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1

INTRODUCTION

Left turn movements are generally considered to be the highest risk movements through
an intersection, because they require conflicting vehicular movements to cross. They can
also result in head on, angle, or side impact crashes. A 2001 report sponsored by the
National Highway Traffic Safety Administration showed that 27.3 percent of all crashes
are crossing path crashes, with 47.2 of these involving left turns (Wassim et. al 2001).
Protected left turns can reduce this interaction, but are not always the most feasible or
efficient option. In cases where permissive left turn phasing is used, the onus is on the
driver to determine an acceptable gap in the conflicting traffic and correctly judge the
speed and distance of approaching vehicles. Because of the inherent dangers in making a
left hand turn across traffic, it is important that all traffic control devices clearly convey
their intended message without adding any undue confusion which could increase the
duration of the driver decision making process. Drivers should be able to quickly and
clearly understand the movements allowed at an intersection, especially when performing
a permitted left turn.

The flashing yellow arrow (FYA) for use as a permissive left turn phase indication is
relatively recent, having been first included in the 2009 edition Manual on Uniform
Traffic Control Devices (MUTCD). Permissive phases have historically been
communicated to drivers with various traffic signal indications, such as circular green
(CG), flashing circular red (FCR), flashing circular yellow (FCY), flashing red arrow
(FRA), and flashing yellow arrow (FYA) indications. Research funded by NCHRP
demonstrated that, by most measures, the FYA indication is the most effective of these
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displays for the communication of permissive left turns (Brehmer et al. 2003, Noyce et al.
2007).

Because the FYA is a relatively recent addition to the United States’ official standard,
there are still some areas of confusion on how best to implement the FYA and the
appropriate timing measures. The MUTCD does not prescribe a standard method for
determining the duration of the yellow change or red clearance interval (FHWA 2009).
Several naturalistic and simulator studies have been completed in an effort to better
prescribe standards for the use of the FYA in PPLT phasing. However, these studies have
relied on time consuming data collection techniques such as manually counting vehicles
as they pass through an intersection (Noyce et. al, 2000). While this method provides
many useful data points, it is limited to usually one entry per vehicle. Simulation studies
can provide thousands of data points for each vehicle, but cannot replicate the
interactions between vehicles that might happen at a real intersection.

Real-world vehicle behavior and trajectory data can be incredibly useful to determine the
timing parameters of a signalized intersection. However, using video data or manual
counts to populate the necessary information is time consuming and difficult, if not
impossible. This study aims to further develop and refine a method to view and record
real-time vehicle data as they pass through a signalized intersection utilizing a FYA. A
mobile radar sensor can be easily and quickly installed at a variety of different
intersection configurations, recording vehicle locations and speeds to more accurately
understand driver behavior.

3

1.1

Organization of Thesis

This thesis is broken up into four sections. Chapter 2 discusses relevant literature to FYA
and appropriate timing parameters that have been used for PPLT phasing, as well as the
history of the use of FYA at signalized intersections. Chapter 3 discusses the research
questions, development of a field data collection procedure, and site selection. Chapter 4
discusses the data reduction and validation using video data as well as the results. Finally,
Chapter 5 summarizes this thesis and provides recommendations for future work and the
potential implementation of the data collection and analysis procedure.
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2

LITERATURE REVIEW

This chapter provides a brief overview of the most relevant literature pertaining to the use
of the FYA indication.

2.1

History of FYA

When a separate lane is provided for left-turning vehicles, the interval during which drivers
turn can be described as either protected or permissive. In a protected phase, the left-turning
driver has the exclusive right-of-way and faces no other (legal) conflicts. In permissive
operation, the driver may turn only after yielding to other conflicting movements, such as
pedestrians, vehicles, or bicycles. Permissive phases have historically been communicated
to drivers with various traffic signal indications, such as CG, FCR, FCY, FRA, and FYA
indications. Research funded by NCHRP demonstrated that, by most measures, the FYA
indication is the most effective of these displays for the communication of permissive left
turns (Brehmer et al. 2003, Noyce et al. 2007). Subsequently, the use of the FYA indication
for permissive left-turns was approved by FHWA and included in the 2009 edition of the
Manual on Uniform Traffic Control Devices (MUTCD).
The findings of this previous research is documented in NCHRP Report 493 and includes
a comprehensive literature review describing the state-of-the-practice prior to 2003
(Brehmer et al.).

