 *Ssaun| oA uelaysapad ybiy 03 ajedapoy -
*$3IS4x@ A Juadand uotitqiyosd ¥O1Y LLNd - ubis YOLN t1eg pAy 1

v1491t4) 3318

34NSRIIIIUND)

°1433143 311§

3aNSRAWIITUNO)

*$371S

153] 9JNSEAWIIIUNOD }I3|3S 0} Pasnh ©LuIILL)

"8 alqel

39



° M§ny devices will result in small or subtle changes in pedestrian
and/or motorist behavior. The detection of such changes may be
possible only through the use of conflicts or other operational
MOE's.

To date, no proven opérationa] MOE's have been validated as "surro-
gates" or substitutes for RTOR-pedestrian accidents. However, the alter-
natives being tested are designed to reduce or change certain types of
pedestrian and/or motorist behavior which are contributory accident
causes. A device which significantly reduces motorist violations of RTOR
or reduces near-accidents between motorists and pedestrians at a site may
be considered to have a high likelihood of improving pedestrian safety.

The specific types of conflicts and events used as MOE's as described
earlier, were:

Vehicle Hesitation (VH).

Vehicle Swerve (VS).

Pedestrian Hesitation (PH).

Pedestrian Run (PR).

Interaction between a right-turn vehicle and a pedestrian (I).

In addition to these events, RTOR violations and RTOR conflicts with
cross-street vehicles were also collected for additional countermeasure
evaluation. Other information collected included pedestrian volume in
each crosswalk (near and far), total right-turn volume, and RTOR volume
using the data collection form shown earlier.

A1l of the above measures were collected separately for the red
signal phase and the green (plus amber) phase. This was thought to be
essential, since a device may significantly reduce RTOR conflicts but
merely cause a corresponding increase to RTOG conflicts. Thus, the effect
of the conflicts during the entire cycle (green + red + amber interval)
was also of importance.
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Because of the low frequency of conflicts at each site, the conflict
types were combined for analysis purposes. Thus, the term "conflicts" in
the analysis refers to vehicle hesitations and swerves plus pedestrian
hesitations and runs (VH + VS + PH + PR). Pedestrian-vehicle interactions
(I) were kept separate for analysis purposes. The term "conflicts and
interactions" was used to indicate cases when the two measures were com-
bined. The four basic forms of the conflict measures (MOE's) were ex-
pressed as follows:

RTOR Conflicts.

RTOR Conflicts and Interactions.

Total (RTOR + RTOG) Conflicts.

Total (RTOR + RTOG) Conflicts and Interactions.

Each of these measures is self-explanatory. Note that the last two mea-
sures incorporate events occurring in the entire signal cycle.

A summary 1is given in table 9 of the specific MOE's which were
selected for each of the seven countermeasures. For example, all of the
countermeasures were expected to have some effect in RTOR conflicts, as
well as interactions. Also, there was a possible "carry-over" effect into
green phase conflicts and interactions, since a reduction in RTOR viola-
tions or conflicts may result in a corresponding increase in RT0G con-
flicts. Thus, there was a need to analyze the effect of the devices on
total (RTOR and RTOG) conflicts and interactions.

RTOR violations were not expected to be affected by the pavement
markings. The RTOR conflicts with cross-street vehicles were not expected
to be affected by:

e The LOOK FOR TURNING VEHICLES pavement marking - This is intended
to cause pedestrians to be more cautious but is not expected to
affect RTOR vehicles as they interact with cross-street vehicles.

e NTOR WHEN PEDESTRIANS ARE PRESENT sign - This is intended to

remind RTOR motorists to yield to pedestrians and should not
impact conflicts with cross-street vehicles.
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Data Collection Methods

The data collection forms and procedures used for countermeasure
testing were similar to those discussed in Chapter I. At sites where the
offset stop bar was tested, information was also collected relative to
motorist compliance to the offset stop bar. When a motorist was observed
making a RTOR movement at these sites, the observer would note if the RTOR
vehicle came to a full stop, a rolling stop, or no stop. If the RTOR
motorist came to a full stop, the observer would note if the vehicle
stopped behind or past the stop bar. In addition, the observer would also
note if other vehicles were stopped at the stop bar on the approach (in
the left or middle lanes) and if these vehicles stopped behind or past the
offset portion of the stop bar.

The RTOR Volume and Conflicts form (figure 2) was modified slightly
when used to collect data at the variable message NTOR/blank-out sign in
Grand Rapids. At this site, the NTOR sign would appear for an interval
during a protected opposing left-turn maneuver. Therefore, for each
10-minute data collection period, the right-turn-on-red maneuvers and con-
flicts were collected separately for the RTOR-allowed and RTOR-prohibited
intervals.

At many of the sites, 4 hours of data were collected followed by
another 4-hour data collection period several weeks later to assess the
repeatability of the data and to provide an adequate sample of events
(conflicts, violations, etc.).

Two different data collectors were generally sent to each city for
data collection purposes to minimize data collector biases. .,While data
were collected for approximately 8 hours on each approach, more emphasis
was placed on the times of day when pedestrian volumes were highest or
when the RTOR prohibitions were in effect.

Data were recorded, checked, and entered into a computer file. Prog-
rans were developed to identify data inconsistencies and logic errors.
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Other checking was conducted on the data file to ensure a high degree of
data quality. After the countermeasures were installed, a 2-4 week accli-
mat ion period was used before collecting the after data so that motorists
and pedestrians would become accustomed to the devices. Approximately
8 hours of after data were collected on each approach.

Statistical Analysis Techniques

The Z-test for proportions was selected as the statistical test. This
test is used to determine if the proportion of occurrences in one sample
(before period) is significantly different from the proportion of occur-
rences in a second sample (after period). This test is applicable for
continuous data (proportions), and has the following underlying assump-
tions.[15]

1. The distributions are binomial (i.e., either an event does or
does not occur).
The observations are independent.
The sample of events is greater than 30 in each sampling period
(each of the before and after conditions).

In this analysis, the events are pedestrian-vehicle conflicts (and
interactions) and the opportunity for an event is either a pedestrian
crossing or a RTOR maneuver. The proportion of conflicts and interactions
in the before period were compared to the proportion of events in the
after period at each site and a Z-value was computed. At sites where one
of the MOE's was RTOR violations, the event was a RTOR maneuver and the
occurrences were the total number of right turns. Then sites were grouped
with similar treatments and within the same city, and the analysis was
repeated. If the calculated Z-value is greater then the critical Z-value,
then the difference in proportions is statistically significant.

One other consideration was whether to use "control" (or "compari-
son") sites to determine whether any changes observed in the conflicts and
interactions were caused by the experimental devices and not by external
factors. The use of control or comparison sites is particularly important
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when conducting accident-based evaluations where several years elapse
between data collection periods. However when conducting an evaluation
using conflicts or other non-accident MOE's, the simple before and after
experimental design is generally appropriate under most circumstances, due
to the relatively short period of time (a few weeks or months) between the
before and after periods, as discussed by Perkins [15]. Therefore, for
this analysis, the before-after experimental design was used.

RESULTS

A summary table of the Z-test for proportions results is given for
each device. For each Z-test, one of the following outcomes resulted:

o A: Significant differences were found in favor of the after
(experimental) condition.

o B: Significant differences were found in favor of the before
(base) condition.

o NC: No significant differences were found between the before and
after periods.

o "-": Insufficient sample sizes to conduct the Z-test.

In each case, an indication is given relative to the significance at
the 0.05 level and also the 0.01 level. Using the two-tailed test with
the Z-test for proportions, a Z. (Z-critical) value of 1.96 corresponds
to the 0.05 level, and a Z. of 2.58 corresponds to the 0.01 Tlevel
(assuming a sample size of 30 or more events). Z-values of each test were
compared with the critical values to test whether the proportion of con-
flicts in the after period is significantly different from the proportion
in the before period. The results of testing of the seven devices is
discussed below.

Red Ball (Symbolic) NTOR Sign

The results of the testing of the red ball (symbolic) NTOR sign are
summarized in table 10. The sign resulted in an overall reduction in RTOR
violations (turning right-on-red when prohibited) from 7.6 percent (of
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10,164 right turns) in the before period to 6.2 percent (of 7,615 right
turns) in the after period. This is significant at the 0.0l level. How-
ever, the overall reduction in violations is due solely to the Washington,
D.C. sites, which experienced a drop in RTOR violations from 8.1 percent
to 2.9 percent after installing the red ball sign. On the other hand,
there was an increase in RTOR violations from 7.3 percent to 9.4 percent
at the combined Detroit sites. This may be due to the sign placement. The
NTOR signs were mounted on signal poles adjacent to the traffic signals in
Washington, D.C., as specified in the MUTCD. At the Detroit sites the NTOR
signs were post-mounted on the far or near side corner of the intersection
(not near the signal). Such sign placement at the Detroit sites may not
have been conspicuous to the motorist.

An insufficient sample of RTOR-pedestrian conflicts was available to
apply the Z-test (i.e., less than 30 conflicts in each of the before and
after periods). Only 22 RTOR conflicts (of the 770 RTOR vehicles) were
observed in the before period, or 2.9 percent, compared to O conflicts (of
473 RTOR vehicles) in the after period. Similarly, an insufficient sample
of RTOR conflicts plus interactions were observed, with only 41 in the
before period (5.3 percent) and 6 in the after period (1.3 percent).
Thus, the pedestrian conflicts resulting from RTOR violations were too
infrequent for statistical testing.

The proportion of total (RTOR + RTOG) conflicts showed significant
reduction (from 2.6 percent to 0.8 percent) at the combined Washington,
D.C., sites due to the red ball NTOR sign. In Detroit, when right-turn
volume was the basis of analysis, the red ball was also associated
with a significant reduction in proportion of conflicts (reduced from
10.8 percent to 8.6 percent). No significant reduction occurred in
Detroit, however, using conflicts as a proportion of pedestrian volume.

The proportion of total (RTOR + RTOG) conflicts plus interactions
dropped significantly for all sites combined in nearly all situations.
Again, no significant reduction occurred at the four Detroit sites when
pedestrian volume was used as the basis of analysis. Combining all six

sites from the two cities, a significant reduction was again observed in
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the proportion of conflicts. A sufficient sample of RTOR conflicts with
cross-street vehicles was not available to conduct any analysis of that
conflict type.

In summary, the red ball NTOR sign was found overall to be effective
in reducing the proportion of RTOR violations, total (RTOR + RTOG) con-
flicts, and total (RTOR + RTOG) conflicts plus interactions at the six
sites combined. However, the sign was more effective at the two approaches
in Washington, D.C. than at the four Detroit approaches. This could be
the result of differences in sign placement in the two cities, and/or due
to site-related differences.

Larger NO TURN ON RED Sign

The Tlarger 30x36-in (75x90-cm) NTOR sign was tested at one approach
in Detroit and four approaches in Washington, D.C. as summarized in
table 11. At the Washington, D.C. sites, the proportion of RTOR viola-
tions decreased significantly (at the 0.0l level). However, no signifi-
cant difference resulted in RTOR violations when combining the Detroit
site with the four Washington, D.C. sites. Overall, the violation rate,
remained constant at 3.0 percent, even though RTOR violations at the
Washington, D.C. sites dropped from 7.1 percent to 2.7 percent (Z-value of
4.86 at the Washington D.C. sites).

Sample sizes of RTOR conflicts, RTOR conflicts + interactions, total
(RTOR + RTOG) conflicts, and RTOR conflicts with cross-street vehicles
were insufficient for any valid analysis. In fact, of 2,186 right-turn
vehicles and 899 pedestrians in the before period, only 35 total conflicts
occurred. Only 23 total conflicts occurred in the after period out of
3,333 right-turn vehicles.

The proportion of total conflicts plus interactions for all five
sites combined was significantly reduced with the larger NTOR sign (using
right-turn volume as the base). No significant change occurred, however,
when comparing the proportion of total conflicts plus interactions with
respect to pedestrian volume.
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In summary, a sufficient sample of RTOR conflicts was not available
for making any conclusive statements concerning the use of the larger NTOR
signs. There were some indications, however, that the signs may be
effective under certain situations. For example, it resulted in a signi-
ficant reduction in proportion of violations at the four combined test
sites in Washington, D.C.

NTOR WHEN PEDESTRIANS ARE PRESENT Sign

A1l four of the approaches where this device was tested were in
Detroit. The results are summarized separately for each approach in
table 12. In each case, the supplemental WHEN PEDESTRIANS ARE PRESENT
sign was used to replace either a full prohibition, or a time-related
prohibition (i.e., 7 a.m. to 7 p.m.). Thus, the before data were collected
when a RTOR prohibition was in effect. These data were then compared to
the NTOR WHEN PEDESTRIANS ARE PRESENT sign, which allows a RTOR after a
motorist yields to pedestrians and other motorists.

Because this device changed the RTOR requfrement from a prohibition
to an allowed movement (after yielding to pedestrians), it was expected to
cause an increase in RTOR maneuvers, hopefully without causing an increase
in RTOR-pedestrian conflicts. As expected, RTOR maneuvers increased from
3.3 percent (270 of 8,172 right-turn vehicles) in the before period (all
of which were illegal RTOR maneuvers), to 5.6 percent in the after period.
However, these RTOR maneuvers in the after period were legal if the motor-
ist made a full stop and yielded to pedestrians and cross-street vehicles
before making a RTOR. The increase in proportion of RTOR maneuvers was
significant at the 0.01 level. This device could reduce unnecessary vehi-
cle delay in many cases.

A total of 32 RTOR-pedestrian conflicts occurred in the before
period, which was 11.9 percent of the 270 RTOR maneuvers for all sites
combined. This compared with no RTOR-pedestrian conflicts out of the
256 RTOR maneuvers in the after period. Even though the proportion of
RTOR-pedestrian conflicts dropped from 11.9 percent to O percent, the
sample of conflicts was too small to be considered statistically signifi-
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cant. Similarly, RTOR-pedestrian conflicts plus interactions dropped from
17.8 percent (48 of 270) in the before period to only 0.3 percent (1 of

331) in the after period, although the sample was too small for statisti-
cal testing.

An analysis was conducted of each of the four approaches individually
because of the diversity of traffic and pedestrian volumes and the differ-
ent effect of the device. For example, approach 1 indicated no signifi-
cant effect of the device for three of the four MOE's. At approach 2, the
sign was associated with a significantly higher proportion of conflicts
(0.01 level) in three of the four analyses. Approaches 3 and 4 resulted
in a significantly lower proportion of conflicts in most cases. A suffi-
cient sample of RTOR conflicts with cross-street vehicles was not avail-
able to conduct any analysis of that conflict type.

The reason for the inconsistencies in results was investigated by
reviewing differences in site characteristics. This sign was most effec-
tive at the sites with low right-turn volumes. This sign appeared less
effective at the sites with high right-turn volumes, perhaps because the
high turning demand resulted in less willingness by motorists to yield to
pedestrians, particularly since RTOR was allowed in the after period.

Red Ball NTOR WHEN PEDESTRIANS ARE PRESENT Sign

The red ball NO TURN ON RED sign was tested in conjunction with the
WHEN PEDESTRIANS ARE PRESENT message at one approach in Austin, two ap-
proaches in Dallas, and one approach in Washington, D.C., as summarized in
table 13, The Austin approach differed from the other three approaches in
several ways, including higher right-turn volumes. Thus, it was separated
from the other three approaches for analysis purposes.

The experimental device (after period) allows a RTOR after yielding
to pedestrians, while RTOR was prohibited in the before period. Thus, the
device was expected to increase RTOR maneuvers, without increasing con-
flicts. As expected, RTOR maneuvers increased from 5.7 percent to
17.4 percent at the three sites combined (significant at the 0.0l level).
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The biggest increase in RTOR maneuvers occurred at approach 3, (from
7.0 percent to 40.5 percent). Increases in the proportion of RTOR
maneuvers were significant at the 0.05 level at approach 1 and at the
0.01 level at the other two sites combined. This indicates a probable
reduction in delay for right-turn motorists.

The number of RTOR-pedestrian conflicts and interactions were insuf-
ficient for statistical testing. The proportion of pedestrians involved
in total (RTOR + RTOG) pedestrian conflicts were found to be reduced at
approach 1 from 6.7 percent in the before period (72 conflicts out of
1,074 crossing pedestrians) to 3.2 percent in the after period (69 con-
flicts of 2,155 pedestrians). This was a significant reduction at the
0.01 level. Insufficient samples of conflicts were observed at the other
three approaches.

A similar result was also found regarding the proportion of pedestri-
ans involved in total (RTOR + RTOG) pedestrian conflicts plus interactions
At approach 1 (Austin-site), the proportion of these events dropped from
14.2 percent (152 events of 1,074 pedestrians) to 5.5 percent (118 of
2,155 pedestrians), which resulted in a Z-value of 8.39 (significant at
the 0.01 level). Insufficient samples again prevented formal analysis at
the other three approaches. Due to intersection geometrics at the Austin
and Washington, D.C., approaches, there was no cross-street traffic.
There was noted, however, a problem in reading the WHEN PEDESTRIANS ARE
PRESENT legend in some cases. At the Austin approach, the sign was located
on an overhead mast arm on the far side of the intersection adjacent to
the signal face. At the Dallas approaches, the sign was mounted on a
signal pole on the far side. At this distance the 10 x 24-in (25x60-cm)
sign (having 2-in (5-cm) letters) was difficult for motorists to read. The
observers noted that some motorists reacted conservatively and did not
make a RTOR maneuver. This was particularly true at the Austin approach,
which was a three-legged intersection with no cross-street traffic to
inhibit a RTOR.

The sign location at the Austin and Dallas red ball NTOR WHEN
PEDESTRIANS ARE PRESENT approaches are different than the Detroit NTOR
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WHEN PEDESTRIANS ARE PRESENT test approaches. The Detroit signs were

located on the near side of fhe intersection at the corner, which makes it
much easier to read by the right-turn motorist.

In summary, the red ball NTOR WHEN PEDESTRIANS ARE PRESENT sign
resulted in an increase in RTOR maneuvers, as intended at all four sites.
Although RTOR-pedestrian conflicts were too infrequent for statistical
testing, a significant reduction resulted in proportion of total pedes-
trian conflicts at one of the sites which had a high right-turn volume and
high pedestrian volume. Thus, at this site, motorist turning delay was
reduced and the proportion of pedestrian conflicts was also reduced, which
was a desirable result. However, due to the size of the Tlegend, the

location of the sign is an important consideration prior to its applica-
tion.

Offset Stop Bar

The results of the offset stop bar are summarized in table 14 for two
approaches in Dallas and one in Washington, D.C. Samples of RTOR conflicts
and interactions were insufficient for conducting any statistical tests.
In fact only 11 RTOR conflicts plus interactions occurred of the
3,808 RTOR vehicles, or only 0.3 percent at the three approaches com-
bined.

For the site in Washington, D.C. the proportion of total (RTOR +
RTOG) pedestrian conflicts was 3.5 percent in the before period (132 con-
flicts of 3,756 pedestrians) and 3.2 percent in the after period (263 con-
flicts for 8,177 pedestrians). This corresponded to no significant change
(Z-value of 0.85). An insufficient sample of pedestrian conflicts (less
than 30) was obtained at the Dallas approacheé for any statistical test-
ing.

The proportion of total (RTOR + RTOG) pedestrian conflicts plus in-
teractions was not significantly changed at the Washington, D.C., approach
(Z-value of 0.70). The proportion of pedestrians involved in a conflict or
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interaction dropped only from 5.0 percent in the before period to 4.7 in
the after period. The two Dallas sites again had an insufficient sample
of events for any statistical testing.

In terms of RTOR conflicts with cross-street traffic, 79 conflicts
were observed in the before period, or 4.6 percent, compared to only
0.62 percent in the after period. This is a significant reduction in the
proportion of conflicts at the 0.01 level of confidence.

A separate analysis was conducted to -determine how motorists reacted
to the offset stop bar and to assist in determining the effect on RTOR
stopping characteristics. Stopping location data were collected relative
to the RTOR vehicle and for vehicles in the middle (offset stop bar) lanes
during the after period. Information was collected to see if the RTOR
vehicle: (1) stopped at or behind the stop bar, (2) stopped over or past
the stop bar, or (3) did not make a full stop. At the same time, condi-
tions in the middle lanes were examined to see if: (1) no vehicles were
present, (2) vehicles stopped at or behind the offset stop bar, or
(3) vehicles stopped past the offset stop bar. A summary of this informa-
tion is given in table 15,

Stopping data characteristics were collected for 1,184 RTOR vehicles
at the three offset stop bar sites, a majority of which were at the two
Dallas sites. Of the 1,184 RTOR vehicles, 22.6 percent, came to a full
stop behind the stop bar, 38.7 percent came to a full stop past the stop
bar, and 38.7 percent came to a rolling stop or did not stop prior to
making their turn. This compares to 56.9 percent of the motorists making
a rolling or no stop at the 29 RTOR-allowed approaches where RTOR stopping
characteristics were analyzed in an earlier part of this study
(Chapter I). While 38.7 percent of the RTOR vehicles stopped past the stop
bar, this percentage increased to 51.6 when vehicles in the middle lanes
stopped past the offset stop bar and was somewhat lower (35.6 percent)
when vehicles in the middle lanes stopped behind the offset stop bar.
While 22.6 percent of RTOR vehicles stopped behind the stop bar, this
percentage was higher when no vehicles were in the middle lanes or the
vehicles in the middle lanes stopped behind the offset stop bar, and was
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Tower when vehicles in the middle lanes stopped past the offset stop bar.
This implies that if vehicles in the middle lanes complied with the offset
stop bar (or vehicles are not present in the middle lanes), there is a
greater Tikelihood that the RTOR vehicle would stop behind the stop bar
prior to making the turn.