2.2

Change and Clearance Intervals in General

The MUTCD (FHWA 2009) does not prescribe a standard method for determining the
duration of the yellow change or red clearance interval. The only provided direction is
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that these durations should be determined using engineering practices, and that the yellow
change interval should be between three to six seconds in duration. The MUTCD does
include a support statement indicating that engineering practices can be found in the
Traffic Control Devices Handbook (ITE 2013) and the Manual of Traffic Signal Design
(ITE 1998) published by the Institute of Transportation Engineers (ITE). The ITE’s
guidelines for determining the yellow change and red clearance intervals have evolved
over time, based on research and practical application (Eccles and McGee 2001).

2.2.1

Yellow Change Interval

The MUTCD provides the following information on the yellow change interval (FHWA
2009):
“B. Steady yellow signal indications shall have the following meanings:
1. Vehicular traffic facing a steady CIRCULAR YELLOW signal indication is thereby
warned that the related green movement or the related flashing arrow movement is being
terminated or that a steady red signal indication will be displayed immediately thereafter
when vehicular traffic shall not enter the intersection. The rules set forth concerning
vehicular operation under the movement(s) being terminated shall continue to apply while
the steady CIRCULAR YELLOW signal indication is displayed.”
And:
“Standard:
09 The duration of a yellow change interval shall not vary on a cycle-by-cycle basis within
the same signal timing plan.”
And:
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“Guidance:
14 A yellow change interval should have a minimum duration of 3 seconds and a maximum
duration of 6 seconds. The longer intervals should be reserved for use on approaches with
higher speeds.”

Based on these definitions, the yellow change interval must allow the driver to see the
circular yellow (CY) indication, decide whether to stop or proceed through the intersection,
and then comfortably stop or safely proceed through the intersection. Over the last 70 years,
ITE has published guidance for timing the yellow change and red clearance intervals. The
current guidance has evolved from the 1965 guidelines, which took the form of a standard
kinematic equation, to include the effects of grade, perception-reaction time, deceleration
rate, and approach speed (Eccles and McGee 2001).

2.2.2

Red Clearance Interval

The MUTCD provides the following information on the red clearance interval (FHWA
2009):
“Guidance:
05 When indicated by the application of engineering practices, the yellow change interval
should be followed by a red clearance interval to provide additional time before conflicting
traffic movements, including pedestrians, are released.
Standard:
06 When used, the duration of the red clearance interval shall be determined using
engineering practices.”
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And:
“Standard:
10 Except as provided in Paragraph 12, the duration of a red clearance interval shall not be
decreased or omitted on a cycle-by-cycle basis within the same signal timing plan.
Option:
11 The duration of a red clearance interval may be extended from its predetermined value
for a given cycle based upon the detection of a vehicle that is predicted to violate the red
signal indication.”
And:
“Guidance:
Except when clearing a one-lane, two-way facility (see Section 4H.02) or when clearing
an exceptionally wide intersection, a red clearance interval should have a duration not
exceeding 6 seconds.”

Based on these definitions, engineering judgment should be used to determine if a red
clearance interval is necessary to provide additional time to allow the intersection to clear
before conflicting traffic movements are given the green indication. The concept of the red
clearance interval was first introduced in the ITE’s 1950 Traffic Engineering Handbook.
Guidance for the red clearance interval has evolved from simply a 1- to 2-second interval
if the calculated yellow change interval exceeds 5 seconds, to a choice of three equations
to calculate the red clearance interval, to the current guidance, in which the red clearance
interval is calculated from the intersection width, vehicle length, and approach speed
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(Eccles and McGee 2001). In addition, the MUTCD does allow for the use of red clearance
extensions (Section 4D.26).

2.2.3

Institute of Transportation Engineers (ITE) and Signal Timing Manual

The MUTCD provides a range of durations for the yellow change interval and information
relating the meaning and sequence of the CY indication (3). In the absence of a national
standard, ITE has developed a recommended equation for the length of the CY (ITE 2010);
the Signal Timing Manual (STM) Second Edition, which provides a comprehensive
overview of signal timing practices, puts forth the same ITE equation (FHWA 2015).
However, there are still agencies that apply alternative approaches to determining the
length of the CY. Regardless of the approach used, the initiation of the CY indication at
the wrong time can contribute to dilemma zone (DZ) conflicts.

The most current guidance provided in the 7th edition of the ITE’s Traffic Engineering
Handbook (ITE 2016) for determining the length of the CY interval (Equation 1), using
US units and standard values, is as follows:

where:

𝑌𝑌 = 𝑡𝑡 +

1.47𝑉𝑉
2𝑎𝑎 + 2𝐺𝐺𝐺𝐺

Y = yellow clearance interval (s)
t = reaction time (typically 1 s)
V = 85th percentile approach speed (mph)
a = deceleration rate (typically 10 ft/s2)
g = acceleration due to gravity (32.2 ft/s2)
G = grade of the approach (%/100, ft/ft; downhill is negative grade)

(1)
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The first term in this equation, t, accounts for the perception-reaction time of the driver.
The second term accounts for the time required for a vehicle to decelerate comfortably to
a stop, considering the speed and grade of the approach. The V can be a source of debate
about whether this is design speed, approach speed, or 85th percentile speed. The 7th
edition of the Traffic Engineering Handbook uses the NCHRP 731 recommendation of the
85th percentile speed. Typically, a deceleration rate of 10 ft/s2 (3.1 m/s2) and perception
reaction time of 1 second are used, although engineering judgment is required to determine
if those terms are appropriate for the intersection under consideration. The 15th percentile
speed should also be considered, as wide intersections may require a longer yellow change
interval. If the calculated yellow change interval exceeds 5 seconds, then a red clearance
interval is typically used to provide additional time (ITE 2016).

ITE’s Traffic Engineering Handbook provides guidance on determining the timing of the
red clearance interval, using Equation 2 with US units (ITE 2016):

where:

𝑅𝑅 =

𝑤𝑤 + 𝐿𝐿
𝑣𝑣

R = red clearance interval (s)
w = width of stop line to far-side no-conflict point (ft)
v = design speed (ft/s)
L = length of vehicle (typically 20 ft)

(2)
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2.2.4

Signal Timing Manual

The Signal Timing Manual is a comprehensive guide to signal timing (FHWA 2015). This
manual proposes methods to determine timing for all phases of a signalized intersection,
including passage time, minimum and maximum green times, yellow change and red
clearance intervals, and pedestrian timing. The STM produced a table of appropriate values
of red clearance time determined using the approach speed and width of intersection based
on the kinematic equation presented by the NCHRP 731 report. The table is recreated here
as Table 2.1. This update reduces the calculated red clearance intervals by one second
(FHWA 2015).
Table 2.1: Red Clearance Interval from the Signal Timing Manual (FHWA 2015)
Approach
Speed
(MPH)
25
30
35
40
45
50
55
60

2.2.5

30
0.4
0.1
0.0
0.0
0.0
0.0
0.0
0.0

Red Clearance (Seconds)
Width of Intersection (Feet)
50
70
90
0.9
1.5
2.0
0.6
1.0
1.5
0.4
0.8
1.1
0.2
0.5
0.9
0.1
0.4
0.7
0.0
0.2
0.5
0.0
0.1
0.4
0.0
0.0
0.2

110
2.5
2.0
1.5
1.2
1.0
0.8
0.6
0.5

NCHRP Report 731

McGee et al. considered driver behavior at 83 intersections with various characteristics to
determine the perception-reaction time, deceleration rate, and approach speed
recommended for use in the following equations to determine the yellow change (Equation
3) and red clearance (Equation 4) intervals (McGee et al. 2012 ):
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𝑌𝑌 = 𝑡𝑡 +
𝑅𝑅 =

1.47 𝑉𝑉
2𝑎𝑎 + 64.4𝐺𝐺

𝑊𝑊 + 𝐿𝐿
−1
1.47𝑉𝑉

(3)