Overall 68.6 percent of the motorists in the middle lanes stopped
behind the offset stop bar, while 31.4 percent stopped past the stop bar.
This percentage varied between sites. At one site in Dallas, 81.4 percent
of the vehicles in the middle lanes stopped behind the offset stop bar
while at another Dallas site, 56.4 percent stopped behind the offset stop
bar. The overall percentage of rolling or no stop RTOR vehicles remained
relatively unchanged regardless of the presence and location of vehicles
in the middle lanes (behind or past the offset stop bar).

In summary, conflict data for the offset stop bar revealed a signifi-
cant reduction 1in conflicts to cross-street vehicles at all sites com-
bined. At the one Washington, D.C. approach, no significant change occur-
red in the proportion of pedestrian conflicts or interactions. In terms
of stopping characteristics, the offset stop bar in the middle lane(s)
resulted in more RTOR vehicles making a full stop behind the stop bar.
Overall 68.6 percent of middle lane vehicles stopped behind the offset
stop bar, and when this occurred there was a higher 1ikelihood of the RTOR
vehicle stopping behind the stop bar. More testing would be desirable to
verify the overall effects of the offset stop bar for various site charac-
teristics.

LOOK FOR TURNING VEHICLES Pavement Marking

A summary of the results of the LOOK FOR TURNING VEHICLES pavement
marking s summarized in table 16. This device was tested on eight
approaches in Detroit, Austin, and Dallas. The proportion of the RTOR-
pedestrian conflicts was significantly reduced (0.01 level) for all eight
approaches combined. The proportion of RTOR conflicts plus interactions
was also significantly reduced in Austin and for all sites combined after
the markings were applied. The overall reduction was from 9.7 percent to
2.6 percent, which corresponds to a Z-value of 7.56.
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The proportion of total conflicts was also significantly lower
(0.01 level) for the Detroit approaches and all approaches combined as a
result of the markings. Overall conflicts (per right-turn volume)
dropped from 5.5 percent (408 of 7,454 vehicles) to 4.2 percent
(278 of 6,563 vehicles). In terms of proportion of conflicts with respect
to pedestrian volume, the pavement markings also had a similar effect at
the two Austin sites (i.e., significantly less in the after period at the
0.01 level).

Based on the total (RTOR + RTOG) conflicts plus interactions, results
were somewhat more varied. Significant reductions in the proportion of
conflicts and interactions were found in Austin and Detroit (0.05 level or
better) with a significant increase (0.0l level) in Dallas. The eight
sites combined showed an improvement (significant at the 0.05 level), when
the proportion of total conflicts plus interactions (with respect to
rightturn vehicles) was reduced from 10.2 percent to 8.6 percent. While
collecting the after data, the observers also noted several instances of
people walking into the crosswalk while looking down, and after reading
the pavement marking would look both ways. While a formal analysis on
this information was not conducted, these observations indicate a poten-
tial benefit of having these messages to caution pedestrians while cross-
ing.

In summary, the LOOK FOR TURNING VEHICLES pavement marking showed an
overall reduction in conflicts and interactions for RTOR vehicles and also
for total (RTOR + RTOG) vehicles. However, the results were mixed for
different cities. While it was effective at the Detroit and Austin sites,
it was ineffective at the Dallas sites. One possible explanation is that
there may indeed be real differences in the effectiveness of such devices,
depending on area and/of locational characteristics. The markings do
appear to be of value in reducing conflicts at some sites, as found in
this analysis.

A practical consideration with these devices is they may be covered
by snow in winter months and tend to wear away quickly on poor pavement
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surfaces. A few of the pavement markings were worn-away within a few weeks
after application (when the pavement was poor), while others were fully
visible after 3 to 4 months.

Electronic NTOR/B1ank-Qut Sign

The electronic NTOR/blank-out sign was tested at four approaches in
Lansing, Michigan, and one approach in Grand Rapids, Michigan. The four
Lansing approaches were at school zones, where pedestrian activity con-
sisted predominantly of school children who crossed the street only within
a limited amount of time each school day. Thus, very few RTOR-pedestrian
conflicts occurred during either the before or after periods, which pre-
vented any formal evaluation based on pedestrian conflicts.

Regarding compliance to the NO TURN ON RED message, several interest-
ing results were found. At one intersection in Lansing, the NTOR/blank-out
sign was installed on two approaches (eastbound and southbound) to replace
standard NTOR signs (full prohibition). The analysis involved combining
data at the two approaches. In the before period (with standard NTOR
sign), 62 of 3,396 right-turn motorists (1.83 percent) violated the sign
by making a RTOR. During the after period with the electronic NTOR sign
illuminated (i.e., during the prohibition period) only one motorist out of
622 (0.2 percent) violated the sign. This reduction was not significant
due to an insufficient sample of violations in the after period. A differ-
ent analysis was then made in the after period of the RTOR maneuver which
occurred during the blank-out period (RTOé allowed) versus the NTOR-
illuminated period (RTOR prohibited). As expected, 16.8 percent or 298 of
1,767 of right-turn motorists made a RTOR when allowed, compared to only
0.2 percent (1 of 622) when prohibited. This illustrates that the elec-
tronic sign effectively allowed RTOR maneuvers when justified (i.e., few
or no pedestrians crossing) and virtually eliminated RTOR maneuvers during
periods when children were present.

At the second intersection in Lansing, electronic NTOR/blank-out
signs already were operational on two separate approaches. Thus, no data
were available for the before period. The two approaches were combined
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for analysis purposes, and RTOR maneuvers were compared between the blank-
out period (RTOR allowed) versus the illuminated (RTOR prohibited) time of
day. During the blank-out periods, 194 of 672 right-turn vehicles made a
RTOR maneuver, or 28.8 percent (i.e., maneuvers which were allowed after
stop and after yielding to pedestrians). When the sign was illuminated NO
TURN ON RED, 5.1 percent (19 of 369) of motorists made an illegal RTOR
maneuver. This was a significant reduction in RTOR maneuvers, even though
19 motorists made an illegal RTOR maneuver while the sign was illuminated.
However, none of these illegal maneuvers resulted in a pedestrian conflict
or interaction.

The third intersection with the NTOR blank-out sign consisted of only
one approach in Grand Rapids, Michigan (southbound approach only). The
electronic sign was tested under three separate operations:

Operation 1: The sign shows an illuminated NO TURN ON RED message
only during a 17-second interval of each cycle, during an opposing
left-turn phase which conflicts with the RTOR vehicles.

Operation 2: The sign was illuminated NO TURN ON RED continuously
for 24-hours per day.

Operation 3: The sign was illuminated NO TURN ON RED during the
entire red interval for the approach. (60 seconds of NTOR for the
90 second off-peak cycle lengths and 70 seconds of NTOR for the
105 second peak period cycle lengths).

The opposing (northbound) approach was used as a comparison site, since it
had a standard NO TURN ON RED (post-mounted) sign.

A summary was prepared of the RTOR violations for each of the condi-
tions 1isted above (including the comparison site) as shown in table 17.
For each of the conditions, between 13 and 30 hours of data were collect-
ed. For Operation 1 (a NTOR illuminated only 17 seconds each phase) and
Operation 2 (NTOR illuminated continuously), 1.9 percent of motorists com-
mitted a RTOR violation (i.e., turned right when the sign was illuminated
NTOR). When the sign was illuminated during the entire red phase (Opera-
tion 3), a 2.9 percent violation rate resulted, which was comparable to
the 2.6 percent violation rate at the comparison site.
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The proportion of violations (1.9 percent) for operation types 1 and
2 were significantly lower than either the comparison site or from Opera-
tion 3. However, note that the right-turn volume at the test site was
nearly constant at 400 to 434 for various test periods, while the compari-
son site had only 59 right turns per hour. Thus, the RTOR violations at
the comparison site might be expected to differ (i.e., perhaps a higher
rate) if right-turn volume increased up to 400 per hour. The pedestrian
conflicts and interactions for all conditions were negligible for the RTOR
period (3 total) and RTOG period (16 total).

In summary, the electronic NTOR/blank-out signs were found to be
generally effective in terms of a low RTOR violation rate (less than
2 percent in most cases). The effectiveness of this electronic device
compared to the standard NTOR sign appears to be better in some instances,
although differences are slight. However, the variable message device also
results in increased use of RTOR during periods when RTOR is appropriate
(i.e., blank-out message) and thus reduces unnecessary motorist right-turn
delay. The use of the device was associated with a negligible number of
RTOR pedestrian conflicts.

The blank-out device, however, eliminates the confusion of motorists
when a prohibition is in effect as with legends which state NTOR 7:30 a.m.
to 9:30 a.m. or NTOR SCHOOL DAYS ONLY or NTOR WHEN PEDESTRIANS ARE
PRESENT. One of the devices at a school site in Lansing was equipped with
an actuation device which could only be used by an authorized person, such
as the crossing guard. Once activated, the device would display the NTOR
prohibition for a pre-set time period (45 to 90 minutes during the time
when children were present) and would automatically shut-off.

FINDINGS AND CONCLUSIONS

The purpose of this analysis was to develop countermeasures for RTOR-
related pedestrian hazards, to field test the most promising countermea-

sures, and to recommend the ones which are most effective for various site
conditions. A total of 30 candidate countermeasures were developed
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related to modification of signs, traffic signals, pavement markings,
intersection design changes and others. The seven countermeasures which
were selected for field testing included:

Red Ball - NO TURN ON RED sign.

Larger 30x36-in, (75x90-cm) NO TURN ON RED sign.

NO TURN ON RED WHEN PEDESTRIANS ARE PRESENT sign.

Red Ball - NO TURN ON RED WHEN PEDESTRIANS ARE PRESENT sign.
Offset Stop Bar.

LOOK FOR TURNING VEHICLES pavement marking (in the crosswalk).
Variable message NO TURN ON RED/Blank-out sign

Field tests were conducted at a total of 34 intersection approaches in
Washington, D.C., Dallas and Austin, Texas, and Detroit, Lansing, and
Grand Rapids, Michigan.

Various types of conflicts, interactions, and violations were used as
measures of effectiveness, including RTOR-related events, as well as total
(RTOR & RTOG) events. The Z-test for proportions was applied to determine
the effects of each countermeasure after installation, compared to the
before (untreated) condition. Significant effects (at the .05 and
.01 Tevels) were reported. The following are some of the key findings and
conclusions.

1. The red ball NTOR sign was found to be effective in reducing the
proportion of RTOR violations, total conflicts, and total con-
flicts and interactions at the six test sites combined. The sign
was more effective at the Washington, D.C., site than the Detroit
sites, due possibly to the differences in sign placement and/or
other site-related differences.

2. The larger NTOR sign resulted in a significant reduction in the
proportion of violations at the four test sites combined in
Washington, D.C., (.01 level) with no significant change at the
one Detroit site. An insufficient sample of RTOR conflicts and
interactions prohibited statistical testing. The proportion of
total conflicts and interactions (using right-turn volumes as a
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base) reduced significantly at the five sites combined. There is
evidence that the larger NTOR sign is effective under certain
conditions.

The NTOR WHEN PEDESTRIANS ARE PRESENT sign was tested at four
intersection approaches in Detroit to replace a full-time or
partial prohibition sign. At one of the sites, no significant
effect was found in most of the MOE's. At the second site, the
sign was associated with a significantly higher proportion of
conflicts in most cases. Approaches 3 and 4 had significantly
lower proportions of conflicts in most cases. A further inves-
tigation of individual site characteristics revealed that the
sign was most effective at sites with low right-turn volumes. The
sign was less effective at sites with high right-turn volumes,
perhaps because the high turning demand resulted in less willing-
ness by motorists to yield to pedestrians, particularly since
RTOR was allowed in the after period.

The red ball NO TURN ON RED sign was tested in conjunction with
WHEN PEDESTRIANS ARE PRESENT sign at one approach in Austin, two
approaches in Dallas, and one approach in Washington, D.C. The
Austin approach differed greatly from the other three (in terms
of right-turn volume and other factors) and was thus analyzed
separately. The device resulted in an increase in RTOR maneuvers
as intended at all sites. Although RTOR-pedestrian conflicts
were too infrequent for statistical testing, a significant reduc-
tion resulted in the proportion of total pedestrian conflicts at
the one Austin site with a high right-turn volume and high pedes-
trian volume. Thus, at that site, motorist right-turn delay was
reduced; and the proportion of pedestrian conflict was also
reduced, which was a desirable result. The WHEN PEDESTRIANS ARE
PRESENT sign was too small for motorists to see when mounted
adjacent to the signal on the far side of the intersection. This,
however, would be true of any time or partial restriction legend.

The offset stop bar was tested at two approaches in Dallas and
one approach in Washington, D.C. Conflict data for the offset
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stop bar revealed a significant reduction in conflicts to cross-
street vehicles at all sites combined. At the one Washington,
D.C. approach, no significant change occurred in the proportion
of pedestrian conflicts or interactions. In terms of stopping
characteristics, the offset stop bar in the middle 1lane(s)
resulted in more RTOR vehicles making a full stop behind the stop
bar. Overall, 68.6 percent of middle lane vehicles stopped
behind the offset stop bar, and when this occurred there was a
higher likelihood of the RTOR vehicle stopping behind the stop
bar.

The LOOK FOR TURNING VEHICLES pavement marking was tested on
eight approaches in Detroit, Austin, and Dallas. An overall
improvement resulted in conflicts and interactions for RTOR vehi-
cles and also for total (RTOR and RTOG) vehicles. However, the
results were mixed for different sites. While it was effective
at the Detroit and Austin sites, it was ineffective at the Dallas
site. One possible explanation in that there may be real dif-
ferences in the effectiveness of such devices, depending on area
and/or locational characteristics. The markings do appear to be
of value in reducing conflicts at some sites. One practical
problem with the markings is that some of them wore away after
application, particularly when the pavement was in poor condi-
tion. Others were fully visible after 3 to 4 months.

The electronic NTOR/blank-out sign was tested at three approaches
in Lansing and one approach in Grand Rapids (Michigan). The
devices were found to be generally effective in terms of a low
RTOR violation rate when the NO TURN ON RED was illuminated (less
than 2 percent in most cases). The effectiveness of this device
~ compared to the standard NO TURN ON RED sign appears to be better
in some instances although differences are slight. However, the
variable message device also results in increased use of RTOR
during periods when RTOR is appropriate (i.e., blank-out mode)
and this reduces unnecessary motorist right-turn delay. The use
of the device was associated with a negligible number of RTOR

conflicts.
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CHAPTER IiI
RECOMMENDATIONS FOR RTOR PROHIBITION

INTRODUCTION

At the present time, RTOR is allowed at signalized intersections in
all States, unless otherwise signed. In New York City, however, RTOR is
only allowed where permitted by a sign. Concern over the permissive RTOR
rule initially caused many local agencies to install signs prohibiting
RTOR at many intersections. Section 2B-37 of the MUTCD [16] currently
stipulates that a NO TURN ON RED sign (R10-1la) "may be considered" when
one or more of the following conditions are found based on an engineering
study:

e Sight distance to vehicles approaching from the left (or right,
if applicable) is inadequate.

e The intersection area has geometrics or operational characteris-
tics which may result in unexpected conflicts.
There is an exclusive pedestrian phase.
Significant pedestrian conflicts are resulting from RTOR ma-
neuvers.,

e More than three RTOR accidents per year have been identified for
the particular approach.

e There is a significant crossing activity by children, elderly, or
handicapped people.

Many people contend that these current guidelines for RTOR prohibi-
tion are highly subjective and have resulted in considerable uncertainty
and differing interpretations by local and State agencies. As a result,
the application of the RTOR prohibition has not been uniform nation-
wide.

Many city traffic engineers have attempted to conscientiously utilize
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the MUTCD guidelines and have been confused or frustrated. Some cities
which initially prohibited RTOR at a high percentage of intersections
after the implementation of the permissive RTOR laws, have been slowly
removing a portion of those prohibition signs. Other cities particularly
in the Western U.S. have reacted by installing few or no RTOR
prohibitions.

These problems and inconsistencies related to RTOR prohibitions in-
dicate possible inadequacies with the current guidelines. The purpose of
this task was to critically review the current MUTCD guidelines for RTOR .
prohibition and develop improved guidelines if necessary.

The review and recommendation of guidelines for RTOR prohibition in
this chapter is discussed under the following topics:

Background of RTOR prohibition warrants and guidelines.
Methodology.

Analysis results.

Review of guidelines.

Conclusions and recommendations.
The following is a discussion of each of these topics.

BACKGROUND

Negative guidelines or warrants have been used under the generally
permissive RTOR regulation to prohibit turns on red. Prior to the general
permissive rule (i.e., Western rule) both negative and positive guidelines
were used to allow RTOR with signs (i.e., RTOR ALLOWED AFTER STOP). A
negative warrant specifies conditions where RTOR should be prohibited,
whereas positive warrants outline conditions where RTOR should be permit-
ted. Some warrants have been quantitative while others were qualitative.

Little agreement has been reached concerning the factors that should
be considered in developing warrants for RTOR. Based on data collected by

McGee [17], a summary of the factors considered by the States in develop-
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ing warrants for prohibiting turns on red are shown in table 18. It is
interesting to note that pedestrian volume was the most frequently consid-
ered factor, which is consistent with the general concern for pedestrian
safety at RTOR intersections.

An example of the quantitative guidelines that were used by Kansas to
permit RTOR are shown in figure 10, while an example of negative qualita-
tive guidelines that were used in Indiana to prohibit RTOR are given in
figure 11. A problem with these and similar warrants is that they appear
to be based primarily on engineering judgement instead of empirical data.
For example, the Indiana criterion (figure 11) requiring RTOR prohibition
because of little benefit (i.e., few opportunities or a small demand for a
RTOR) from the maneuver is not supported by research results.[17] Based
on analysis of safety and operational data collected during a study con-
ducted for FHWA, McGee [12] recommended the guidelines shown in figure 12
for prohibiting RTOR under the generally permissive rule. After consider-
ing the study results and receiving comments from the States, the guide-
lines were modified and used in the adoption of the current edition of the
Manual on Uniform Traffic Control Devices [16], as listed earlier.

The MUTCD guidelines are primarily qualitiative, which provides the
traffic engineer with considerable flexibility and discretion. There have
been concerns expressed regarding the need for developing more quantita-
tive guidelines which would add more objectivity to the subjective nature
of the guidelines. Proponents of quantitative guidelines suggest specific
values are needed to defend their decision when they prohibit RTOR.[14]
Opponents argue that they prefer the flexibility of qualitative guidelines
and point out that it may not be possible to develop quantitative guide-
lines due to the absence of a cause and effect relationship between RTOR
intersection conditions and accident experience.

Another problem associated with existing warrants is that there is
1ittle uniformity in current practices, and prohibitions are primarily
based on subjective evaluation of intersection and traffic conditions.
Parker [6] and Mamlouk [11] found that RTOR prohibitions varied widely
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Table 18. Summary of factors considered in prohibiting RTOR.

Criteria No. of States
Using Criteria

Significant Pedestrian Volumes 12
Restrictive Geometrics

Five or More Approaches
Inadequate Sight Distance
Speeds Through Intersection

. RTOR Conflicts with Other Vehicle
Movements, e.g., Left Turn Phase

7. Exclusive Pedestrian Phase (All-Red)
8. Vehicle Conflict is Serious
9, Signals Under School Crossing Warrant

10, History of Accidents Related to RTOR
(5 or more)

11, Complex Signal Phasing

12, Pedestrian Signal Locations
13, No Appreciable Right Turns
14, Short Red Interval

15, Fully Actuated Signals

16, High Cross Street Volumes

BT R

N W W W

s ks s NN

Source: McGee, 1974.[17]
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In using these criteria, each approach to an intersection will be
considered separately. Traffic and pedestrian volumes refer to a

single approach or a single crosswalk. Section 8-514 Traffic Control .
Signal Legend, K.S.A.

Right Turn Volumes

10

The number of motorists turning right should be:

a. Urban -- At least 75 vehicles for each hour of eight hours
inthe 7a.m.-6 p.m. period

b. Rural -- At least 50 vehicles for each hour of elght hours
inthe 72.m.-6 p.m. period

c. At least 25 percent of the total volume entering the inter-
section from the approach under study.

If two approaches to an intersection meet this requirement, "Right
Turn on Red After Stop" may be used on all approaches if all
other criteria are satisfied.

This requirement will be waived if a channelized right turn Iane
is available-use Yield Sign.

Pedestrians in First Crosswalk

1.

If the number of pedestrians using the first crosswalk to be traversed
by motorists turning right exceeds 50 persons per hour during

each of eight hours of an average weekday, "Right Turn on Red

After Stop" shall not be used.

"Right Turn on Red After Stop” shall not be used if the "first

crosswalk"” is regularly used by 25 or more children on their
route to or from school.

Crosswalks through channelized right turn lanes will be exempted
from these requirements. \

Cross Street Sight Distance

1.

The minimum sight distance of vehicles approaching from the
left shail be as follows:

Figure 10. Quantitative guidelines used in Kansas to permit RTOR.

Source: McGee, 1974.[17]
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Cross Street Minimum

Speed Limit Sight Distance

25 mph 140 feet
30 mph 175 feet
35 mph 215 feet
40 mph 260 feet
45 mph 310 feet
50 mph 370 feet

2. If available sight distance fails to meet these requirements,

*Right Turn on Red After Stop" shall not be used.
D. General Criteria
1. *Right Turn on Red After Stop" shall not be used at intersec-

tions with accident history of serious accident or injury rates.

2. ®"Right Turn on Red After Stop" will not be permitted if the motorists
would thereby be permitted to turn across a crosswalk while the
"Walk" signal is shown to pedestrians. -

3. "Right Trun on Red After Stop" will not be used at pedestrian
actuated or fuli-traffic actuated signals.

4. "Right Turn on Red After Stop" wlll not be used on approaches
where the cross street speed limit is greater than 50 mph.

Figure 10. Quantitative guidelines used in Kansas to
permit RTOR (Continued).

Source: McGee, 1974.[17]

Note: 1 ft =0.3m
1 mph = 1.6 kph
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A. RTOR should be prohibited for safety reasons where:

1, Sight distance of cross street traffic as shown below is not available to
the potential RTOR motorists at the Stop Line on his approach,

Minimum Sight Distance

Speed in mph Sight Distance in Feet
20 217
25 271
30 325
35 379
40 434
45 488
50 542
55 596

2. A separate signal phase for a turning movement exists at the intersection
which would conflict with a RTOR movement (the RTOR motorist may not
be aware of this movement and hence not look for it),

3. The intersection has more than four approaches (at such locations cross
street traffic which conflicts with the RTOR may not be quickly identified
by the RTOR motoriest or the RTOR motorist may be able to turn into more
than one street, thus creating unexpected conflicts),

B. RTOR may be prohibited because of little benefit from the maneuver at
locations where:

1, There is very short red time for the approach,

2. Cross street traffic is heavy for many hours of the signal-operating day
(where cross street i{s operating at capacity for many hours of the day).

8. Pedestrian use of the crosswalk on the approach is heavy for many hours of
the signal-operating day (at least one pedestrian is in the crosswalk during
the red time for the RTOR motorist for many cycles during the day).

4, Little right turn demand exists and there is no right-turn only lane available,

C. RTOR may be prohibited because of possible adverse public reaction where:

1. A school crossing route passes through the intersection,

2. There are moderate to high pedestrian volumes,

Figure 11. Qualitative guidelines used in Indiana to prohibit RTOR.

Source: McGee, 1974.[17]
Note: 1 ft =0.3m
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among Jjurisdictions after generally permissive RTOR was adopted in
Virginia and Indiana.

In recognition of the need for a national set of guidelines for RTOR
prohibition, the Institute of Transportation Engineers appointed Technical
Commitee 4A-17. In February 1984, the committee's report was published in
the ITE Journal, which provided proposed recommended guidelines for prohi-
bition of turns on red [14]. A list of these recommendations is given in
figure 13, but the conmittee also encourages local authorities to consider
intersections on an individual basis. While these guidelines appear quite
helpful and appropriate, they are also somewhat general in nature.

METHODOLOGY

The data collection and analysis activities were initiated to obtain
information useful in reviewing current MUTCD guidelines on RTOR prohibi-
tions. The information was also considered to be of value for developing
more specific guidelines or warrants to replace or supplement the current
MUTCD guidelines. The output of the analysis was, therefore, information
on which traffic conditions, geometrics, and traffic control devices are
associated with unsafe RTOR conditions.

Two different approaches were considered for use in this analysis.
One approach was to analyze RTOR accident data at selected intersections
and determine the variables associated with RTOR accidents. However,
after reviewing previous research and accident studies on RTOR, it became
apparent that an extremely small number of RTOR accidents per intersection
(i.e., about one RTOR-related accident per 20 years per site) existed on
the average, as discussed later. Such low RTOR accident experience would
not readily allow for determining the association between specific site
conditions and safety.

The analysis approach which was selected was the use of Right-Turn-
On-Red (RTOR) and Right-Turn-On-Green (RTOG) conflicts as a measure of
hazard. Although no proven relationship currently exists between RTOR
conflicts and RTOR accidents, there is a need to minimize near-accidents
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1. Engineering judgment is the basis for

each potential turn on red prohibition.
Prohibition should be considered
only after the need has been fully
established and less restrictive
methods have been considered.

. Part-time prohibitions should be dis-
couraged; however, they are prefer-
able to full-time prohibitions when the
need occurs for only short periods of
time. it is not good engineering prac-
tice to prohibit right turms on red on
the grounds that it is of little benefit
during some hours of the day. The
use of disappearing legend signs for
part-time prohibitions and where de-
sired in the vicinity of railroad cross-
ings is recommended.

. Less restrictive alternatives should
be considered in lleu of prohibiting
tums on red. Some examples of less
restrictive measures are signs such
as “No Turns on Red to Henry
Street” or “Right Tum on Red Right
Lane Only.” Such devices can
provide the intended prohibitions
without inconveniencing all right-
tuming traffic.

. Although many authorities do not
perceive the need to prohibit turns on
red at multiphased signals, others
find there is a need. Where such pro-
hibitions are considered necessary,
consideration should be given to the
providing of night tum indications for
the main street during the cross
street left-turn phases.

5. The definition of specific right tum on

red accident criteria may be inap-
propriate. The accident history of the
intersection should be analyzed with
prohibition of turns on red as one
possible remedy. Experience may
indicate that severe sight distance
restrictions or deceptive geometrics
can be related to turn on red acci-
dents.

. Universal prohibition at *‘school

crossings” should not be made but
rather restrictions should be sensi-
tive to special problems of pedestrian
and/or bicycle conflict, such as the
unpredictable behavior of children or
the problems of the elderly and hand-
icapped, or faillure of motorists to
yield to pedestrians and/or bicycles

within a crosswalk. Pedestrian
volumes, as such, should not be the

only criteria for prohibiting tums on
red.

. Education and enforcement play a

significant role in the benefits and
safety of right turns on red. The public
needs to be educated concerning the
benefits of right tums on red and their
responsibilities when making this
maneuver. Enforcement is important
to ensure that the tums are made
after stopping and that the neces-
sary prohibitions are being observed.

Figure 13.

Source:

ITE Technical Committee 4A-17 recammendations for RTOR.

Reference.[14]
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or "close-calls" between RTOR vehicles and pedestrians., Conflicts can be
easily measured, and numerous. RTOR-related conflicts may be assumed to be
a measure of “"potential" RTOR accidents or operational problems.

The data collection and analysis plan was structured to collect de-
tailed data on traffic and pedestrian volumes, intersection geometrics,
RTOR devices, signal information, and pedestrian-vehicle conflicts (RTOR
and RTOG conflicts separately). Then, appropriate statistical tests were
applied to determine the association between these variables and conflicts
under various conditions. The analysis was conducted to address the fol-
lowing sequence of analysis questions:

1. What are the characteristics of the data base in terms of the
cities used, traffic and pedestrian volumes, and site characteris-
tics for various types of RTOR controls?

2. What are the overall characteristics of the conflicts and inter-
actions that occur relative to RTOR and RTOG for sites with and
without RTOR prohibition?

3. What variables are most highly correlated with pedestrian-vehicle
conflicts at sites with and without RTOR prohibitions?

4, What traffic and roadway variable combinations explain the great-
est amount of variation in pedestrian-vehicle conflicts and inter-
actions (continuous variables only)?

5. What site features are associated with a significant difference in
pedestrian vehicle conflicts?

.The data collection for this phase of the study consisted of the fol-
lowing activities.

Selection of data collection sites.

Development of data collection forms and procedures.
Observer training and data collection.

Data reduction, checking, and verification.

Each activity is described below.
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Selection of Data Collection Sites

Data were collected in the cities of Washington, D.C., Detroit,
Michigan, Dallas, Texas, and Austin, Texas. These cities were selected to
provide sample areas of the country having different experience with RTOR
prohibitions, as explained in Chapter I. Washington, D.C., represented a
city having the Eastern rule, until recently. Dallas and Austin, Texas,
represented cities with the Western law in effect for many years and
Detroit represented a city in another part of the country which represents
somewhat of a compromise between the other cities in terms of RTOR philos-
ophy and practice.

A list of intersections was obtained from each of the cities which
included samples of full time RTOR prohibitions, partial RTOR prohibitions
(by time of day, day of week, etc.) and no RTOR prohibitions. Selected
sites also represented a wide range of pedestrian volumes, turn volumes,
geometric conditions, operational conditions, and areas of the city (i.e.,
CBD, school, commercial). Although it was impossible to collect data for
every possible site condition, it was determined that a sample of approxi-
mately 200 approaches would provide an adequate sample size for statisti-
cal analysis and also allow for a variety of conditions for meaningful in-
sights into developing RTOR guidelines.

Development of Data Collection Form and Procedures

The data forms used in this phase of the study were the RTOR site da-
ta form (figure 1) and the RTOR volume and conflicts data form (figure 2).
The site data form was used to record site conditions and signal timing
and to draw a condition diagram of the intersection. The RTOG and RTOR
conflict and volume data were collected using the RTOR Volume and Con-
flicts data form. Both the RTOR and the RTOG conflicts and volumes were
collected for use in the development of RTOR guidelines. The definition
of conflict types and the near and far crosswalk are the same as discussed
in Chapter I. A minimum of 4 hours of data were collected on each ap-
proach. Eight or more hours of data were collected on several approaches
to test data repeatability.
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Observer Training and Data Collection

Data collection for this phase of the study was conducted simul-
taneously with the observational studies of RTOR compliance. As previously
mentioned, additional training was only necessitated by employee turnover
and/or from spot-checking of the data collectors by collecting observe-
the-observer data throughout the project. Tests of inter-rater reliability
were also conducted to insure data consistency.

The procedure for collecting the data was also the same as described
in Chapter I. Data were usually collected on two approaches to the inter-
section. The observer would generally collect data for a period of
8 hours or more at the intersection, alternating between the two approach-
es every 30 minutes. When only one approach to an intersection was suit-
able, the observer would alternate with a nearby approach or would collect
a continuous 4 hours of data on that approach.

Data Reduction, Checking, and Verification

As discussed with other data collected in this study, data were re-
duced in-house and carefully checked for inconsistencies or missing infor-
mation. After data were keypunched, checked, and verified, programs were
developed to identify data inconsistencies and logic errors. Other check-
ing was also conducted on the data file to ensure a high degree of data
accuracy.

ANALYSIS RESULTS

To answer the basic analysis questions listed earlier, several types
of analyses were conducted. These are discussed in the following sec-
tions:

Characteristics of the data base.
Characteristics of conflict data.
Correlation analysis.

Branching analysis.

Analysis of covariance.
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Characteristics of the Data Base

The data base consisted of 199 total intersection approaches, which
included 98 from the Detroit area, 51 from the Washington, D.C., area,
36 from Dallas, and 14 from Austin (table 19). The intersection approaches
included 108 with RTOR allowed, 46 with partial (i.e., part-time) prohibi-
tions, and 45 with full-time RTOR prohibitions. The selected approaches
were mostly at 4-legged intersections (170 or 85.4 percent), while 15 were
at 3-legged intersections and 14 at 5-legged intersections.

In terms of area type, most of the approaches were in CBD areas
(103 approaches) with 65 approaches in commercial areas, 4 approaches in
residential areas, 25 school area approaches, and 2 approaches in indus-
trial areas. Approaches were most commonly at the intersection of 2 two-
way streets (111 approaches) or one-way/two-way combinations (76 approach-
es), while 12 approaches were one-way streets intersecting with one-way
streets. Cycle lengths ranged from 50 seconds to 120 seconds at the in-
tersection approaches.

The speed 1imits at the approaches consisted of 131 sites with speed
limits of 25 mph (40 kph) or less. Sight distances on the approaches
ranged from less than 50 feet (15 m) to virtually unlimited. The sign
locations for RTOR prohibitions included near-side signing at 46 sites
(mostly in the Detroit area), 35 sites with far-side signs (many involving
prohibition signs on far-side signal poles in the Washington, D.C. area)
and 10 sites with overhead and/or redundant signing. It should be men-
tioned that the NO TURN ON RED signs are typically post mounted on the
near-side corner in the Detroit area, and Washington, D.C., generally
mounts their signs on near-side and/or far-side traffic signal poles,
since signals are not span-mounted overhead.

In summary, intersection approaches were selected with a wide variety
of conditions for use in the analysis. Emphasis was placed on selecting
most of the sites which had at least a moderate volume of pedestrians,

since RTOR pedestrian safety was a major concern.
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Characteristics of Conflict Data

The conflict data collected at the 199 intersection approaches were
analyzed to determine the overall characteristics of pedestrian conflicts
and interactions relative to RTOR and RTOG at sites with and without pro-
hibition. This basic issue was addressed by answering a series of more
detailed questions, as discussed below.

Question 1: What is the average frequency of RTOR maneuvers and their
resulting conflicts at the selected sites?

Response 1: A summary is given in table 20 which shows an average of
17.13 RTOR maneuvers per hour (8,507 in 496.7 hours of data collection) at
the 108 RTOR-allowed sites. This compares with 5.11 (illegal) RTOR move-
ments per hour at the 91 RTOR-prohibited sites. At RTOR-allowed sites, the
occurrence of RTOR conflicts per hour was 0.65 involving cross-street
vehicles and 0.86 involving pedestrians. This compares to RTOR-prohibited
sites with 0.31 RTOR conflicts per hour with cross-street vehicles and
0.31 per hour with pedestrians. Of all RTOR vehicles, only 4.3 percent
resulted in a conflict with cross-street vehicles, and 5.2 percent with
pedestrians. When both conflicts plus interactions were considered,

9.4 percent resulted in conflicts with cross-street vehicles and 13.7 per-
cent involved pedestrians.

Question 2: What specific types of pedestrian conflicts are most
prevalent relative to RTOR and RTOG?

Response 2: Of the RTOR pedestrian conflicts and interactions, 44.5 per-
cent involved a vehicle interaction with a pedestrian, (i.e., pedestrian
is within 20 ft. (6 m) of a RTOR vehicle) and 38.5 percent were vehicle
hesitations (i.e., vehicle slows or stops to avoid hitting a pedestrian
during a RTOR maneuver). This compares with 13.1 percent vehicle hesita-
tions and few "pedestrian run" conflicts (3.0 percent) or vehicle swerves
(0.9 percent). RTOG conflicts were mostly vehicle hesitations (60.6 per-
cent) followed by interactions (33.7 percent), pedestrian hesitations (3.8
percent), and a small portion of other types. This information is shown
in table 21.
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Question 3: How do pedestrian conflicts and interactions vary by near
and far crosswalk?

Response 3: At RTOR-allowed sites, 0.92 RTOR conflicts plus interactions
occur on the far crosswalk compared to 0.67 on the near crosswalk. The
conflicts in the far crosswalk resulted from pedestrians crossing against
the 1ight. However, RTOG conflicts and interactions are 26 times more
prevalent on the far crosswalk (14.9 per hour) compared to the near cross-
walk (0.56). At RTOR-prohibited sites, RTOR conflicts occur an average of
0.22 per hour on the far crosswalk compared to 0.09 on the near crosswalk,
while RTOR interactions represent 0.10 per hour for each case. With re-
spect to RTOG, conflicts are much higher on the far crosswalk (12.01 com-
pared to 0.42 per hour), as well as interactions (6.09 compared to 0.32).
Thus, the far crosswalk is where a great majority of RTOR and RTOG pedes-
trian conflicts and interactions occur, as shown in table 22.

Question 4: How do specific types of pedestrian conflicts vary with
and without RTOR prohibition?

Response 4: Information is summarized in table 23 on total pedestrian
conflicts (RTOR + RTOG) by type. For RTOR pedestrian conflicts, vehicle
hesitations and interactions are more prevalent at RTOR-allowed sites than
at RTOR-prohibited sites (0.65 to 0.15 per hour for vehicle hesitations
and 0.73 to 0.20 per hour for interactions). For RTOG conflicts, RTOR-
prohibited sites account for more pedestrian hesitations (11.21 to 9.59
per hour) and more interactions (6.41 to 5.16 per hour) compared to RTOR-
aliowed sites. Other RTOG conflict types were also higher at the RTOR-
prohibited sites. Considering conflicts for all periods (RTOR plus RTOG),
RTOR-prohibited sites account for more overall conflicts and interactions
than RTOR-allowed sites (19.35 compared to 17.10 per hour). This could be
partly due to higher pedestrian volume and/or right-turn volume at the
RTOR-prohibited sites. In any case, it is apparent that the RTOR prohibi-
tion shifts conflicts from the red interval to the green interval.

Correlation Analysis

One key analysis issue was to determine the traffic and site condi-

tions which were most highly correlated to RTOR pedestrian conflicts.
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This analysis is useful in the selection of variables and levels of expo-
sure for the development of guidelines or warrants for RTOR prohibition.
Pearson Correlation coefficients were computed between continuous indepen-
dent variable and the following conflict measures (dependent vari-

ables):
e (RTOR + RTOG) conflicts per hour.
e Total (RTOR + RTOG) conflicts plus interactions per hour.
e RTOR conflicts per hour.
e RTOR conflicts plus interactions per hour.

The continuous independent (i.e., traffic or roadway) variables used were:
¢ Right-turn volume.

RTOR volume.

Total pedestrian volume (near and far crosswalk).

Pedestrian volume - near crosswalk only.

Pedestrian volume - far crosswalk only.

Near crosswalk length (feet).

Far crosswalk length (feet).

Sight distance for cross-street traffic (feet).

A separate set of correlation coefficients (r-values) were computed
for RTOR-allowed sites (table 24) and RTOR-prohibited sites (table 25).
In both tables, the r values are given along with the number of approaches
used in the analysis (n) and the level of significance (p).

For RTOR-allowed sites (table 24), data samples (approaches) ranged
from 95 to 108. The shaded cells are those in which the r-value exceeds
approximately 0.4 and the level of significance is 0.05 or less (i.e., 95
percent confidence or greater). The independent variables found to be
most highly correlated with RTOR conflicts and interactions were right-
turn volume and RTOR volume, although r values were only about 0.3. The
independent variables most highly correlated to total (RTOR + RTOG) con-
flicts and interactions were, in order of importance:
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e Pedestrian volume in the far crosswalk (r value of 0.81).
Total pedestrian volume - near plus far crosswalk (r value of
0.81).

® Pedestrian volume in the near crosswalk (r value of 0.69).

¢ Right-turn volume (r value of 0.49).

For the RTOR-prohibited sites (table 25), the independent variable
most highly correlated with RTOR conflicts and interactions was RTOR vol-
ume (r value of 0.47). The independent variables most highly correlated
to total (RTOR + RTOG) conflicts and interactions were, in order of
importance:

Pedestrian volume in the near plus far crosswalk (r value of 0.73)
Pedestrian volume in the far crosswalk (r value of 0.73).
Pedestrian volume in the near crosswalk (r value of 0.72).
Right-turn volume (r value of 0.35).

Near crosswalk length (r value of 0.30).

Strong intercorrelations between certain independent variables were also
found in many cases, as expected. Particularly high r values (above 0.90)
were found between the various pedestrian volume measures (i.e., near
crosswalk volume, far crosswalk volume and total volume).

In summary, RTOR conflicts are correlated most highly with RTOR
traffic volume, and are not as strongly related to pedestrian volumes.
This occurred due to the fact that many approaches had few RTOR maneuvers
(and related pedestrian conflicts), and thus the frequency of RTOR
maneuvers was more important in determining pedestrian conflicts during
the red interval. On the other hand, various measures of pedestrian.
volume are mostly highly correlated with total conflicts and interactions
(RTOR + RTOG).