(4)

where:
t = Perception Reaction Time (PRT) (1 s)
a = deceleration rate (10 ft/s2)
V = 85th percentile approach speed (mph)
G = approach grade (%/100, ft/ft; downhill is negative grade)
W = intersection width measured from the back edge of the approaching movement stop
line to the far side of the intersection, as defined by the extension of the curb line or outside
edge of the farthest travel lane (ft)
L = length of vehicle (20 ft)

These equations and recommended values are very similar to the ITE’s recommended
practice, with the exception of the reduction of 1 second from the duration of the red
clearance interval. This reduction is based on the observed start-up delay for conflicting
vehicles; the study found an average start-up time of 1.1 seconds for stopped and rolling
vehicles (McGee et al. 2012). The clearance width (from stop line to far curb) for test sites
ranged from less than 48 feet to more than 120 feet, and 40% of the data set included
intersection with clearance widths over 120 feet.

2.3
2.3.1

Driver Behavior during Change and Clearance Intervals
Operational/Safety Studies of FYA
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Numerous research efforts spanning nearly 20 years have examined the challenges to driver
behavior of different aspects of permitted left-turn phasing. Knodler and Noyce have
suggested that the CG indication, which is also used to give the right-of-way in the through
and right-turning lanes, may lead to poor driver comprehension because the same
indication provides different messages, depending on the movement being performed by
the driver (Knodler and Noyce 2005). At the time that Knodler and Noyce performed their
research, several types of indications were used for permissive left-turn movements in the
United States (e.g., a CG, FRA, FCY, FCR, and FYA). These indications were developed
to improve driver comprehension and safety during permissive/protected left turn (PPLT)
operations (although they clearly lacked uniformity).

The use of different indications to communicate the same message to drivers was identified
as a significant issue. Therefore, research was undertaken to determine a single permissive
left-turn indication that could be uniformly adopted. In 2000, Smith and Noyce tested 34
drivers at the Arbella Human Performance Laboratory’s Driving Simulator Laboratory at
the University of Massachusetts, Amherst (Smith and Noyce 2000). They collected 991
responses from indication scenarios to understand the difference in driver comprehension
of five different permissive left turn signal indications (CG, FYA, FRA, FCY, and FCR)
in three configurations (five-section vertical, five-section horizontal, and five-section
cluster). As measured by the correct driver responses, the CG, FYA, and FCY indications
provided relatively equal responses (the difference was 1%) but outperformed the flashing
red arrow and FCR indications by an average of 28.2% (Smith and Noyce 2000 and
Knodler et al 2001).
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In subsequent work, Noyce et al. collected saturation flow rate, start-up lost time, response
time, and follow-up headway data from 24 intersections in eight U.S. cities with different
PPLT displays (Noyce et al. 2000). They found no statistically significant difference (α
= .05) in the saturation flow rate or start-up lost time between different types of PPLT
signal displays across the country. They concluded that any minor differences observed
could be attributed to different traffic operations and driver behaviors in each geographical
area studied. Brehmer et al. also explored traffic conflicts associated with PPLT signal
displays and found no statistically significant difference in conflict rates (α = .05) (Brehmer
et al. 2003). The rates were very low for the different PPLT signal displays, which limited
the ability to make conclusions about the differences in the safety effects of the displays.
These preliminary works by Knodler and Noyce (2005) and Noyce et al. (2000) provided
evidence that the FYA indication could be used to replace the CG, FCR, and FRA for
permitted left-turn movements. In 2003, Brehmer et al. published NCHRP Report 493,
which comprehensively evaluated PPLT alternatives by the use of numerous experimental
techniques. This extensive work resulted in a recommendation to incorporate the FYA in
future editions of the MUTCD as an allowable alternative display to the CG during PPLT
operation, but only as an exclusive signal display for the left-turn lane (Brehmer et al.
2003).