Branching Analysis

The next major issue to be addressed was:
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What combinations of traffic and roadway variables explain the

greatest amount of variation in pedestrian-vehicle conflicts and
interactions?

This 1issue was considered to be important for determining the mea-
sures used for developing improved guidelines and for determining the
"break-point" levels of each variable which are critical in explaining
pedestrian conflicts. Branching analysis was used to identify the critical
variables and the break-point levels. Branching runs were generated using
four separate dependent variables (measures of pedestrian conflicts):

o RTOR pedestrian conflicts per hour (figure 14).

o RTOR pedestrian conflicts plus interactions per hour (figure 15).

e Total (RTOR + RTOG) pedestrian conflicts per hour (figure 16).

e Total (RTOR + RTOG) pedestrian conflicts and interactions per hour
(figure 17).

The branching runs involved analyzing 30-minute periods as sample
points, resulting in 1,771 data samples. Thus, the independent variables
selected for this analysis were ones which fluctuate over time, and in-
clude RTOR volume, total turn volume, pedestrian volume on the near cross-
walk, pedestrian volume on the far crosswalk, and total pedestrian volume
(near and far crosswalks combined). The city and RTOR status (i.e., RTOR
allowed or prohibited) were also considered in this analysis.

A total of 12 branching runs were conducted, as summarized in
table 26. Some of the runs involved "forcing" separate branches based on
RTOR-allowed versus RTOR-prohibited groupings.

The major findings of the branching analyses are as follows:

® The dependent variables corresponding to various levels of
explained variance were:
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Percent Explained

Variance

Total (RTOR + RTOG) pedestrian conflicts 75.6
and interactions per hour

Total (RTOR + RTOG) pedestrian conflicts 72.9
per hour

RTOR pedestrian conflicts plus interactions 40.1
per hour

RTOR pedestrian conflicts per hour 24.5

e The variables which are most important in explaining variation in

RTOR Pedestrian Conflicts per Hour are, in order of importance:

Other

RTOR volume at a break-point of 10 RTOR vehicles per hour.
Pedestrian volume at a break-point of 100 pedestrians per hour.

break-points of lesser importance are also shown in figure 14.

e The variables which explain the most variation in RTOR Pedestrian

Conflicts plus Interactions per Hour are, in order of importance:

Other

RTOR volume at a break-point of 15 RTOR vehicles per hour.
Pedestrian volume at a break-point of 100 pedestrians per
hour.

break points of lesser importance are shown in figure 15.

e The variables which explain the most variation in Total Pedestrian
Conflicts (RTOR + RTOG) per Hour are, in order of importance:

Other

Pedestrian volume in the far crosswalk, with a break-point of
225 per hour.
Right-turn volume at a break-point of 100 per hour.

break-points of lesser importance are shown in figure 16.

121



o The variables which explain the most variation in Total Pedestrian

Conflicts (RTOR + RTOG) and Interactions per Hour are, in order of
importance:

- Pedestrian volume at a break-point of 500 per hour.

- Far side pedestrian volume with a break-point of 50 per hour.

- Right-turn volume at a break-point of 100 per hour for situa-
tions with more than 500 pedestrians per hour.

¢ Break-point levels were found independently for RTOR-allowed and
RTOR-prohibited sites. These are summarized in table 27. Note
that variables and important break-points differ for each depend-
ent variable that is used.

Analysis of Covariance

The previous analyses were primarily involved with determining the
effects of the continuous traffic and roadway variables on pedestrian con-
flicts. For example, the Pearson correlation test is not appropriate for
the categorical variables, such as sign location, area type, type of RTOR
prohibition (full prohibition, partial prohibition, or RTOR allowed). The
analysis of variance (or covariance) test allows for determining whether
significant variation exists in pedestrian conflicts for different groups
(or categories) of traffic or roadway variables.

The ANOVA was applied to each of 13 roadway variables, as listed in
table 28. The ANOVA test is applied to test the hypothesis: "Are the
means of two groups equal or are any significantly different from the
others?" For each independent variable, four dependent variables were
analyzed, including:

RTOR conflicts.

RTOR conflicts and interactions.

Total (RTOR + RTOG) conflicts.

Total (RTOR + RTOG) conflicts and interactions.
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Table 28. Summary of ANOVA results of relationships of roadway variables

and their pedestrian conflict measures.

Independent
Variable

RTOR Ped.
Conflicts

RTOR
Ped. Conflicts

+ Interactions

Total Ped.
Conflicts

Total
Ped. Conflicts

+ Interactions

—

Number of
Intersection
Legs

.

Intersection
Operation

Area Type

.05

.01

Cycle Length

No. of Phases

.01

.01

RTOR
Prohibition

.01

.05

.01

Right Lane
Use

Near Cross-
Walk Length

Far Cross-
Walk Length

Intersection
Angle

Speed Limit

.05

Sight Distance

.05

* The "-" indicates a significance
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For the RTOR-related pedestrian conflicts and interactions,
covariates used in the analysis were pedestrian volume and RTOR volume.
For the ANOVA tests of total (RTOR + RTOG) pedestrian conflicts and
interactions, the covariates were right-turn volume and pedestrian volume.
The covariates were selected based on the results of the Pearson
correlation tests and the branching analyses.

Of the 13 independent variables which were tested, the ones found to
have groups with significantly different mean pedestrian conflicts (at the
0.05 or 0.01 level) include:

Area type.

Number of signal phases.
Type of RTOR prohibition.
Speed limit.

Sight distance.

Detailed ANOVA results are summarized in table 29 for each of these
five independent variables. The adjusted group means are given for each
variance along with the dependent variable and significance level. For
example, sight distance was one of the six variables exhibiting signifi-
cant differences in RTOR pedestrian conflicts for groups with <150 feet
(<45 m) sight distances (mean of 0.72 per hour), compared to sites with
>150 feet (>45 m) (mean of 0.41 per hour). Thus, sight distances below
150 feet (45 m) were associated with significantly higher conflicts than
sites with sight distances above 150 feet (45 m) (0.04 level).

Based on information in table 29, the following may be inferred:

o CBD sites are associated with significantly higher RTOR pedestrian
conflicts than non-CBD sites.

® RTOR-allowed sites have higher RTOR pedestrian conflicts than
sites with partial or full prohibitions. Sites with full prohibi-
tions have significantly lower total conflicts than sites with
partial or no prohibition.

¢ Sites with speed limits below 25 mph (40 kph) (i.e., mostly CBD
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Table 29. Summary of group means of significant variables from the
ANOVA results.

Independent Adjusted Dependent Significance
Variable Groups Group Means Variable Level
Area Type CBD .79 RTOR Ped. Con- .015
Other .42 flicts/hr.
Area Type CBD 1.43 RTOR Ped. Con- .001
Other 0.72 flicts + Inter-
ations/hr.
RTOR RTOR-AT11owed 1.38 RTOR Ped. Con- .007
Prohibition Partial NTOR 0.61 flicts + Inter-
Full NTOR 0.88 actions/hr.
RTOR RTOR-A110wed 12.62 Total Ped. Con- .014
- Prohibitions | Partial NTOR 13.82 flicts/hr.
Full NTOR 8.91
RTOR RTOR-A110owed 19.11 Total Ped. Con- .004
Prohibition Partial NTOR 20.90 flicts + Inter-
Full NTOR 12.78 actions/hr.
Speed Limit <25 mph 1.24 RTOR Ped. Con- .050
>25 mph 0.81 flicts + Inter-
actions/hr.
Sight Distance|] <150 ft. 0.72 RTOR Ped. Con- .040
>150 ft. 0.41 flicts/hr.
No. of Phases 2 13.16 Total Ped. Con- .001
3 or more 7.50 flicts/hr.
No. of Phases 2 19.84 Total Ped. Con- ..001
3 or more 10.71 flicts + Inter-
actions/hr.

Note: 1 ft = 0.3 m
1 mph = 1.6 kph
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and

sites) are associated with significantly higher RTOR pedestrian
conflicts and interactions than sites with speed limits above
25 mph (40 kph).
® Multi-phase signal approaches are associated with significantly
lower total pedestrian conflicts and interactions than two-phase
approaches.
REVIEW OF GUIDELINES

Each of the six MUTCD guidelines on prohibitions of RTOR were reviewed
based on the following criteria:

o Criterion 1 - Safety Implications: How will it affect RTOR acci-
dents or other accident types? How will it affect pedestrian-
vehicle conflicts and motorist conflict rates? How will it affect
overall respect and compliance of RTOR prohibitions at other loca-
tions?

e C(riterion 2 - Reasonableness: What percent of intersections would
be subject to RTOR prohibitions? 1Is it realistic for small towns

as well as big cities? Does it account for the variety of traffic
speeds, street widths, vehicle and pedestrian volumes, and other
real-world conditions?

o Criterion 3 - Practicality of Implementation: What data must be
collected by the agency to apply the warrant? Are extensive pedes-
trian volume data needed before the warrant can be applied? Must
the agency study every intersection accident to determine if it is
RTOR-related? What would be the cost of implementing the warrant?

o C(Criterion 4 - Complexity: Can the warrant be easily understood and
applied by traffic engineers, technicians, and others who may be
responsible for applying it in a given city or county? Does it

require simple computations?

o Criterion 5 - Acceptability: Will the warrant be accepted by the
traffic engineering community? Is it flexible enough to account
for a variety of intersection conditions and yet specific enough to

provide useful guidance for prohibiting RTOR?
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The effect on traffic operations was a secondary consideration, since
a RTOR restriction would also result in some increase in delay and fuel
consumption, depending on the number of RTOR vehicles and other factors.
The use of a warrant for only selected portions of a day would minimize
the adverse impact on traffic operations.

The following is a discussion of a review of each MUTCD warrant using
the five criteria. Ratings of excellent, good, fair, and poor were
assigned to each warrant based on the five criteria.

Warrant 1 - Sight distance to vehicles approaching from the left (or
right, if applicable) is inadequate.

e (Criterion 1 - Safety Implications: There is an obvious
safety advantage to prohibiting RTOR manuevers at sites where
RTOR vehicles cannot adequately see cross-street vehicles
from left. Sight distances of less than 150 feet (45 m) are
associated with significantly greater conflicts than sight
distances above 150 feet (45 m), as found from the analysis
of covariance tests.

e C(riterion 2 - Reasonableness: It is quite reasonable to have
a warrant based on sight distance restriction. However, no
specific sight distance values are provided for the warrant
in the MUTCD, so application of this warrant is left to the
judgement of individual agency officials.

e Criterion 3 - Practicality of Implementation: No specific
guidance is given on the specific sight distance values, so
the warrant may be difficult to apply.

o Criterion 4 - Complexity: The concept of sight distance is
easy to understand, but guidelines would be helpful on mea-
surement, interpretation, and quantification of unsafe sight
distances for RTOR prohibition.

e Criterion 5 - Acceptability: Many agencies cannot accept or
use this warrant until it provides more specific guidance.

In summary, there is conceptually clear justification for prohibiting
RTOR when sight distance of a RTOR vehicle is inadequate to observe cross-
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street traffic. The use of sight distance as a warrant should also con-
sider the speeds of cross-street vehicles, parking on the approaches, and
geometrics.

Numerous problems exist, however, regarding consistent measurement of
sight distance. First of all, sight distance is highly dependent on
driver eye height, which varies widely for different vehicle types.
Secondly, sight distance for RTOR motorists depends heavily on the
position of the vehicle on the approach (when the RTOR motorist looks to
the left). If stopped behind the stop bar, the motorist may have limited
sight distance. However, many motorists encroach upon the stop bar and
crosswalk and have much greater sight distance. Also, if no stop bar or
crosswalk exists on an approach, the sight distance measurement may not be
measured consistently.

Most proposed RTOR warrants involving sight distance specify that the
measurement assumes the vehicle is behind the stop bar, behind the cross-
walks, or behind the curb line (if no pavement marking exists). While
this would allow for consistent measurement of sight distance, it may be
contrary to the actual behavior of RTOR motorists.

The third problem with sight distance measurements at intersections
involves the fact that sight distance may fluctutate over the day,
depending on the presence or absence of parked cars on the cross street.
Some cities have time-based parking restrictions (i.e., NO PARKING 7:00
a.m. to 9:00 a.m. and 3:00 p.m. to 6:00 p.m.). Thus, sight distance might
be more restricted during nonpeak hours (when parking is allowed). Even
when full-time parking is allowed, a parked van (or vehicle with dark
windows) could create a temporary but severe sight distance restriction.
Sight distance problems may also be created by illegally parked or
standing vehicles.

Because of problems with consistency in sight distance measurements,
the use of a specified sight distance (for various vehicle speeds) warrant
for RTOR is difficult to properly quantify. No specific sight distance
values would be appropriate for all cities, intersections, or vehicle
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types. Reasonable sight distance guidelines as a function of cross-street
vehicle speeds should at least be available for consideration by local
traffic engineers, such as those proposed by McGee (see figure 12). Thus,
Warrant 1 could be improved by the addition of these criteria.

Warrant 2 - The intersection area has geometrics or operational char-
acteristics which may result in unexpected conflicts.

o Criterion 1 - Safety Implications: Conceptually, there is a
need to minimize unexpected conflicts due to unsafe geometric
or operational characteristics. However, the wording is so
vague that it could apply to nearly any intersection or to
very few intersections, depending on its interpretation.

e Criterion 2 - Reasonableness: This warrant is too vague.

o Criterion 3 - Practicality of Implementation: Is of virtual-
ly no value for implementation unless more information is
provided.

e Criterion 4 - Complexity: Not complex, but requires a great
deal of judgement by the user.

e Criterion 5 - Acceptability: Needs to be better defined
before it can be accepted.

As stated, Warrant 2 is too vague to provide any real guidance in
determining where to prohibit RTOR. However, there may be justification
for prohibiting RTOR manuevers on approaches with certain types of
geometric or operational problems, as evidenced by more specific warrants
proposed by McGee [12] and others. Recommended guidelines to replace
Warrant 2 would be to prohibit RTOR if:

1. The intersection has five or more approaches and substantial traf-
fic exists on all approaches. Depending on the geometrics, traf-
fic and pedestrian flows, RTOR may be prohibited on all approach-
es, only on critical legs, or only for critical movements (i.e.,
NO TURN ON RED TO FIRST AVENUE).

2. For approaches with double right turns, right-turn-on-red may be
prohibited on both lanes or only for the left lane (i.e., NO TURN
ON RED EXCEPT CURB LANE).
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Warrant 3 - There is an exclusive pedestrian phase.

e Criterion 1 - Safety Implications: There are definite safety
benefits for crossing pedestrians from this warrant.

e Criterion 2 - Reasonableness: An exclusive pedestrian phase
implies that pedestrians have a fully protected crossing.
RTOR prohibition should logically be used in conjunction with
this phase in the interest of pedestrian safety.

e Criterion 3 - Practicality of Implementation: Highly practi-
cal and easy to interpret.

e Criterion 4 - Complexity: Simple and clear meaning.

e C(Criterion 5 - Acceptability: This should be accepted by most
traffic engineers. Some traffic engineers rarely, if ever,
prohibit RTOR, although exclusive pedestrian phasing is un-
common in most cities.

This warrant to prohibit RTOR if an exclusive pedestrian phase exists
is highly desirable, as summarized above. An exclusive pedestrian phase
is intended to provide a "protected" interval for pedestrians to cross.
With scramble (Barnes Dance) timing, for example, pedestrians are allowed
to cross diagonally as well as directly across any street during the
pedestrian phase. The presence of RTOR vehicles would have an obvious
detrimental effect on pedestrian safety, as well as defeating the basic
purpose of an exclusive pedestrian phase.

The current RTOR warrant relative to an exclusive pedestrian phase is
an optional warrant, based on the MUTCD wording for "all RTOR-related war-
rants. Section 2B-37 states "A NO TURN ON RED sign may be consider-
=Y+ [ " [16]. Thus, a traffic engineer may or may not decide to pro-
hibit RTOR at an intersection with an exclusive pedestrian phase. It is
recommended that this warrant and several others (as discussed later) be
made a requirement. Thus, a NO TURN ON RED sign should be installed at an
intersection or approaches with an exclusive pedestrian phase. This recom-
mendation also is in basic agreement with recommendations by McGee [12] in

his 1978 study.

131



Warrant 4 - Significant pedestrian conflicts are resulting from RTOR
maneuvers.

¢ Criterion 1 - Safety Implications: Pedestrian conflicts with
RTOR vehicles may be indicative of potential accidents.
Thus, elimination of RTOR at such sites will likely have a
positive safety impact.

¢ Criterion 2 - Reasonableness: While it is reasonable to pro-
hibit RTOR where significant RTOR pedestrian conflicts exist,
the lack of information on how to collect or define con-
flicts and what number of conflicts are “"significant" makes
it difficult to interpret.

¢ Criterion 3 - Practicality of Implementation: The warrant is
impractical to implement until more guidance or information
is made available on pedestrian conflicts.

¢ Criterion 4 - Complexity: Definitions are needed with re-
spect to types of conflicts and what is meant by “"significant
numbers" of them. '

o Criterion 5 - Acceptability: More specific information is
needed before this warrant will gain wide acceptance.

In summary, a warrant to prohibit RTOR is justified at sites where a
measureable amount of RTOR-related conflicts are occurring. However, the
problem with this warrant is that there is no specific information on what
is the definition of a RTOR conflict, how should they be measured, or what
should be considered as "significant numbers" of such conflicts.

As a part of this research study, detailed conflict data were col-
lected at 199 intersection approaches in several U.S. cities, and data
were analyzed and used to assist in formalizing warrants, as described
earlier.

Specific levels of RTOR pedestrian conflicts were better quantified
based on conflict data from the previous analysis. A summary was made of
peak hour RTOR pedestrian conflicts for 11.0 RTOR-allowed sites and the
95 RTOR-prohibited sites, as shown in table 30. Notice that 20 (18 per-
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cent) of the RTOR-allowed sites have RTOR pedestrian conflicts of 5 or
more in" the peak hour, whereas only 3 (3.2 percent) of RTOR-prohibited
sites have 5 or more RTOR pedestrian conflicts in the peak hour. Three of
the RTOR-allowed sites have 10 or more RTOR pedestrian conflicts (peak
hour), compared to none of the RTOR-prohibited sites with 9 or more con-
flicts.

Distributions of sites in table 30, can be used to determine the crit-
jcal levels of RTOR pedestrian conflicts. For example, assume that the
top 10 percent of conflict sites should be considered for possible RTOR
prohibition. This corresponds to 90 percent cummulative percent of sites,
or a critical value of six or more RTOR pedestrian conflicts in the peak
hour. The 10 percent value is strict enough to only address those sites
with a clear problem with RTOR pedestrian conflicts. Of course, other
sites may also be considered for RTOR prohibition which meet one of the
other warrants. Thus, a value of six or more RTOR pedestrian conflicts
per peak hour is suggested as a conflict value for this warrant.

Warrant 5 - More than three RTOR accidents per year have been identi-
fied for the particular approach.

o Criterion 1 - Safety Implications: Related accidents may
represent an appropriate criterion for warranting installa-
tion of traffic control devices.

e Criterion 2 - Reasonableness: Past studies of RTOR accidents
indicate that they are relatively rare events at a single in-
tersection. Three RTOR accidents per year per approach is an
unrealistically high level that is unlikely to ever be met
for most cities (as discussed later).

o Criterion 3 - Practicality of Implementation: Highly imprac-
tical due to the strict level which must be met. Also, many
agencies may not be able to identify which accidents are
RTOR-related because of the lack of this information on their
accident report form.

o Criterion 4 - Complexity: Easy to understand, but accidents
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relating to RTOR are difficult or impossible to determine in
many instances.

o Criterion 5 - Acceptability: Unlikely to be accepted due to:
(1) high level of RTOR accidents and (2) difficulty in deter-
mining which accidents are RTOR-related.

To shed Tight on this warrant, information was obtained from a study
by McGee [18] relative to RTOR-related accidents at signalized intersec-
tions in major U.S. cities where necessary information was available.
Average number of total accidents, RTOR accidents, and RTOR-pedestrian
accidents were computed for the sample sites in each city as summarized in
table 31. Total accidents ranged from 6.4 (per site per year) in Los
Angeles to 14.8 in San Francisco. Total RTOR accidents ranged from
0.04 and 0.053 for three cities (Los Angeles, Denver, and San Francisco)
and 0.21 to 0.27 (per intersection per year) in Chicago and Omaha.

The overall average accidents for all 4,473 intersections considered
equally was:

e RTOR accidents = 0.050/intersection/year.
e RTOR-pedestrian accidents = 0.007/intersection/year.

Thus, for the average intersection, a RTOR accident would be expected once
every 20 years (1/0.050 = 20). A pedestrian-related RTOR accident would be
expected at an average intersection once every 142 years on the average.
This assumes, of course, that the RTOR accident data from the McGee study
is of reasonable accuracy. It should be mentioned that even if the RTOR
accident data from those five western cities are accurate, they are not
necessarily representative of other cities.

Using the 78 Chicago sites for analysis (since they are the highest
average RTOR accidents), the averages are:

e RTOR accidents = 0.269/intersection/year.
o RTOR pedestrian accidents = 0.077/intersection/year.
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This would correspond to one RTOR accident every 3.7 years (at an average
signalized intersection) and one RTOR-pedestrian accident every 13 years
at an average signalized intersection. Assumming an average of four
approaches per intersection, this would correspond to:

e RTOR accidents = 0.269/4 = 0.067 accidents/approach/year.

e RTOR pedestrian accidents = 0.077/4 = 0.019 accidents/approach/

year.,

Statistical quality control techniques can be used to determine the
critically high number (or rate) of accidents based on the Poisson distri-
bution. This may be computed for total accidents or for any specific
accident type. The equation, as discussed in a 1975 study by Zegeer [19],
for critically high accident frequency is as follows:

Nc = Np + K YNa + 1/2
Where:
Nc = The critical number of accidents under average traffic volume
conditions,
K = A probability factor determined by the level of statistical sig-
nificance desired for the equation.
No = The average number of RTOR accidents per year per intersection

leg.

Values of K are as follows for various probability (P) levels:

P K
0.1000  1.282
0.05 1.645
0.01 2.326
0.005 2.576
0.001 3.090

' Thus, a K value of 3.09 would correspond to a probability level of
99.9 percent (p = 0.001).

Using this equation, one may determine with any desired level of con-
fidence what the critical number of RTOR accidents may be for urban inter-
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sections, such as for those reported above. Since the Chicago values are
the highest, they were assumed along with a 99.9 percent probability (K =
3.09) and applied into the equation. To add data stability (less chance
of one or two random events), a 3-year period can be used along with an
average value of Ny = 0.067 RTOR accidents per approach per year x
3-years = 0.20 RTOR accidents per intersection approach per 3-year per-
jod.

Therefore,
Nc (for RTOR accidents) = 0.20 + 3.09 "y Ny + 1/2
N = .20 + 3.09N0.20 + 0.5
Nc = 2.08 accidents/approach/3-year period.

Thus, 1if an average intersection approach has two RTOR accidents per
3-year period, it may be considered to have a critically high number of
RTOR accidents (with 99.9 percent confidence).

Similarly, a critically high number of RTOR pedestrian accidents can
also be determined. For a single intersection approach, the critical num-
ber of RTOR pedestrian accidents for a 3-year period can be determined as

follows:

Np = 0.019 x 3 years = 0.057 |
Nc (for RTOR pedestrian accidents) = 0.057 + 3.09'y0.057 + 0.5
Nc = 1.3 pedestrian RTOR accidents/ approach /3-year period

However, a warrant should not be based on only one accident due to the
chance of one random event occurring. Therefore, the accident based war-
rant should be based upon total RTOR accidents, as follows:

"A NO TURN ON RED sign should be installed"

e If the number of total RTOR accidents is two or more for an ap-
proach in a 3-year period.
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Warrant 6 - There is significant crossing activity by children, elder-
1y or handicapped.

o C(riterion 1 - Safety Implications: Conceptually, high vol-
umes of such pedestrians (or any pedestrians) would justify
prohibiting RTOR.

o Criterion 2 - Reasonableness: While it is reasonable to pro-
hibit RTOR due to high pedestrian volumes, the lack of speci-
fic values make this warrant subject to interpretation by the
traffic engineer.

e Criterion 3 - Practicability of Implementation: Provides no
real guidance for implementation due to its generality.

¢ Criterion 4 - Complexity: Not complex, but open totally to
engineering judgement,

o Criterion 5 - Acceptability: Accepted in concept by many
agencies, but they must essentially develop their own speci-
fic volume criteria.

In summary, Warrant 6 1is conceptually useful to provide for con-
sideration of RTOR prohibition for children, elderly, or handicapped
people. The ITE Technical Committee 4A-17 [14] made the following recom-
mendation concerning this warrant:

Universal prohibition at "school crossings" should not be made but
rather restrictions should be sensitive to special problems of
pedestrian and/or bicycle traffic, such as the unpredictable behavior
of children or the problems of the elderly and handicapped, or
failure of motorists to yield to pedestrians and/or bicyclists within
a crosswalk. Pedestrian volumes, as such, should not be the only
criterion for prohibiting turns on red.

Thus, according to this recommendation, RTOR prohibitions at school
zones should be used only when the need exists, such as when a particular
problem is found. Also, mere volumes of pedestrians should not necessari-
ly be the only basis for prohibiting RTOR. The branching analysis identi-
fied the combination of 10 or more RTOR maneuvers/hour and 100 or more
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pedestrians per hour as a combination associated with a high RTOR pedes-
trian conflicts (2.0 per hour), as shown in figure 14. However, the com-
bination of 26 or more RTOR vehicles with 250 or more pedestrians is as-
sociated with the highest pedestrian conflict level (4.0 per hour on the
average) .

It should also be remembered that installing RfOR prohibitions were
found in some situations to merely shift the pedestrian conflicts to the
green phase. Thus, it is reasonable to provide some guidance (i.e., 26 or
more RTOR vehicles/hour with 250 or more pedestrians per hour) to allow
the local traffic or safety engineer to review each site individually and
then decide whether to prohibit RTOR. A provision for prohibiting RTOR
based on elderly or handicapped activity is also justified.

Based on the previous discussion, the following guidelines should be
used to replace Warrant 6:

“A NO TURN ON RED sign may be installed":

1. In school zones where field studies indicate that motorists fail
to yield to pedestrians before making a RTOR,

2. In areas with an unusually high number of elderly or handicapped
people, or

3. At approaches with 250 or more pedestrian per hour (total of near
and far crosswalks) combined with 26 or more RTOR maneuvers per
hour.

Review of Other Warrants

In addition to the MUTCD warrants, other guidelines have been used or
proposed for prohibiting RTOR. Also, the data analysis identified several
traffic and roadway variables as important in terms of pedestrian con-
flicts and interactions. For example, the traffic and roadway variables
which were found to have a significant impact on RTOR pedestrian conflicts
and/or total pedestrian conflicts include:
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RTOR volume.

Pedestrian volume.
Right-turn volume.

Type of RTOR prohibition.
Sight distance.

Speed limit.

Signal phasing.

Area type.

Most of these variables have been accounted for in some manner in the
recommended warrants mentioned previously.

A review of other warrants or guidelines used (or recommended) by
others, resulted in the following observations:

o High speed cross-street approaches were recognized as a problem
relative to RTOR, particularly where sight distance is limited.
The recommended sight distance warrant incorporates consideration
of vehicle speeds on the cross street.

® Another warrant which appears justified for safety considerations
near railroad crossing locations was recommended by McGee [12], as
follows:

"The intersection is within 200 feet (60 m) of a railroad cross-
ing, and the signal controller is pre-empted during train cross-
ings. (The prohibition should apply only to the approach from
which right turns are made into the lane crossing the rail-
road.)"

A summary of all recommended guidelines and warrants for RTOR prohibition
is given in the next section.

FINDINGS AND CONCLUSIONS

The purpose of this analysis was to develop improved warrants or
guidelines for the prohibition of right-turn-on-red. This was accomp-
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lished by: (1) reviewing existing warrants from the MUTCD; (2) reviewing
warrants proposed in the literature; and (3) conducting conflict analyses
at 199 intersection approaches to determine what site characteristics are

associated with a higher levels of pedestrian conflicts (potential for
accidents).

The following is a summary of key findings.

1.

Review of the RTOR volume data and conflict data indicated that
there was an average of 17.1 RTOR maneuvers per hour at the RTOR-
allowed sites, compared to 5.1 RTOR maneuvers per hour at the
RTOR-prohibited sites. At RTOR-allowed sites, 3.8 percent
resulted in conflicts with cross-street vehicles and 5.0 percent
resulted in conflicts with pedestrians.

Total (RTOR + RTOG) pedestrian conflicts plus interactions were
slightly higher at the RTOR-prohibited sites (19.35 per hour)
than the RTOR-allowed sites (17.10 per hour). Thus, it appears
that RTOR prohibition causes shifts of many of the conflicts to
the green phase.

RTOG conflicts plus interactions were 26.7 times higher on the
far crosswalk than the near crosswalk at the RTOR-allowed sites
and 24.4 times higher at the RTOR-prohibited sites. RTOR con-
flicts plus interactions were 1.4 times higher on the far cross-
walk than the near crosswalk at the RTOR-allowed sites and
1.6 times higher at the RTOR-prohibited sites.

Pearson correlation analyses were conducted to determine the
traffic volumes and other continuous site variables most highly
correlated to RTOR pedestrian conflicts and total pedestrian
conflicts. The independent variables most highly correlated to
total (RTOR + RTOG) pedestrian conflicts were pedestrian volume
and right-turn volume. RTOR pedestrian conflicts were most highly
correlated with RTOR traffic volume to a lesser degree with
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pedestrian volume. Similar results were found from the branching
analysis, and important brake-point levels were identified.

5. The analysis of covariance was used to determine the effects of
categorical site characteristics on total pedestrian conflicts
and RTOR pedestrian conflicts. Pedestrian volume, right-turn
volume and RTOR volume were used as covariates, because of their
strong relationship to conflicts. The following roadway charac-
teristics were found to have a significant effect on pedestrian
conflicts:

Area type.

The number of signal phases.
RTOR prohibition.

Speed limit.

Sight distance.

6. The recommended guidelines to replace the existing MUTCD warrants
for RTOR prohibition are as follows:

Right-Turn-on-Red should be prohibited where:

o There 1is an exclusive pedestrian phase during which
pedestrians can use all crosswalks.

o The number of total RTOR accidents is two or more for an
approach in a 3-year period.

e The intersection is within 200 feet (60 m) of a railroad
crossing, and the signal controller is pre-empted during
train crossings (the prohibition should apply only to the
approach from which right turns are made into the lane
crossing the railroad).

Right-Turn-on-Red may be prohibited where:

o Sight distance of vehicles approaching from the left is Tless
than the following minimums:
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Cross-Street Minimum Sight .

Speed Limit (mph) Distance (feet)
20 120 Note:
25 150 1ft. =0.3m
30 190 1 mph = 1.6 kph
35 220
40 270
45 320
50 360
55 410

The intersection has five or more approaches and substantial
traffic exists on all approaches. Depending on the
geometrics, traffic and pedestrian flows, RTOR may be
prohibited on all approaches, only on critical legs, or only
for critical movements (i.e., NO TURN ON RED TO FIRST
AVENUE).

For approaches with double right turns, RTOR may be prohi-
bited on both lanes or only for the left lane (i.e., NO TURN
ON RED EXCEPT CURB LANE).

A total of six or more RTOR conflicts with pedestrians occur
during the peak hour for an approach.

For intersection approaches in school zones where field stud-
ies indicate that motorists often fail to yield to pedes-
trians before making a RTOR.

At approaches with 250 or more pedestrians in the peak hour
(total of near and far crosswalks) combined with 26 or more
RTOR maneuvers per hour.

In areas with an unusually high number of elderly or handi-
capped people.
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CHAPTER IV - SUMMARY OF
- CONCLUSIONS AND RECOMMENDATIONS

The practice of legally permitting motorists the option of making a
right-turn-on-red (RTOR) at signalized intersections after stopping and
yielding the right-of-way to pedestrians and other traffic is now a widely
accepted traffic regulation in the United States. Based on numerous past
studies of the safety and operational effects of RTOR, there is evidence
that RTOR may create a potential safety problem for pedestrians. Thus, the
purpose of this study was to: (1) Determine the current level of motorist
compliance relative to RTOR (Chapter 1); (2) Develop and field test coun-
termeasures related to RTOR accidents (Chapter 1I); and (3) Review the
current MUTCD warrants for RTOR prohibition and develop improved warrants,
if necessary (Chapter III).

The major conclusions and recommendations are summarized below:

1. Overall, only 3.7 percent of all right-turning drivers violate
the RTOR prohibition signs, based on a sample of over
67,000 drivers. However, of those motorists given an opportunity
to commit a RTOR violation, about 20 percent of them violate the
NO TURN ON RED sign. Intersection approaches with a high viola-
tion rate should be carefully reviewed in terms of where the pro-
hibition is warranted. If the prohibition is not warranted, it
should be removed. If warranted, consideration should be made to
utilize one or more of the RTOR-related countermeasures (i.e.,
double signing of NO TURN ON RED, larger sign, etc.).

2. Of the drivers who commit a RTOR violation, about 23.4 percent of
them result in conflicts to pedestrians or cross-street traffic.
However, less than 1 in 100 of the total right-turn vehicles is
involved in a RTOR-related conflict.

3. The overall violation rate (percent not fully stopping) at the
28 stop-sign approaches was 68.2 percent, compared to 56.9 per-
cent for signalized approaches with RTOR allowed, a difference of
11.3 percent. However, 36 percent of vehicles were found to stop
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at RTOR-allowed approaches, compared to 24.7 percent at stop sign
Tocations. Thus, there is an 11 percent higher violation rate at
stop sign locations. This may be at least partly explained by
the greater percent of opportunities for a rolling stop or no-
stop. The high rate (56.9 percent) of vehicles not making a full
stop before turning right on red is cause for concern, and
indicates that most motorists are not aware of the stopping
requirement or else choose to ignore it. The use of police
enforcement and/or other countermeasures (i.e., offset stop bars)
is recommended to minimize the problem.

Examples of physical site factors found from in-depth site
studies to be related to high RTOR violation rates include:

Confusing or inappropriate partial prohibition signs.

Far side or inconspicuous NTOR signs.

Long cycle lengths.

Confusing multi-leg intersection approaches.

Unwarranted RTOR prohibition.

Split-phasing of the signal which creates low opposing traf-
fic for RTOR maneuvers.

e Combinations of a low volume or high speed of cross-street

traffic, and low pedestrian volumes.

The red ball NO TURN ON RED (NTOR) sign was found overall to be
more effective than the standard black and white NTOR sign in
terms of RTOR violations and pedestrian conflicts. However, the
overall reduction was due solely to the Washington, D.C. sites,
possibly due to the sign placement on signal poles in that city.
The red ball sign was less effective at the Detroit sites, where
signs were post mounted on the near or far corner of the inter-
section. The red ball sign appears to be more conspicuous to
motorists than the current sign because of its distinctive color
and shape. This should, however, be verified by laboratory test- .
ing. It is recommended that the red ball NTOR sign be added to
the MUTCD as an alternative to the existing sign. Subject to
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laboratory testing and/or additional field testing, the black and
white NTOR sign should be eliminated from the MUTCD in the future
and replaced with the red ball NTOR sign.

The larger 30x36-in (75x90-cm) NO TURN ON RED sign reduced the
proportion of violations at most of the test sites in one city
and reduced total conflicts in some situations. It is recom-
mended that the larger sign be considered by agencies at sites
where the sign is currently hard to read, such as for farside
post mounting when overhead mounting is not possible.

The NO TURN ON RED sign with the supplementary WHEN PEDESTRIANS
ARE PRESENT message was effective at sites where right turn vehi-
cle volume was low or moderate but was less effective when RTOR
volumes were high, It was effective in increasing RTOR maneuvers
(as desired) during periods when pedestrian volume was light. It
is recommended that the supplemental message WHEN PEDESTRIAN ARE
PRESENT be added to the MUTCD as an accepted message which may be
used with a NTOR sign when right-turn volume is 1ight to moder-
ate, and also pedestrian volumes are 1light or occur primarily
during intermittant Beriods (i.e., in school zones). However,
due to the small letter size of the supplementary WHEN PEDES-
TRIANS ARE PRESENT message, care should be taken to place the
sign close enough to the driver so it can be easily read. A far-
side sign placement or overhead placement above a wide intersec-
tion may be difficult for a motorist to read.

The red ball NTOR sign in conjunction with the WHEN PEDESTRIANS
ARE PRESENT message reduced total pedestrian conflicts in one in-
stance, and increased RTOR usage overall, as desired (from 5.7
percent to 17.4 percent) compared to full-RTOR prohibitions. It
should be added to the MUTCD as an optional sign as described in
jtems 6 and 7 above.

The offset stop bar was tested to provide better sight distance
to the left for RTOR motorists. It was effective overall in
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10.

11.

12.

reducing RTOR conflicts with cross-street traffic and also resul-
ted in more RTOR vehicles making a full stop behind the stop bar.
The offset stop bar is a recommended countermeasure at RTOR-
allowed sites which have two or more lanes in each direction,
particularly where conflicts or accidents are resulting between
RTOR vehicles and cross-street traffic.

The LOOK FOR TURNING VEHICLES pavement marking was effective in
reducing RTOR pedestrian conflicts and total pedestrian conflicts
at several sites and ineffective at others, depending on the city
and specific site characteristics. Such markings should be con-
sidered as possible treatments only at sites with particular pro-
blems with pedestrian accidents or conflicts from right- turning

vehicles. Since the markings may wear away quickly, thermoplas-
tic or durable paint should be used.

The electronic NO TURN ON RED/blank-out sign was found to be
slightly better than the standard NO TURN ON RED sign in terms of
violations. The device was also effective in increasing RTOR
maneuvers when RTOR was appropriate (i.e., blank-out mode) and
thus reduced unnecessary vehicle delay. Although this electronic
device is more expensive than signs and markings (i.e., approxi-
mately $1,500 per sign, plus installation and operating cost), it
may be justified in situations: (1) Where pedestrian protection
is critical during certain periods (i.e., school zones); or
(2) During a portion of the signal cycle where a separate
opposing left-turn phase may conflict with an unsuspecting RTOR
motorist.

The recommended guidelines to replace the existing MUTCD warrants
for RTOR prohibition are as follows:

Right-Turn-on-Red should be prohibited where:

(1) There is an exclusive pedestrian phase during which
pedestrians can use all crosswalks.
(2) The number of total RTOR accidents is (a) two or more for

an approach in a 3-year period.
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(3)

The intersection is within 200 feet (60 m) of a railroad
crossing, and the signal controller is pre-empted during
train crossings (the prohibition should apply only to the
approach from which right turns are made into the lane
crossing the railroad).

Right-Turn-On-Red may be prohibited where:

(1)

(2)

(3)

(4)

Sight distance of vehicles approaching from the left is less
than the following minimums:

Cross Street Minimum Sight

Speed Limit (mph)  Distance (feet)
20 120 Note:
25 150 1ft., =0.3m
30 190 1 mph = 1.6 kph
35 220
40 270
45 320
50 360
55 410

The intersection has five or more approaches, and substan-
tial traffic exists on all approaches. Depending on the
geometrics, traffic and pedestrian flows, RTOR may be pro-
hibited on all approaches, only on critical legs, or only
for critical movements (i.e., NO TURN ON RED TO FIRST
AVENUE).

For approaches with double right turns, RTOR may be prohibi-
ted on both lanes or only for the left lane (i.e., NO TURN
ON RED EXCEPT CURB LANE).

A total of six or more RTOR conflicts with pedestrians occur
during the peak hour for an approach.

For intersection approaches in school zones where field
studies indicate that motorists often fail to yield to
pedestrians before making a RTOR.

At approaches with 250 or more pedestrians in the peak hour
(total of near and far crosswalks) combined with 26 or more
RTOR maneuvers per hour.
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(7) In areas with an unusually high number of elderly or handi-
capped people.

13. Recommended areas for future research relative to RTOR are:

o Testing of additional RTOR-related countermeasures based on
field experience to determine their effect on conflicts and ac-
cidents for various traffic and roadway conditions. For exam-
ple, laboratory testing or additional field testing of the red
ball NTOR sign versus the standard black and white NTOR sign
may help to confirm whether the red ball sign is more conspic-
uous to motorists. This should aid in the decision of whether
to approve the red ball NTOR sign to replace the standard NTOR
sign in the MUTCD.

¢ Efforts should be made to further develop and test measures to
increase the percentage of RTOR motorists which comply with the
stopping requirement (i.e., making a full stop before turning
right on red). This may include physical treatments (i.e.,
RIGHT TURN ON RED AFTER STOP signs or offset stop bars) as well
as education and enforcement programs.

e There is growing concern that motorist and pedestrian respect
for traffic signals (and traffic laws in general) may be erod-
ing. A coordinated effort should be made to monitor motorist
compliance to RTOR regulations as well as other traffic control
devices (stop signs, traffic signal violations) for selected
cities and sites.
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APPENDIX-ASSESSMENT OF
CURRENT PRACTICES AND IMPACTS

INTRODUCTION

The practice of legally permitting motorists the option of right-
turn-on-red (RTOR) at signalized intersections after stopping and yielding
the right-of-way to pedestrians and other traffic is now a widely accepted
traffic regulation in the United States. RTOR maneuvers are generally
permitted nationwide* at all signalized intersection approaches unless the
turn is specifically prohibited by a sign. The only exception to the
general rule is New York City where RTOR maneuvers are prohibited unless
specifically permitted by a sign. In addition to RTOR, many States now
permit left-turn-on-red (LTOR) from a one-way street onto a one-way
street, unless the maneuver is specifically prohibited by a sign.