Past work on the number of signal faces for permissive left turns is sparse. No research
was found to determine the specific operational and safety effects of a three-section
bimodal arrow versus those of four-section signal configurations. Knodler et al. did include
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work about signal head arrangements in their continued research on PPLT signal displays
(2005). Using a full-scale driving simulator, they observed that when drivers were
presented with clusters of signals in a five-section configuration in which both the left-turn
FYA and the through-movement CY were located in the same signal display, some drivers
completely stopped in the left-turn lane during the through yellow signal. However, with a
four-section vertical configuration with an exclusive left turn signal and a separate signal
for the through lane, an additional 1% of drivers stopped during the permissive left-turn
phase (Knodler et al. 2005). Using the five-section configuration as an interim solution
while transitioning to the recommended four-section vertical display is acceptable
(Knodler et al. 2005). Recent work by Hurwitz et al. (2014) has demonstrated that threesection vertical displays with bimodal FYA result in identical driver behaviors (visual
attention) to those with four-section vertical displays (Hurwitz et al. 2014). Noyce and
Knodler led NCHRP 20-7 Task 283 research to analyze driver behavior and comprehension
related to the FYA permissive left-turn indication when added to three- and five-section
traffic signal displays. FYA indications were evaluated bimodally with both the green
arrow and yellow arrow indications and compared with the recommended four-section
vertical all arrow signal display. Research results supported the use of the FYA permissive
left-turn indication bimodally with the YA indication in a three-section vertical signal
display, but not bimodally with the GA or in any five-section cluster signal display.

Building upon the work conducted by Knodler and Noyce, Marnell et. al. examined how
drivers respond to the FYA indication when in the presence of pedestrians. They found that
4 to 7 percent of drivers do not fixate on pedestrians present at the intersection when
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completing a permissive left movement and 39 percent of drivers do not fixate on
pedestrian locations such as the edge of cross walks when pedestrians are not present
(Marnell et al. 2013). An increase in number of opposing vehicles reduced the amount of
time drivers spent glancing for pedestrians in the crosswalk (Hurwitz et al. 2013).

2.3.2

Operational/Safety Studies of Change and Clearance Intervals

Several research efforts have focused on improving the understanding of driver behavior
in response to the CY indication. The language found in state laws on the correct driver
response to a CY indication sometimes differ from the language presented in driver training
manuals, creating unnecessary driver confusion on the right approach (Mohammed et. al
2018). Rakha et al. used data from test-track experiments to gain a better understanding of
driver behavior at the onset of the CY (Rakha et al. 2007). They found that the probability
of stopping varied from 100% at a time to stop line (TTSL) of 5.5 s to 9% at a TTSL of 1.6
s.

Gates et al. performed field observations on more than 1,000 vehicles that were the first to
stop or last to go at the termination of priority for that approach (Gates et al. 2014). These
authors evaluated the effects of several variables on the decision to stop or go and reported
that the factor with the most influence on driver decision making was the estimated TTSL,
with the following conditions associated with a higher probability of stopping: shorter CY
interval, longer cycle lengths, vehicle type, presence of opposing roadway users, and
absence of vehicles in adjacent through lanes (Gates et al. 2014). Hurwitz et al. documented
that using decision making boundaries to define the dilemma zone result in more vehicles
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being classified as preceding through the intersection on yellow when in the dilemma zone
than the TTSL dilemma zone definition (Hurwitz et al. 2011). Swake et al. compared the
data collected by Gates et al. to data obtained from a driving simulator experiment to
validate the use of the driving simulator with DZ research and analysis. They confirmed
that the data obtained from the simulator was comparable with that from field observations
and could be used confidently for research on driver responses to signal indications (Swake
et al. 2013).

Liu et al. found that the length and location of the DZ varied with the speed of the vehicle,
reaction time, and the operational tendencies of different driving populations (Liu et al.
2007). The authors also found significant differences between the observed size and
location of the DZ and theoretical estimates. The need to reduce or eliminate that difference
shows the need for a new method, such as Fuzzy Logic (FL), to more accurately model the
DZ. Field studies (e.g. Hurwitz et al. 2012) and driving simulator studies (e.g. Noyce et al.
2000 and Moore et al. 2013) have demonstrated that FL models of driver behavior can
produce predictive models with accuracy at rates as high as 92%.