In spite of the widespread adoption of RTOR, the issue remains con-
troversial. Proponents of RTOR cite over 40 years of successful experi-
ence with the maneuver in California and other western States and suggest
that RTOR results in savings of time and motor fuel by reducing vehicle
delay. They also feel that RTOR reduces congestion and is not hazardous,
since RTOR-related crashes represent a small percentage of accidents at
signalized intersections. Opponents of the measure suggest that RTOR is
hazardous to pedestrians and bicyclists, especially children, elderly, and
handicapped persons. They also feel that motorists disregard the law by
failing to stop and yield to traffic and that the time savings are not
significant compared to the hazards associated with RTOR.

Perhaps the most controversial and important aspect of RTOR is
safety. Although a number of investigations have been conducted, several
safety issues associated with RTOR have not been conclusively proven.
Also, substantially different conclusions have been developed by different
researchers using the same data. While no studies have been completely
successful in isolating and quantifying the safety impacts of RTOR,

* In the Virgin Islands, where the left-hand driving rule is used, left-
turns-on-red are generally permitted which is analogous to RTOR.
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considered together, these studies provide a preponderance of evidence
which suggests that RTOR is associated with an increase in the potential

for pedestrian accidents. Due to the widespread use of RTOR in urban

areas, there is a need to identify and evaluate countermeasures for RTOR-

related pedestrian accidents. Also, should the evaluation indicate a need

to modify existing practices, guidelines should be prepared and validated

to identify conditions for permitting or restricting RTOR at intersec-
tions.

This state-of-the-art review of RTOR practices critically examines
past and current experiences with RTOR including pedestrian safety and
operational impacts, warrants, liability issues, motorist compliance,
countermeasures, and costs. The assessment was based on a review of the
research and operational studies summarized in table 32.

The purpose of this section is to summarize the assessment of current
practices relating to RTOR and to provide information that can be used in
conjunction with additional research to improve pedestrian safety and
operations at signalized intersections.

HISTORY OF RTOR AT SIGNALIZED INTERSECTIONS

The concept of allowing motorists to turn-right-on-red predates the
invention of the automated traffic signal. In this section, a brief
history of State and local use of RTOR is examined followed by a review of
the laws and guidelines that have been used for permitting and prohibiting
RTOR.

State and Local RTOR Practices

An examination of historical documents by Hochstein [20] indicates
that RTOR maneuvers were legally permitted in New York City when manually
operated semaphores were used to direct traffic. During the time traffic
1ights were installed in New York City (between 1918 and 1925) by Dr. John
A. Harries, Deputy Police Commissioner, the traffic regulations permitted
a right- and left-turn-on-red.[21] Under the regulation, motorists were
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required to come to a full stop and yield to pedestrians and other traffic
before turning with caution. A new traffic code, signed by Mayor La
Guardia on December 22, 1936, prohibited turns on red except at intersec-
tions where signs permitted the maneuver. Most of the reasons cited for
adopting the ban on generally permissive turns-on-red were summarized in
an article by Dr. Miller McClintock [22], Director of the Bureau of Street
Traffic Research at Harvard University. Excerpts of Dr. McClintock's re-
marks, which appeared in the New York Times on December 20, 1936, are
given below.

"Most cities in the United States have already ruled against
turning right on red lights. Under the old New York City Tlaw
allowing right-turns on the red signal the drivers were supposed
to come to a full halt before turning, but in practice few did
so.

"The fourth National Conference on Street and Highway Safety,
held in Washington in 1934, was emphatic against the practice of
making right-hand turns on red 1lights. Section 32 of Act V of
the Uniform Vehicle Code adopted by the Conference is definite
on this point, and sets up as the standard practice that vehi-
cles shall proceed straight through and turn right or left on a
green "go" signal only, ---.

“In adopting a new manual on uniform traffic control devices for
streets and highways, the Conference pointed out:

"Permitting vehicle operators to make right- or left-turns during
the showing of the red 1light with no modifying arrow is bad
practice. It weakens the meaning of the red indication. The
practice cannot be permitted at all intersections, therefore,
cannot be followed uniformly. It adds to pedestrian hazards and
inconvenience in crossing streets. It creates hazards and
delays vehicle movement if the discharge capacity of the outlet
highway is inadequate for both the regular through movement and
the irregularly permitted turn.

"Perhaps the strongest plea for control of vehicular right-hand
movements is made in behalf of pedestrian safety.

"Aside from the safety of pedestrians, it is argued that traffic
is not materially facilitated by the permission to turn right
against the stop signal, but that in fact such a maneuver adds
to confusion, delay, and hazard in vehicular movements.

"In addition, it is maintained that right-turns against a red
signal are very difficult to control. Drivers are rarely
willing to come to a full stop before turning."”
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In an earlier interview Dr. McClintock warned:

"It (banning generally permissive turns on red) will only bring
moderate comfort to the pedestrian, however, since his life is
chiefly menanced by the green-turners, whether left or right,
who came upon him from behind, as red-turners never do, if he is
careful ."

On February 22, 1937, the day the ban on generally permissive turns
on red became effective, an editorial in the New York Times suggested that
some people felt that RTOR should be generally permitted unless the man-
euver was prohibited by a sign.[23] The editor accurately foresaw that:

"The prohibition of right-hand turns on red will doubtlessly con- )
tinue for a time to be the subject of controversy."

Following the switch from the generally permissive rule to the sign
permissive regulation, "Right (or Left) Turn on Red Signal Permitted"
signs were installed at approximately 1,000 intersections in the city.[24]
According to the newspaper accounts several weeks after the new sign law
was effective, permissive signs were installed at approximately 100 addi-
tional intersections.

It is interesting to note that implied in the periodicals is the fact
that New York City was perhaps the Tlast city at that time to change to
sign permissive RTOR. Later, it has been reported, most of the signs were
removed due to public protests and safety considerations.[25]

Ironically, in 1937 sign permissive RTOR was adopted in California
and in 1947 the State switched to the generally permissive rule, i.e.,
RTOR maneuvers were allowed at an intersection approach unless specific-
ally prohibited by a sign.[17] Other western States slowly began adopting
RTOR; however, the practice did not gain widespread acceptance, since by
1968 only 20 States reported using RTOR.[26]

The 1934, 1954, and 1961 editions of the Manual on Uniform Traffic
Control Devices discouraged the use of RTOR. The sign permissive rule was
first incorporated in the Uniform Vehicle Code [27] in 1968 and in the

Manual on Uniform Traffic Control Devices [28] in 1971.
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Although the practice of permitting turns on red was slowly gaining
nationwide acceptance, several events in the 1970's rapidly accelerated
the use of RTOR. First, in August 1972, the National Highway Traffic
Safety Administration proposed that all States enact legislation to
generally permit RTOR unless the maneuver was prohibited by a sign.[29]
Opponents of the measure suggested that the National Advisory Committee on
Uniform Traffic Control Devices should determine the accepted method. 1In
October 1973, the Committee amended the Manual on Uniform Traffic Control
Devices to permit either the sign permissive or the generally permissive
rule.

The Arab 0i1 Embargo of 1973-74 increased national interest in RTOR
as an energy conservation measure. As of October 1974, McGee [17] reported
that only four States and the District of Columbia totally prohibited
RTOR. The various RTOR regulations used by the States prior to October
1974 are shown in table 33.[17] During the summer of 1975, Senate Bill
S.2049 was introduced in Congress to make RTOR mandatory nationwide.[30]
Also in 1975, the Uniform Vehicle Code was changed to generally permit
right-turn-on-red unless prohibited by a sign. Finally, in December 1975,
Congress passed the Energy Policy and Conservation Act requiring each
State to develop an energy conservation plan to include:

A traffic law or regulation which, to the maximum extent practi-

cal consistent with safety, permits the operator of a motor

vehicle to turn such vehicle right at a red stop light after
stopping.

Table 33. Summary of State RTOR practices as of October 1974.

RTOR Practice Number of States
Totally permitted 2
Generally permitted 22
Permitted by sign 21
Permitted by flashing arrow 1
Totally prohibited 4

Source: McGee, 1974, pg. 9, reference.[17]
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By September 1975, 27 States had adopted generally permissive legis-
lation and other States were rapidly moving to adopt the regulation.[6]
As of July 1, 1978, 49 States and Puerto Rico had adopted general permis-
sive RTOR.[1] Many of the States with generally permissive RTOR also
generally permitted left-turn-on-red (LTOR) from a one-way street onto a
one-way street.[31,32,33] Currently in the United States, RTOR maneuvers
are generally permitted at all signalized intersections unless prohibited
by a sign, except in New York City, where the sign permissive rule is
used.

One of the primary reasons for adopting RTOR legislation nationwide
was the results of several studies which indicated that substantial time
and fuel savings could be realized without adversely affecting safety.
(The safety and operational impacts of RTOR are discussed in a subsequent
section of this report). The generally permissive rule was especially
endorsed because RTOR maneuvers are typically allowed at considerably more
intersections than are permitted under the sign permissive rule. For
example, McGee [17] reported that the average percentage of intersections
where RTOR is permitted under the generally permissive legislation is
88 percent; however, under the sign permissive rule, only an average of
8 percent of the intersections were signed to permit RTOR maneuvers.

Another important consideration in adopting generally permissive RTOR
was to provide a uniform practice that would be understood by all motor-
ists. Prior to 1975, when one-half of the States were using generally
permissive RTOR, incidences were reported of out-of-State motorists making
illegal turns on red in States where RTOR was permitted only with a sign
or where the maneuver was totally prohibited.[17] To add to the confusion,
a number of different signing and signal configurations were used to per-
mit RTOR. For example, in Michigan, right-turn-on-red was permitted only
when a flashing red arrow was displayed. Variations also existed within
States. In Alabama, six jurisdictions generally permitted RTOR, however,
at that time, the sign permissive rule was used in the State.[17]

An extension of the generally permissive RTOR legislation has recent-
ly been adopted in Indiana. Effective September 1, 1982, Indiana motorists

164



are permitted to drive through on red after stopping and yielding to
pedestrians and other traffic at T-type intersections, unless the maneuver
is prohibited by a NO THRU ON RED sign. As shown in figure 18, the legal
through-on-red maneuver is permitted only on the unopposed approach to the
intersection. No studies were found during the literature review concern-
ing the safety or operational impacts of through-on-red at T intersec-
tions. Depending upon the results of the Indiana experience, other States
may consider adopting similar legislation in the future. It should be
noted, however, that the through-on-red practice is currently in violation
of Sections 4B-5-3 and 4B-6-1 of the Manual on Uniform Traffic Control
Devices.[16] As previously mentioned, many States adopted RTOR for a
number of years before the Manual was revised to approve the practice.

A review of the controversial history of RTOR prompts one to question
the future of the practice in the United States. Will generally permissive
RTOR be a widely accepted practice for the next 10 or 50 years? If so,
what other extensions of the practice are forseeable? Or will general
permissive RTOR be banned as it was in New York City 45 years ago?
Although the answer is admittedly speculative, the history of RTOR sug-
gests that the maneuver will continue to be a common feature of American
driving practices. This study and future research and operational studies
will identify specific intersection and traffic (including pedestrian)
characteristics where RTOR should be prohibited, but currently there is no
scientific evidence to suggest that the maneuver will be generally prohi-
bited in the forseeable future. In fact, a left turn on red from a one-
way street onto a one-way street was already allowed by law in 32 States
in 1979.[31] With regard to future extensions of RTOR, a number of
existing practices provide an indication that future developments can be
expected. If the basic premise that RTOR increases the efficiency of an
intersection (the operational impacts of RTOR will be discussed in a sub-
sequent section of this report), then through-on-red from the unopposed
approach at a T intersection is a logical extension of RTOR. Allowing
permissive left turns on green (or red) is simply another approach to
increasing intersection efficiency.
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R
6
R
\ z Motorists are generally permitted
| ‘Z to proceed through on red after
— stopping and yielding to pedes-
trians and other traffic on this

approach only, unless the maneu-
ver {s prohibited by a sign.

Figure 18. Generally permitted through on red maneuvers at T-type
intersections in Indiana.
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There are, of course, a number of other measures that are being im-
plemented to increase intersection efficiency which minimize the number of
vehicles that turn on red. For example, RTOR maneuvers could be reduced
by:

o Installation of highly efficient actuated signal hardware.

o More widespread use of flashing operations during periods Bf low
traffic volume.

o Periodically retiming existing signals to better accommodate
changing traffic patterns and volume demands.

e Eliminating unwarranted signals.

In view of limited manpower and funding and the large number of traf-
fic signals in the United States, it is unlikely that major improvements
in efficiency are feasible at most signalized intersections in the forsee-
able future. In the meantime, it is highly likely that the general per-
missive RTOR practice will continue. Whether or not RTOR will remain
controversial is perhaps a function of the credibility of the scientific
evidence that must be used to determine the safety and operational impacts
of the practice.

Overview of Past RTOR Laws and Guidelines

A review of the literature clearly indicates that past laws and or-
dinances used by States and cities to permit RTOR maneuvers were not
uniform. Also prior to 1975, the majority of the laws were not in confor-
mance with the Uniform Vehicle Code or the Manual on Uniform Traffic Con-
trol Devices. While a comprehensive review of past laws and guidelines is
beyond the scope of this report (that effort has been documented by
others), a summary of several notable exceptions to the general law is
provided.[3,6,31,32,33] These exceptions may have implications regarding
the implementation of the research results.

Prior to February 19, 1937 when generally permissive right and left
turns on red were allowed in New York City, there were no provisions in
the regulations for prohibiting turns on red. Drivers were required to
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come to a full stop and yield the right-of-way to pedestrians and other
traffic. In 1976, McGee [3] reported that in three States (Nevada, New
Mexico, and Oregon) regulations allowed RTOR at all signalized intersec-
tions. However, the current wording in the Nevada and Oregon laws is now
similar to the Uniform Vehicle Code.

Prior to 1976, the RTOR regulations in Arkansas, New Jersey, Oregon,
and Tennessee did not require motorists to stop and yield before turning
on red.[3] Subsequent legislation on RTOR was enacted in those States to
be more consistent with the Uniform Vehicle Code. In a study conducted in
1972, Josey [34] reported that two States and the cities of San Jose,
California and Salt Lake City, Utah, required pedestrians to yield to RTOR
vehicles.

Another variation in the State laws concerns LTOR. In Alaska,
Alabama, Michigan, Idaho, Oregon, and Washington State, a LTOR maneuver is
permitted from a two-way street onto a one-way street.[32] General guide-
l1ines developed as a result of this research may not be applicable for
these conditions.

Based on a 1979 review of State RTOR laws, it is apparent that the
majority of the State's RTOR laws were in conformance with the Uniform
Vehicle Code.[33] Shown in figure 19 is Section 11-202 of the revised
Uniform Vehicle Code pertaining to RTOR.[35] The paragraph of Section
4B-5 of the Manual on Uniform Traffic Control Devices pertaining to RTOR
is given in figure 20.[16] It should be noted that these documents
provide essentially the same definition of generally permissive RTOR.

As pedestrian safety is a primary concern in permitting RTOR, pedes-
trian as well as bicycle regulations can have an impact on RTOR accidents
and countermeasures. In 1976, McGee [3] reviewed pedestrian and bicycle
laws in each State and the District of Columbia and found that 25 States
have regulations which prohibit a pedestrian from crossing the
intersection on a red signal. In these States, the RTOR motorist has the
right-of—Way as the pedestrian would be using the crossing illegally.
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§ 11-202—Traffic-control signal legend

(e) Steady red indication

1.  Vehicular treffic facing a steady circular red signal alone
shall stop at & clearly marked stop line, but if none, before entering
the crosswalk on the near side of the intersection, or if none, then
before entering the intersection and shall remain standing until an
indication to proceed is shown except as provided in subsection (e)3.
(REVISED, 197S.) .

2, Vehicular traffic facing a steady red arrow signal shall not
enter the intersection to make the movement indicated by the arrow
and, unless entering the intersection to make s movement permitted
by another signal, shall stop at a clearly marked stop line, but if
none, before entering the crosswalk on the near side of the inter-
section, or if none, then before entering the intersection and shall
remain standing until an indication permitting the movement indi-
cated by such red arrow is shown except as provided in subsection (c)3.
(NEW, 1975.)

3. Except when e sign is in ploce prohidbiting ¢ tum, vehicu-
lor traffic focing any steady red signal may cautiously enter the
intersection to turn right, or to tumn left from a one-way street
into o one-way street, after stopping as required by aibsection (c)1
or subsection (cR2. After stopping, the driver shall yieid the right of
way to any vehicle in the intersection or approoching on another
roadway so closely as to constitute an immediate hazard dwring the
time such driver is moving across or within the intersection or jmnc-
tion of roadways. Such driver shall yield the right of way to pedes-
trions within the intersection or an adjacent crosswalk. (REVISED
AND RENUMBERED, 1975; REVISED, 1979.)

4. Unless otherwise directed by a pedestrian-control signal as
provided in § 11-203, pedestrians facing a steady circular red or red
arrow signal alone shall not enter the roadway. (REVISED AND
RENUMBERED, 1875.)

Figure 19. Current Uniform Vehicle Code definition of RTOR.

Source: Uniform Vehicle Code and Model Traffic Ordinance.[27]
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3. Steady red indications shall have the following meanings:

(a) Vehicular traffic facing a steady CIRCULAR RED signal
alone shall stop at a clearly marked stop line, but if none,
before entering the crosswalk on the near side of the inter-
section, or if none, then before entering the intersection and
shall remain standing until an indication to proceed is shown
except as provided in (¢) below.

(b) Vehicular traffic facing a steady RED ARROW signal shall
not enter the intersection to make the movement indicated
by the arrow and, unless entering the intersection to make a
movement permitted by another signal, shall stop at a clearly
marked stop line, but if none, before entering the crosswalk
on the near side of the intersection, or if none, then before
entering the intersection and shall remain standing until an
indication permitting the movement indicated by such red
arrow is shown except as provided in (c) below.

(¢) Except when a sign is in place prohibiting a turn, vehicular
traffic facing any steady red signal may cautiously enter the
intersection to turn right, or to turn left from a one-way
street into a one-way street, after stopping as required by (a)
and (b) above. Such vehicular traffic shall yield the right-of-
way to pedestrians lawfully within an adjacent crosswalk and
to other traffic lawfully using the intersection.

(d) Unless otherwise directed by a pedestrian signal, pedestrians
facing a steady CIRCULAR RED or RED ARROW =ignal
alone shall not enter the roadway.

Figure 20. Current MUTCD definition of RTOR.

Source: Manual on Uniform Traffic Control Devices for Streets and
Highways.[16]
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Several States, including Virginia and Kentucky, do not have restric-
tions requiring pedestrians to obey traffic signals. As a result of a
study conducted in Virginia, which revealed that pedestrians crossing
against the signal were involved in three times more fatalities than
pedestrians crossing with the signal, it was recommended that the Virginia
Code be amended to require pedestrians to obey traffic signals.[36] RTOR
pedestrian accident countermeasures may not be effective in cities and
States where pedestrians routinely disobey the traffic and pedestrian
signals. The assumption that pedestrians obey traffic signals is tenuous
at best in many areas, based on pedestrian accident studies conducted
throughout the nation which indicate that approximately half of all pedes-
trian deaths occur after the pedestrian has violated a traffic law or com-
mitted some other unsafe act.[37]

Other States use pedestrian controls that are unique to their area
which may influence the effectiveness of RTOR pedestrian accident counter-
measures. For example, Massachusetts uses a red and yellow pedestrian
signal that does not conform to the requirements of the Uniform Vehicle
Code.[7] Thus, a RTOR pedestrian accident countermeasure developed in
another State may not be appqopriate for the Massachusetts intersection
with red and yellow pedestrian signals.

As reported by McGee [3], bicyclists must obey the general rules of
the road in all States. Thus, bicyclists can also turn right on red. At
the time the survey data were assembled, 38 jurisdictions required bicyc-
lists to travel on the right-hand edge of the roadway. If followed in
practice, this rule implies that RTOR may improve bicycle safety by reduc-
ing the number of conflicting right-turning vehicles during the green
phase, assuming the bicyclist desires to continue through the intersec-
tion. If the bicyclist desires to make a right-turn, there is no con-
flicting movement with RTOR. In fact, Preusser [13] found that 75 percent
of all RTOR bicycle accidents involved bicyclists riding on the wrong
(1eft) side of the street crossing in front of the RTOR vehicle.
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CURRENT USE OF RTOR

The current use of RTOR is measured by the percentage of intersec-
tions at which the maneuver is permitted and by the percentage of vehicles
turning on red.