2.4

FYA Supplemental Signage

The MUTCD does not include any recommendation for a supplementary sign to
accompany an FYA indication, based on the research conducted by Brehmer et al. in
NCHRP Report 493 (2003). This report included the recommendation that “supplemental
signing is not warranted with flashing yellow arrow display,” because the meaning of the
FYA is intuitive to drivers. However, the MUTCD does provide direction for
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supplementary signs for use with a circular green indication and a flashing red indication
for a permissive left turn movement, though these are not required (2009).

2.5

FYA use with Protected-Permitted Right Turn Phasing

Protected-permitted right turn (PPRT) phasing can be indicated by several signal
indications, including a FYA. (ODOT 2015). Determination of right-turn signal phasing
is based on engineering studies and factors including capacity, right-turn volume, and
presence of congestion and related crashes, right-turn lane(s), and conflicting cross
walk(s) (ODOT 2015). The permissive right-turn mode is the most commonly used and
requires no signal indication. Right-turn movements operate simultaneously with
corresponding through movements but must yield to conflicting pedestrian movement
(ODOT 2015).

In the PPRT mode, the right-turn movement is protected during one part of the cycle and
permissive during another (ODOT 2015). The protected portion generally occurs during
the complementary left-turn phase, while the permissive portion occurs during the
corresponding through-movement phase (ODOT 2015). The PPRT mode can provide
operational benefits during heavy right-turn volumes (ODOT 2015).

2.6

Summary

In conclusion, no research to date has considered how change and clearance intervals
should be used in advance of the FYA in PPLT operations.
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3
3.1

METHODOLOGY
Research Questions

This study used a radar detector mounted on a signal or utility pole to map vehicle
trajectories through an intersection approach operating a FYA. The radar used could
detect multiple lanes of travel, and as such could record both the turning movement and
through movement on the approach.

3.2

Measures

The radar collected several data points from individual vehicles as they moved through
the intersection. The sensor recorded a unique vehicle ID number, x-y coordinates,
instantaneous speeds, time stamps, and the approximate vehicle length. The vehicle
length recorded by the sensor is not an exact measurement, rather it bins vehicle lengths
into one of several predetermined lengths to help differentiate individual vehicles. This
study also simultaneously recorded digital video data to validate the measures collected
by the radar sensor.

3.3

Site Selection

Four data collection sites were used in this study. The first site acted as a beta test,
followed by three experimental locations. Sites were chosen based on their geometry,
phasing plans, and signal display types (specifically if an FYA was operating on at least
one approach). Proximity to Oregon State University was also considered for ease of data
collection. The beta test site was chosen exclusively for convenience of location as it did
not have a FYA on any approach. Table 3.1 lists each site location and the approach on
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which the right or left turn FYA is located; Figure 3.1 shows where each site is located in
Corvallis. Table 3.2 presents a summary of the intersection characteristics.
Table 3.1: Summary of data collection sites
Site

Intersection

NW Monroe Ave. at NW 14th St.
NW Kings Blvd. at NW Buchanan
Ave.
3
SW Western Blvd. at SW 26th St.
4
NW VanBuren at OR 99
*Beta Test Site
1*
2

FYA Location
Approach
N/A
SB on NW Kings Blvd

Movement
N/A
Left turn

All Approaches
NB on OR 99

Left turn
Right turn

Table 3.2: Summary of site characteristics
Site

Regulatory
Approach Speed

1*
2
3
4
*Beta Test Site

25 mph
25 mph
25 mph
25 mph

Total Number of
Lanes on Approach
2
2
3
4

Signal Display
Through
Vertical 3
Vertical 3
Vertical 3
Vertical 3

FYA
N/A
Vertical 3
Vertical 4
Vertical 4
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Figure 3.1: Site Locations in Corvallis, OR
3.3.1

Site Description

All of the data collection sites were low speed roads, with driveways and business access
within the functional area of the intersections. Sites 1 and 3 also managed access to the
Oregon State University campus, as seen in Figure 3.1. Each intersection contained either
a left or right turn FYA, on at least one approach.