Percentage of Intersections Permitting RTOR

The percentage of intersections where RTOR was permitted is well
documented in the literature. Based on a 1974 survey of States, McGee
[17] reported that the average percentage of intersections where RTOR was
permitted under the sign permissive rule was 8 percent. In states with
the generally permissive rule, RTOR was permitted about 88 percent of the
signalized intersections. While current nationwide survey data are not
available, a review of the research studies provide substantial evidence
that RTOR is permitted at a high percentage of intersections. In 1978,
Parker [1] reported that under the generally permissive regulation in
Virginia, RTOR was permitted at 84 percent of the State's signalized
intersection approaches, and LTOR was permitted at 73 percent of the
approaches on one-way streets. Mamlouk [11] conducted a survey in Indiana
and found that RTOR was permitted at 88 percent of the total intersection
approaches. A 1979 nationwide study conducted by AASHTO [38] revealed
that RTOR was permitted at 84 percent of the intersections. Also, Clark
et al. [39] found that RTOR was permitted at 90 percent of the signalized
intersections in South Carolina; and Novak [40] reported as of January 1,
1981, that 90 percent of the signalized intersections in the city of
Milwaukee permitted RTOR.

Based on these data, it appears that under the generally permissive
regulation, RTOR is allowed on the average at 85 to 90 percent of the
nation's signalized intersections. In New York City, the only jurisdiction
with the sign permissive rule, it has been reported that RTOR is permitted
at approximately 100 intersections of the 10,000 signalized intersections
in that city (about 1 percent).[30]

There is considerable evidence indicating that RTOR was not uniformly
implemented, especially in the period immediately following enactment of
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the generally permissive legislation. For example, Mamlouk [11] reported
that in small cities in Indiana, the percent of approaches with RTOR
ranged from 17 to 100 percent. In Virginia, Parker [1] found that some
cities totally prohibited RTOR while others totally permitted the maneu-
ver, Both Parker [1] and McGee [17] note, however, that following initial
implementation of generally permissive RTOR, most Jjurisdictions removed
some of the prohibitive signs due to public complaints. Over time, it is
conceivable that RTOR may be permitted at more intersections. States such
as California which have used generally permissive RTOR for over 35 years,
prohibit RTOR at less than 1 percent of the intersection approaches.

Percentage of Vehicles Turning Right on Red

Utilization of RTOR is determined by expressing the RTOR volume as a
percentage of the total right-turn volume; therefore, utilization could be
used as an exposure measure for RTOR-related accidents. McGee [3] reported
an average utilization rate of 21 percent for the generally permissive
RTOR law and 17 percent for the sign permissive practice. Mamlouk [11]
found an average utilization rate of 19.5 percent 1 year after generally
permissive legislation was implemented in Indiana. However, Parker [1]
noted the utilization rate was 34 percent in Virginia 1 year after the
general rule was adopted. An intensive statewide publicity campaign may
have attributed to the high utilization rate in Virginia. In a 1979 study
by AASHTO [38], 23 percent of the right-turning vehicles turned on red.

Under the sign permissive rule, Parker et al. [6] recorded a utiliza-
tion rate of 36 percent in Virginia, while Baumgaertner [2] found the rate
was 45 percent in Maryland. McGee [3], Parker [6], and Mamlouk [11] found
that the RTOR utilization rate was affected by the following factors:

e Area type, i.e., 12 percent for urban areas, 28 percent in rural
areas.

e Peak vs. off-peak, i.e., 18 vs. 22 percent.

e Presence of right-turn lane, i.e., 28 percent with right-turn lane

and 13 percent without the lane.
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® Pedestrian volume, i.e., 24 percent with 0 to 10 pedestrians per
hour and 10 percent with more than 50 pedestrians per hour.

o (ity size, i.e., 21 percent in large cities and 16 percent in
small cities.

Another measure of RTOR utilization is defined as the RTOR volume
expressed as a percentage of the motorists who had an opportunity to turn
on red, i.e., sufficient gaps in the traffic stream, no pedestrians in the
crosswalk, etc. Under the generally permissive rule, the utilization rate
was reported as 85 percent in Minnesota [10] and 92 percent in Virginia
[1]. Based on these data, it is apparent that most motorists who have an
opportunity to turn on red, do so.

Only sparse data are available concerning the utilization rate of
generally permissive LTOR. Parker'[l] examined five LTOR approaches in
Virginia and found that only 15 percent of the left-turn maneuvers were
made on red. Also, only 59 percent of the motorists accepted an oppor-
tunity to turn left on red. In Indiana, Mamlouk [11] reported that
only 1.3 percent of the total left-turn vehicles were LTOR maneuvers.
Apparently, LTOR is not utilized as frequently as RTOR.

WARRANTS FOR PROHIBITING RTOR

Negative guidelines or warrants have been used under the generally
permissive RTOR regulation to prohibit turns on red, while both negative
and positive guidelines were used for the sign permissive rule. A nega-
tive warrant specifies conditions where RTOR should be prohibited, whereas
positive warrants outline conditions where RTOR should be permitted. Some
warrants have been quantitative while others were qualitative.

Little agreement has been reached concerning the factors that should
be considered in developing warrants for RTOR. Based on data collected by
McGee [17], a summary of the factors considered by the States in develop-
ing warrants for prohibiting turns on red are shown in table 18, given
previously. It is interesting to note that pedestrian volume was the most
frequently considered factor which is consistent with the general concern
for pedestrian safety at RTOR intersections.
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An example of the quantitative guidelines that were used by Kansas to
permit RTOR are shown in figure 10, given previously. Shown in figure 11,
given previously, is an example of negative qualitative guidelines that
were used in Indiana to prohibit RTOR. A problem with these and similar
warrants is that they appear to be based primarily on engineering judgment
instead of empirical data. For example, the Indiana criteria requiring
prohibition of RTOR because of 1little benefit from the maneuver is not
supported by research results.[12] Based on analysis of safety and opera-
tional data collected during a study conducted for FHWA, McGee [12] recom-
mended the guidelines shown in figure 12, given previously, for prohibit-
ing RTOR under the general permissive rule. After considering the study
results and receiving comments from the States, the guidelines shown in
figure 21 were adopted in the current edition of the Manual on Uniform
Traffic Control Devices.[16]

The MUTCD guidelines are primarily qualitative, which provides the
traffic engineer with considerable flexibility and discretion. There have
been concerns expressed regarding the need for developing quantitative
guidelines which would reduce the subjective nature of the guidelines.
Proponents of quantitative guidelines suggest they need specific values in
order to defend their decision when they prohibit RTOR.[41] Opponents
argue that they prefer the flexibility of qualitative guidelines and point
out that it may not be possible to develop quantitative guidelines due to
the absence of a cause and effect relationship between RTOR intersection
conditions and accident experience. Especially needed, however, are
improved guidelines concerning RTOR and pedestrian considerations.

Another problem associated with existing warrants is that there is
1ittle uniformity in practices as the prohibitions are primarily based on
subjective evaluation of intersection and traffic conditions. Parker [1]
and Mamlouk [11] found that RTOR prohibitions varied widely among juris-
dictions after generally permissive RTOR was adopted in Virginia and
Indiana. Further, Parker [1] found that only three jurisdictions admitted
that they used the FHWA guidelines. In fact, 28 of the traffic officials
did not use formal guidelines.
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Section 2B-37

A NO TURN ON RED sign may be considered whenever an engineering study
finds that one or more of the following conditions exist.

1.

Sight distance to the vehicles approaching from the left (or
right, if applicable) is inadequate.

The intersection area has geometrics or operational characteris-
tics which may result in unexpected conflicts.

There is an exclusive pedestrian phase.

Significant pedestrian conflicts are resulting from RTOR maneu-
vers.,

More than three RTOR accidents per year have been identified for
the particular approach.

There is significant crossing activity by children, elderly, or
handicapped people.

Figure 21. MUTCD guidelines for prohibiting RTOR at an
intersection approach.

Source: Manual on Uniform Traffic Control Devices, 1978.[16]
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In recognition of the need for a national set of guidelines that
would improve implementation of RTOR by prohibiting the maneuver only at
locations where needs exist, the Institute of Transportation Engineers
recently appointed a technical committee to develop guidelines that would
allow for application of engineering judgment. A draft of the committee
report has been completed and forwarded to ITE Technical Council for re-
view.[42] Although in the draft stage, the qualitative guidelines appear
to offer a better understanding of conditions that warrant RTOR prohibi-
tions. For example, the following guidelines and recommendations are
given in the committee's unpublished, unapproved draft report. It should
be noted that this information is provided only for the purpose of illus-
trating improved warrants for prohibiting turns on red, and it is not
intended to reflect views of the committee or the Institute of Transporta-
tion Engineers.[42]

QUALITATIVE GUIDELINES FOR PROHIBITING RTOR

The purpose of the following guidelines and recommendations
is to promote the objective of safe movement of vehicular traf-
fic and pedestrians while providing, for, at the same time, the
efficient movement of traffic. Since very specific guidelines
encourage local authorities to apply them universally, the
following guidelines are qualitative, or nonspecific, to encour-
age- local authorities to evaluate intersections on an individual
basis:

1. Engineering judgment is the basis for each potential turn on
red prohibition. Prohibition should be considered only
after the need has been fully established and less restric-
tive methods have been considered.

2. Part-time prohibitions should be discouraged; however, they
are preferable to full-time prohibitions when the need
occurs for only short periods of time. It is not good engi-
neering practice to prohibit right turns on red on the
grounds that it is of 1little benefit during some hours of
the day. The use of disappearing legend signs for part-time
prohibitions and where desired in the vicinity of railroad
crossings are recommended.

3. Less restrictive alternatives should be considered in lieu
of prohibiting turns on red. Some examples of less restric-

tive measures are signs such as "No Turns on Red to Henry
Street" or "Right Turn on Red -- Right Lane Only". Such
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devices can provide the intended prohibitions without incon-
veniencing all right-turning traffic.

4. Although many authorities do not perceive the need to prohi-
bit turns on red at multiphased signals, others find there
is a need. Where such prohibitions are considered neces-
sary, consideration should be given to the providing of
right-turn indications for the main street during the cross
street left-turn phases.

5. The definition of specific right-turn-on-red accident cri-
teria may be inappropriate. The accident history of the
intersection should be analyzed with prohibitions of turns
on red as one possible remedy. Experience may indicate that
severe sight distance restrictions or deceptive geometrics
can be related to turn-on-red accidents.

6. Universal prohibition at "school crossings" should not be
made but rather restrictions should be sensitive to special
problems of pedestrian and/or bicycle conflict, such as the
unpredictable behavior of children or the problems of the
elderly and handicapped, or failure of motorists to yield to
pedestrians and/or bicycles within a crosswalk. Pedestrian
volumes, as such, should not be the only criteria for prohi-
biting turns on red.

7. Education and enforcement play a significant role in the
benefits and safety of right turns on red. The public needs
to be educated concerning the benefits of right turns on red
and their responsibilities when making this maneuver. En-
forcement 1is important to ensure that the turns are made
after stopping and that the necessary prohibitions are being
observed.

Although pedestrian considerations are mentioned in the draft guide-
lines, specific pedestrian problems are not quantified. Due to the impor-
tance of pedestrian safety at RTOR approaches, there is an immediate need
to identify appropriate countermeasures and warrants for improving pedes-
trian safety.

LIABILITY ISSUES RELATED TO RTOR

Information concerning the Tliability aspects of RTOR 1is sparse.
McGee et al. [3] examined state court reports and found only two Louisiana
cases related to RTOR. Analyses of these and several related cases led to
the following observations:
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e If an accident occurred, liability would lie with the RTOR motor-
ist; as under both the sign and generally permissive rule, the
RTOR motorist must stop and yield to pedestrians and other traffic
in the intersection. Even in cases where vehicles or pedestrians
are illegally in the intersection, the predominance of court
decisions places much of the burden on the driver of the turning
vehicle.

e The use of generally permissive RTOR by all States may create law
enforcement problems in jurisdictions such as New York City where
RTOR is permitted only with a sign.

o \Unless a municipality was negligent of maintaining signs, a
missing RTOR prohibition sign at a location where there was an
ensuing accident should not present a liability problem.

Parker et al. [6] also examined liability issues related to RTOR in
Virginia, which at that time were protected by the doctrine of sovereign
immunity. In addition to the conclusions summarized above, the following
issues were identifiable.

e A traffic engineer could be sued only if he were acting outside
the scope of his authority or acting with gross negligence. For
example, if the engineer ignored the criteria established for RTOR
signing, then he may be acting outside the scope of his authority.
The engineer may also be considered to be negligent if he failed
to replace a missing sign within a reasonable amount of time.

e In general, the liability of the highway engineers for RTOR acci-
dents would probably be the same as for any other accident involv-
ing a traffic control device.

SAFETY IMPACTS OF RTOR

Most of the RTOR-related studies have included an analysis or re-
analysis of accident data which provides an indication of the importance
investigators have placed on identifying RTOR safety problems. Prior to
summarizing the RTOR-intersection accident studies and pedestrian accident
reports, some overall observations of the difficulties associated with
identifying and quantifying the RTOR accident problem are presented.
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Issues Related to Identifying RTOR Safety Impacts

A review of the accident studies reveals that in a number of cases
conflicting results were found; and in other cases, different conclusions
were drawn by researchers using the same data base. Much of this contra-
dictory evidence has served to spark further controversy concerning the
safety implications of RTOR. Due to a variety of problems that confound
the conclusions drawn from RTOR accident studies, it is appropriate to
note that none of the studies conducted to date have been completely
successful in isolating and quantifying the safety effects of RTOR. The
accident data problems are summarized below:

e Due to the low frequency of RTOR accidents at any given intersec-
tion, a large sample of intersections is needed to detect changes
in accidents that may be attributable to RTOR-related countermea-
sures, such as determining conditions where prohibitive signs
should be installed. A large sample of intersection features and
associated accidents has not been collected to date; thus, it is
doubtful if an accurate estimate of the overall safety impacts of
RTOR can be established.

e While accurate exposure data are essential in identifying and
quantifying accident problems, most of the studies have either not
included or have grossly estimated exposure data. Because of the
absence of appropriate exposure data, (i.e., RTOR maneuvers, total
volume, pedestrian volume on red, etc.), the results of the
studies conducted to date are tenuous at best.

¢ In a number of cases, small samples were drawn for a biased set of
intersection conditions for a number of reasons including data
availability, lack of manpower, time constraints, etc.

¢ Most of the researchers have assumed that no RTOR maneuvers or
accidents occurred prior to the implementation of RTOR. There is
evidence that this assumption is erroneous.[6] The effect of this
error is to overestimate the RTOR accident frequency at intersec-
tions,
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e Several of the investigators have only examined a specific acci-
dent condition, (i.e., right-turn accidents) and have disregarded
the possibility that RTOR may have an effect on other accident
patterns at an intersection.

e As noted by several authors, it is difficult to identify a RTOR-
related accident, even if copies of accident reports are avail-
able. This problem leads to speculation concerning how to assign
accidents that clearly were not RTOR or right-turn-on-green re-
lated.

e The general problems associated with using accident data as iden-
tified by Council et al. [43] (i.e., unreported or inconsistent
data, changes in reporting forms, reporting biases, etc.) simply
add to the difficulty of using accident data to quantify RTOR
safety problems.

In addition, as identified by others, several of the analyses are
plagued by methodological problems. In view of these constraints, the
results of previous RTOR accident studies should be viewed with caution.
Careful consideration of the evidence offered to date, however, suggests
that RTOR maneuvers may be responsible for a small but detectable number
of intersection accidents. Special interest should be given to the RTOR
vehicle-pedestrian accident. A summary of RTOR intersection accident
studies is presented below, followed by a discussion of specific RTOR-
related pedestrian accident studies.

Motor Vehicle Accidents

Although safety concerns were frequently expressed in early articles
describing RTOR in New York City, the earliest accident study that was
identified in the literature review was conducted by Ray [44] in 1956. In
a study of 3 years of accident data collected at 75 intersections, Ray
[44] found that only 12 accidents (0.36 percent) out of 3,328 were RTOR-
related. He also noted that right-turn-on-red volume was 18 percent of
the right-turning volume but was involved in only 11 percent of the acci-
dents involving right-turning vehicles.
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Several other accident studies were also conducted between 1956 and
1975. However, due to sample size problems, the absence of comparison
sites, and other difficulties, their overall contribution to estimating
the impact of RTOR on total intersection accident experience is question-
able.

In 1975, Parker et al. [6] attempted to isolate the effects of RTOR
by examining the accident experience at 20 selected intersections using a
1 year-before and 1 year-after accident period. The sample was biased, as
RTOR was permitted at that time only at safe locations. Out of the 337
after accidents, 10 (2.97 percent) were defined as definite RTOR crashes
and 5 (1.48 percent) were defined as possible RTOR accidents. There was
an increase of 29 accidents after RTOR was implemented, but the increase
was not statistically significant. Volume data were used to correct the
accident frequencies for exposure, and no significant differences were
found in the accident rates during the study periods. An interesting
observation is offered in the report concerning the effect of RTOR on

intersection accidents. While there were no statistically significant
differences, categorization of accidents by type indicated that rear-end

crashes decreased while angle and sideswipe accidents increased. This
trend suggests that RTOR may cause a shift in accident type rather than an
increase in accident frequency, although the sample size is too small to
draw conclusions.

McGee et al. [3] analyzed RTOR accident experiences in Dallas,
Denver, Chicago, and Los Angeles and in two States - Colorado and
Virginia. For the generally permissive States, RTOR accidents constituted
0.61 percent of all signalized intersection accidents. For sign permis-
sive jurisdictions, the percentage of RTOR accidents was 3 percent. McGee
[3] reported that RTOR accidents were less severe than average intersec-
tion accidents. The results of the analyses suggested that accidents
resulting from RTOR were insignificant compared to all signalized inter-
section accidents. Galin [4], however, reanalyzed the data and concluded
that RTOR actually results in a deterioration in safety at signalized
intersections.
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In 1979, the American Association of State Highway and Transportation
Officials [38] collected a nationwide sample of accident data at RTOR
intersections and reported that:

e Total intersection accidents decreased significantly, i.e., from
12.6 without RTOR to 11.9 accidents per intersection per year with
RTOR.

Fatal and injury accidents decreased.
Right-turn and left-turn accidents increased.
® Rear-end accidents decreased.

It should be noted that the trend for RTOR to reduce rear-end accidents
and increase angle type accidents is also partially supported by these
data.

A 1980 study conducted by Zador [45] for the Insurance Institute for
Highway Safety found that adoption of RTOR led to a 20 percent increase in
all right-turn accidents at signalized intersections. Members of an ITE
task force [46] examined the report and identified several erroneous
assumptions and methodological problems with the study. Again, the data
supported a change in the pattern of intersection accidents.

Clark et al. [39] recently conducted an analysis of signalized inter-
section accidents in South Carolina and Alabama. The data were categorized
as right-turn accidents and non-right-turn accidents. It was found that
right-turn accidents tend to be less severe and have lower property damage
costs than other accidents reported at signalized intersections.

While each of the studies have one or more of the methodological pro-
blems that prevent one from estimating the real impact of RTOR on inter-
section accident characteristics, the evidence suggests that the total
number of RTOR accidents represent a small but detectable percentage of
intersection accidents. Also, RTOR accidents tend to be associated with
lower accident severities, and RTOR may be influencing a change in acci-
dent patterns, i.e., decreasing rear-end accidents and increasing angle
and sideswipe collisions.
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Pedestrian Accidents

The impact of RTOR on pedestrian accidents has received considerable
attention. A summary of some of the key findings related to pedestrian
RTOR accidents is presented below. It should be noted that methodological
problems including sample biases prevent quantification of the pedestrian
accident problem. Nevertheless, the data do suggest a small, detectable
accident problem.

o Ray [44] found that the RTOR pedestrian-accident rate was greater
than the exposure rate, but the difference was not statistically
significant.

e The study by Benke et al. [10] in Minnesota suggested that actual
hazards to pedestrians created by RTOR maneuvers appeared to be
minimal.

o A study conducted by Scott [47] in Los Angeles suggested that RTOR
vehicle-pedestrian accidents were slightly greater than 2 percent
of the total vehicle-pedestrian accidents at all signalized inter-
sections.

o MGee et al. [3] found that the percent of pedestrian accidents
that were RTOR-related ranged from 0 to 29 percen%, with a
weighted average of 3.75 percent.

e The AASHTO [38] study revealed that the annual average number of
pedestrian accidents at the study intersections did not change
after implementation of RTOR.

e Zador [46] reported that right-turn pedestrian-vehicle accidents
increased 57 percent with RTOR. In urban areas, the increase was
79 percent and accidents involving children pedestrians increased
30 percent. Accidents involving elderly pedestrians increased
110 percent after adoption of RTOR.

e Clark et al. [39] found no significant difference between pedes-
trian accidents involving right-turn and non-right-turning maneu-
vers before and after implementation of RTOR in South Carolina and
Alabama.

Novak [40] conducted an analysis of right-turn accidents in Milwaukee
and concluded that RTOR had influenced a change in the make-up of signal-
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ized intersection accidents with right-turn accidents representing a
greater percentage of the total than other accident types. RTOR accidents
accounted for 51.1 percent of the average number of right-turn vehicle-
pedestrian accidents. In summary, the annual increase of 17 right-turn
pedestrian accidents represented only 0.25 percent of the total reported
accidents at signalized intersections.

In 1981, Preusser et al. [13] conducted one of the most comprehensive
investigations of right-turn intersection accidents to examine the impact
of RTOR on safety. As a percentage of all pedestrian accidents, right-
turn accidents at signalized locations increased from 1.47 to 2.28 percent
following implementation of RTOR. For bicycle accidents, the increase was
from 1.40 to 2.79 percent. The increases in bicycle and pedestrian acci-
dents for each of the study areas is shown in figure 22.

It was also found that the typical RTOR pedestrian accident occurred
when a motorist stopped at a red light, looked for approaching vehicles
from the left and failed to see a pedestrian crossing on the right. The
directional movements of RTOR accidents relative to pedestrians and
bicyclists are shown in figure 23.[13] As indicated in the report, there
appears to be a small, but well-defined pedestrian and bicycle accident
problem due to RTOR operations.

MOTORIST COMPLIANCE WITH RTOR LAWS

One of the objections to the generally permissive RTOR regulation in
New York City in 1936 was that motorists frequently did not stop before
turning on red. Similar concerns have recently been expressed.[1,2,3] An
assessment of motorist compliance with stopping is presented below, fol-
lowed by a discussion of motorist violation of turning on red where the
"maneuver is prohibited.

Compliance Where RTOR is Permitted

In most States, motorists must come to a full stop and yield to
pedestrians and other traffic in the intersection before turning on red.
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w 11% of pedestrians
8% of bicyelists
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Figure 23. Directional movements of pedestrians and bicyclists involved
in RTOR accidents.

Source: Preusser et al., 1981.[13]
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As mentioned above, noncompliance with the law was frequently mentioned in
the newspaper accounts, but no data were found that quantified the prob-
lem. The same objection to RTOR is frequently offered today by traffic and
law enforcement officials. However, limited data are available to identify
the noncompliance rate.[1,3,4]

There have been several examinations of motorist compliance with the
RTOR l1aw. Under the sign permissive rule in Virginia, Parker [6] found
that 9 percent of the RTOR motorists at 15 approaches did not come to a
full stop before turning. A study conducted at 11 sites in Providence,
Rhode Island, found that 65 percent of the motorists did not stop.[7] At
12 Tocations in Springfield, Massachusetts, 72 percent of the RTOR motor-
ists came to a full stop.[7] The high compliance rate in Springfield was
attributed to the newness of the RTOR maneuver and the sign reminding
motorists to stop. Baumgaertner [2] collected compliance data at 13 ap-
proaches in Maryland and also found the noncompliance rate, under the
sign permissive rule, was 64.4 percent which compares closely with the
Providence data.

RTOR compliance data were collected for generally permissive RTOR in
only two studies.[1,6] In both cases, the general rule had only been
adopted for 1 year. At seven approaches in North Carolina, Parker [6]
found that 2.0 percent of the RTOR motorists did not stop. However, after
generally permissive legislation was enacted in Virginia, Parker [1] found
that 11.5 percent of the RTOR motorists violated the law. It is important
to note that the violation rate varied considerably with 48 percent of the
violations reported at two approaches.

A high noncompliance rate creates a law enforcement problem and may
lead to a serious safety problem. In their studies, Baumgaertner [2] and
Parker [1] also recorded the number of unsafe turns where the RTOR motor-
ists did not stop or yield to other traffic in the immediate vicinity of
the intersection. In both studies, less than 2 percent of the motorists
made an unsafe turn. Additional studies of motorist compliance should be
periodically conducted to examine trends over time and to identify unsafe
approaches so that appropriate countermeasures can be applied.
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The magnitude of the RTOR violation problem can be put in perspective
by comparing it to motorist compliance at stop sign locations. In a
Chicago study, 53 to 76 percent of all drivers failed to come to a comp-
lete stop at stop signs. However, only 5 to 10 percent of all vehicles
violated the stop sign traveling in excess of 5 mph (8 kph).[8] A 1976
study by Beaubien [9] was conducted in Troy, Michigan, to determine
whether stop signs were effective for speed control in residential areas.
At the three locations, full stops ranged from 6 to 51 percent of vehi-
cles, rolling stops ranged from 34 to 54 percent and no-stops ranged from
15 percent to 47 percent. Based on this data, the violation rate involving
stop signs appears to be considerably higher than the RTOR noncompliance
rate.

A 1978 study observed motorist obedience to the stop signs in Barton,
Springfield, and Providence, as shown in table 34. The percent of vehicles
stopping ranged from 61 to 69 percent. Of those vehicles not forced to
stop by side street traffic, the percent of stopping vehicles ranged from
28.8 to 64.8 percent.[7]

Violations Where RTOR is Prohibited

Another major concern of traffic and safety engineers is whether
motorists are violating the law by turning right on red at locations where
the maneuver is prohibited. There is evidence to suggest that violations
do occur.

Benke et al. [10] collected violation data at 11 sites where RTOR
maneuvers were prohibited under the sign permissive and generally permis-
sive rules and found that the violation rates were 1.23 and 9.56 percent,
respectively, (i.e., 1.23 percent of the motorists made an illegal RTOR
maneuver). The authors attributed the high violation rate, which occurred
at 4 of the 11 sites, to poor visibility of the sign resulting from poor
sign placement and a busy signing environment at one location. In Indiana,
Mamlouk [11] found that 1.4 percent of the motorists made an illegal RTOR
maneuver under the sign permissive rule. It was also reported that the
violation rate varied considerably with one site having an 18 percent
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violation rate. At that location, sign placement made it difficult for
motorists to see. Parker [l] collected data at three approaches in
Virginia where RTOR was prohibited and did not observe a violation.

The violation data suggests that motorists are making illegal turns
on red at certain types of locations. Additional violation data should be
collected to determine the magnitude of the problem, the contributing fac-
tors, and possible corrective treatments.

Table 34. Motorist obedience to stop signs.

Obedience to Stop Signs

Location % Stopping
Chicago standard 95%
Boston 61%
Springfield 69%
Providence 65%

Voluntary Stops

Total Vehicles % Stopping of

No. of Total Vehicles Not Forced Those Forced
Location Stop Signs Observed to Stop Not to Stop
Boston 3 417 246 33.7
Springfield 5 489 215 28.8
Providence 6 617 609 64.8

Source: Reference [7]

190



OPERATIONAL IMPACTS OF RTOR

The primary benefits of permitting RTOR maneuvers are to reduce
needless vehicle delay and to conserve vehicle fuel. The operational
impacts of RTOR, including vehicle delay, pedestrian delay, vehicle-pedes-
trian conflicts, and other effects are summarized in this section.

Vehicle Delay

With respect to RTOR, vehicle delay has been measured in terms of
stopped delay at the intersection and travel time over a specified route.
Although early reports cite that RTOR reduced vehicle delay and conges-
tion, the first documented study that measured delay reductions associated
with RTOR was conducted by Ray [44] in 1956. Ray measured travel time
over a 14 intersection circuit in the central business district of
Berkeley, California. During off-peak hour trips, a 7 percent savings in
travel time was measured with an average savings of 0.16 minutes for each
right-turn. During the off-peak hour the travel time savings were 10 per-
cent and 0.13 minutes was saved at each intersection with RTOR. VanGelder
[48] also conducted a travel time study in Seattle, Washington, using
three intersections with RTOR and found that the average time saved over
the 1 mile circuit was 25 seconds. Cohen [49] applied the UTCS-1 Network
Simulation Model to two networks containing signalized intersections in
Washington, D.C., to measure the effect of RTOR on intersection perfor-
mance characteristics. The results of the study indicated that travel
speed increased by 18 and 34 percent and stop delay was reduced between
33 and 42 percent due to RTOR. McGee et al. [3] also used the UTCS-1 simu-
lation model with a wide range of geometric and operating parameters and
found that RTOR reduced total delay for all conditions except a one-lane
intersection approach. For the grid network studies, McGee reported a
7.8 percent reduction in total delay with RTOR.

In a 1965 study conducted by the Minnesota Department of Highways
[50], the mean time saved per right-turning vehicle was 7.8 seconds during
peak hours and 9.6 seconds during off-peak hours at intersections with the
sign permissive regulation. Minnesota [10] conducted another study after
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the generally permissive rule was adopted and found that 7.0 seconds were
saved during peak hours and 10.7 seconds were saved during off-peak
periods. In Virginia, Parker et al. [6] found that RTOR maneuvers reduced
delay for right-turning vehicles by 14 seconds. McGee et al.[3] conducted
field and computer simulation studies and reported that RTOR produced
significant savings in delay for nearly all conditions. McGee et al.
found that delay savings were influenced by area type and the presence of
a right-turn lane. An overall right-turn delay savings of 4.6 seconds was
reported with a savings of 4.3 seconds during peak hours and 5.2 seconds
during off-peak conditions. AASHTO [38] also recently conducted field and
simulation studies and found that RTOR reduces delay by 6 seconds for
approaches with a right-turn lane and 5 seconds for sites without a right-
turn lane.

In summary, the studies indicate that RTOR significantly reduces
delay for right-turning vehicles under most conditions and also will re-
sult in travel time reductions for vehicles traveling in a network.

Pedestrian Delay

There are very little data available on pedestrian delay attributable
to RTOR maneuvers. In Berkeley, Ray [44] collected data on delay imposed
on RTOR vehicles by pedestrians and found that the average delay to
stopped RTOR vehicles was 0.06 seconds. This delay was less than the
0.08 second delay imposed on vehicles making a right-turn-on-green. May
[51] attempted to measure pedestrian delay due to RTOR during his study in
Indiana; however, during the study not a single pedestrian was delayed by
a RTOR vehicle. Mamlouk [11] also attempted to quantify pedestrian delay
and found that no pedestrian delays occurred as a result of RTOR at the
study approaches.

Vehicle-Pedestrian Conflicts

Several investigators have examined vehicle-pedestrian conflicts due
to RTOR motorists. Mamlouk [11] reported that after 600 hours of study at
intersections in Indiana, no pedestrian was observed who had been placed
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in a more hazardous situation due to a RTOR maneuver. He did note that
vehicles turning on green were in conflict with a substantial percentage
of pedestrians in the cross street.

The results of a study conducted in Springfield, Massachusetts,
revealed that 6 percent of the pedestrians experienced a conflict situa-
tion with RTOR vehicles at selected intersections.[7] In Providence,
Rhode Island, approximately 9 percent of the pedestrians experienced a
conflict with a RTOR vehicle. In two-thirds of the conflict cases, drivers
yielded to pedestrians. In Boston, it was found that 23 percent of the
pedestrians experienced a conflict with RTOR vehicles. Also, 78 percent
of the time, the Boston pedestrian yielded to the vehicle.[11]

Parker [1,6] conducted two RTOR-related pedestrian-vehicle conflict
studies in Virginia and found that of all RTOR traffic conflicts, pedes-
trians were involved in 7.7 percent of the conflicts in one study and
8.6 percent of the conflicts in a follow-up study. However, these data
are misleading as only 4 pedestrian-vehicle conflicts occurred in each
study. Parker noted that most vehicle-pedestrian conflicts occurred
during the green phase, but the frequency of these conflicts was not
recorded because only RTOR-related conflicts were collected. In his
studies, Parker used conflicts definitions similar to those developed by
Glauz et al.[52]

Other Impacts

As documented in a number of studies, the delay savings attributable
to RTOR maneuvers can be translated into other savings. Most noteable and
important of these benefits is motor fuel savings. McGee et al., [3] for
example, found through simulation analysis that a fuel consumption savings
of 2.6 percent for all vehicles in a network of signalized intersections
could be achieved through implementation of RTOR. At isolated intersec-
tions, fuel savings ranged from 3.2 to 37 percent, depending on the number
of approach lanes and the percentage of right-turn volume. The analysis
also indicated that auto emissions were reduced as a result of RTOR.
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ACCIDENT AND OPERATIONAL COUNTERMEASURES

While considerable controversy exists over the accident implications
of RTOR, a comprehensive list of countermeasures to improve safety and
operations has not been developed. The primary accident countermeasure
used to date has been to ban RTOR at an approach. Total as well as part-
time prohibitions have been used. However, a review of the research
studies provides evidence that a variety of countermeasures should be
examined. Unfortunately, the effectiveness of most of the countermeasures
has not been determined. Given below is a list of pedestrian accident
countermeasures followed by a general list of countermeasures for accident
and operational problems.

Pedestrian Accident Countermeasures

Countermeasures for pedestrian accidents typically are classified in
four categories, i.e., education, legislation, enforcement, and traffic
engineering.[36] While none of the categories are independent from the
others, the primary concern in this study is the traffic engineering coun-
termeasures. Based on a review of the RTOR-pedestrian accident studies,
the countermeasures listed below were developed.

RTOR-Pedestrian Accident Countermeasures

Totally prohibit RTOR on the approach.

Prohibit RTOR only during the hours of heavy pedestrian travel.
Install pedestrian signals.

Construct pedestrian barriers.

Relocate crosswalk(s).

Construct pedestrian overpass.

Improve pedestrian signal display.

Relocate bus stops.

Eliminate parking near the intersection.

Provide or improve intersection lighting.

Improve pedestrian awareness of RTOR regulations and safety.
Install YIELD TO PEDESTRIAN sign(s).
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General Countermeasures

Countermeasures that should be considered for general RTOR-related
accident and operational problems are listed below.

RTOR-Accident and Operational Countermeasures

Totally prohibit RTOR at an approach.

Prohibit RTOR only during hours of heavy conflicting volumes.

I1Tuminate NO TURN ON RED sign.

Increase sign size to improve visibility.

Relocate sign to near-signal placement.

Use double indication for redundancy, i.e., post-mounted and sig-

nal mounted sign.

o Offset stop bars to improve the placement of the RTOR vehicle so
the motorist has a clear view of oncoming traffic and pedestrians.

e Install separate right-turn lane(s).

e Retime traffic signal to provide better operations.

e Install presence detectors at traffic actuated approaches to pro-
vide more efficient signa] operation.

e Install RIGHT TURN ON RED AFTER STOP sign to encourage utilization
of RTOR.

e Use symbolic NO TURN ON RED sign(s).

e Conduct publicity campaign to increase awareness of the RTOR regu-
lation.

e Remove unwarranted signals.
o Moudify accident report form to identify RTOR-related accidents.

RTOR COUNTERMEASURE COSTS

The literature revealed that only one researcher developed costs for
several RTOR countermeasures.[6] Costs for the other countermeasures,

however, can be found in other publications and are not provided in this
summary.
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As full and part-time prohibitions of RTOR are the major countermea-
sures that have been implemented to address RTOR-related accident and
operational problems, Parker et al. [6] provided the following data con-
cerning sign costs.

e NO TURN ON RED sign installation costs.

$ 9.50 Labor costs
21.50 Material and fabrication costs
19.00 Study costs

~$50.00 Total cost per sign.

e Maintenance costs.

$3.00 Per sign per year.
ASSESSMENT OF RTOR BENEFITS AND COSTS

Several investigators provided an economic assessment of RTOR. On a
nationwide basis, McGee et al. [3] estimated that if generally permissive
legislation was enacted at 80 percent of the signalized intersections
the annual economic loss due to RTOR accidents would be approximately
14.1 million dollars. However, it was estimated that between 135 and
185 million gallons (500 and 700 million liters) of fuel would be saved
annually, which would be an economic benefit of 75 to 102 million dollars.
These figures do not include costs of other benefits such as time savings
and automobile emission reductions. In terms of fuel savings vs. acci-
dents, a benefit-cost ratio of 5.3 to 13.1 may be expected.

Parker et al. [6] estimated that 3.1 million gallons (12 million
liters) of fuel would be saved if Virginia adopted generally permissive
RTOR legislation. It was estimated that RTOR accident losses would cost
$437,800 per year in the State. At that time average fuel costs were only
55¢ per gallon (14¢ per liter) which provided $1,717,000 in fuel savings.
If only fuel savings and accident costs were considered, the benefit-cost
ratio would be 3.9.

Wagner [53] conducted estimates of energy savings due to implementa-
tion of generally permissive RTOR and LTOR and found that approximately
1.6 million gallons (6 million liters) of fuel would be saved annually for
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an urban population of one million persons. The savings was equvalent to
0.5 percent of the total areawide auto fuel consumption.

Novak [40] recently estimated that during the 5 year period 1976 to
1981, implementation of generally permissive RTOR in Milwaukee resulted
in accident losses of $500,000. However, fuel savings alone amounted to
6 million dollars which resulted in a benefit-cost ratio of 12.

Although cost estimates were not developed, Clark et al. [39]
estimated that implementation of RTOR resulted in annual fuel savings of
2.7 million gallons (10.2 million liters) in South Carolina and 3.2 mil-
lion gallons (12.1 million liters) in Alabama. Annual RTOR-related acci-
dents were reported as 118 accidents in South Carolina and 33 in Alabama.
The results of the economic assessments clearly indicate that the fuel
savings alone outweigh the estimated accident costs attributable to RTOR
maneuvers.

CONCLUSIONS

The practice of legally permitting motorists the option of right-
turn-on-red (RTOR) at signalized intersections after stopping and yielding
to pedestrians and other traffic is now a widely accepted traffic regula-
tion in the United States. Based on available research, there appears to
be a small, but well-defined pedestrian and bicycle accident problem due
to RTOR operations.

The purpose of this assessment was to examine past and current RTOR
practices and provide information that can be used in conjunction with
additional research to improve pedestrian safety and operations at signal-
jzed intersections. Based on the state-of-the-art review, the following
conclusions are offered.

1. The generally permissive RTOR regulation has been controversial
since the automated traffic signal has been in use. Pedestrian
safety concerns vs. operational benefits are the primary issues.
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One extension of the RTOR concept, through-on-red at the un-
opposed approach of a T-type intersection, was implemented in the
State of Indiana, but later repealed. The apparent success of
permissive RTOR has also lead to other changes in traffic laws
(i.e., LTOR) for the sake of reducing fuel consumption or motor-
ist delay.

It is estimated that RTOR maneuvers are permitted at an average
of 85 to 90 percent of the signalized intersections nationwide,
and this percentage may be expected to increase in the near
future.

Drivers have apparently readily accepted the concept of turning
on red; between 85 and 92 percent of the motorists who have an
opportunity to turn on red do so. Between 20 and 45 percent of
all right-turning motorists turned on red.

There is a need to develop an improved set of nationwide warrants
for prohibiting turns on red, especially warrants for improving
pedestrian safety.

Numerous deficiencies were found 1in previous RTOR accident
studies. No study was found to have successfully isolated and
quantified the safety impacts of RTOR; however, the cumulative
results indicate that a small detectable problem exists. Pedes-
trian-related RTOR accidents should be given special attention
through countermeasure development.

Studies should be conducted to examine trends for motorist
noncompliance (not stopping and yielding the right-of-way).
Characteristics of noncompliance sites should be identified and
appropriate countermeasures developed. Current noncompliance
data under the generally permissive RTOR rule are insufficient to
identify noncompliance sites or countermeasures.

A review of the literature suggests that violations (motorists
turn on red at sites where the movement is prohibited) of RTOR
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10.

prohibitions occur with a wide variation in frequency by site.
Additional violation data should be collected to determine the
magnitude of the problem and to identify countermeasures.

Substantial operational benefits due to RTOR provide evidence
that significant reductions in vehicle delay, fuel consumption,
and automobile emissions are achieved. Additional research
should be conducted to quantify the effects of RTOR on pedestrian
delay and pedestrian conflicts. This research should also be
helpful in developing countermeasures to improve pedestrian
safety and vehicle operations.

The results of economic analysis indicate that the benefits of
RTOR far outweigh the estimated RTOR accident costs. Even if
RTOR accident countermeasures are used to improve safety, in most
cases, the benefits would exceed the costs when applied on an
areawide basis.
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