3.3.1.1 NW Monroe – NW 14th (Beta Test)
Located adjacent to the Oregon State University Campus, this intersection acts as a main
access point for vehicular traffic through campus in the north/south direction. There are
many pedestrians and bikes that travel through this intersection as it is a major
thoroughfare for students and community members accessing businesses and restaurants
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on the north side of NW Monroe Avenue. This was selected as the beta test site because
of its proximity to the civil engineering building on Oregon State’s campus. Even though
it did not operate a FYA on any approach the basic geometry allowed for the data
collection methodology to be tested and refined.

Figure 3.2: EB on NW Monroe Avenue
3.3.1.2 NW Kings Boulevard and NW Buchanan Avenue
This is a busy intersection located near a large grocery store and a strip mall, both with
large parking lots. There is also a gas station on the West side of the intersection. The
intersection is T shaped, with the FYA present only on the southbound lane of NW Kings
as shown in Figure 3.3. The FYA is displayed in a vertical 3 section signal head, with the
FYA displayed in the same location as the solid green arrow (bottom section). This
approach has a single through lane, bike lane, and an exclusive left turn bay. Drivers
cannot turn right on the approach with a FYA, but there are driveways immediately
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before and after where they can turn right into the parking lot. The regulatory speed limit
for all approaches is 25 mph.

Figure 3.3: SB on NW Kings

3.3.1.3 SW Western Boulevard and SW 26th Street
This intersection is located near Reser Stadium and Gill Coliseum on the Oregon State
University Campus. The intersection is adjacent to the large parking lot that serves these
sports facilities. It is a four way intersection, with a FYA on every approach in a 4 section
vertical signal head. There is a hotel with a parking lot located in the Southeast corner of
the intersection. Figure 3.4 shows the approach of interest on SW 26th Street, which has a
single through lane and dedicated right and left turn bays. There is also a through bike
lane as seen in Figure 3.4. The regulatory speed limit for each approach is 25 mph.
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Figure 3.4: Southbound on SW 26th Street

3.3.1.4 NW Van Buren and 3rd Street (Pacific Highway W)
This intersection is located in downtown Corvallis, with Van Buren being one of the few
ways out of town towards I-5 via OR 34. Both NW Van Buren and 3rd street are one-way,
with Van Buren traffic moving east and 3rd Street traffic moving north. There is a FYA
for the permitted right turn movement from 3rd Street onto Van Buren. Figure 3.5 shows
the lane configuration of the approach of interest, with three dedicated through lanes, a
bike lane, and a dedicated right turn lane. The FYA at this approach is located in a 4
section vertical display.
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Figure 3.5: Northbound approach on 3rd Street (OR Hwy 99)
3.4

Equipment Description

The equipment used was purchased from MS Sedco, a manufacturer of motion and
presence sensors. This study used the TC-CK1-SBE Sensor and the DAT-PAC. This
device uses FSK microwave radar to map vehicle position and speed over an x-y
coordinate system, while the DAT-PAC performs the setup, data collection, and analysis.
The sensor can cover multiple lanes in a single collection period.

3.4.1
•
•
•
•
•
•
•
•
•
•
•

Equipment Specifications:
Intersector Microwave Motion and Presence Sensor (MS Sedco)
Laptop
Ethernet Cables (55 ft and 3 ft)
PoE injector
Sensor Power Cable
Pelican Case
Power Converter
Power Supply – 12V Battery
Ratchet strap
Ladder
256 GB USB Drive
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•
•

3.4.2

DAT-PAC (MS Sedco)
CountCam Duo (counting cars)
Radar Setup

The sensor uses a hard wired Ethernet connection to connect to the DAT-PAC data
collector, which then uses a Wi-Fi signal to connect to the laptop. The USB drive collects
the raw data from the DAT-PAC, while the laptop uses the Wi-Fi to connect to the sensor
and collect data using the Intersector Data Logger software initially created by Kelvin R.
Santiago at the University of Wisconsin (Santiago et al. 2016 and Santiago et al. 2017)
Figure 3.6 shows how the sensor and data collection tools are connected.

Figure 3.6: Diagram of data collection set up
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3.5

Field Data Collection Procedure

This method of collecting vehicle trajectory and queuing data is relatively new, with very
few applications installed throughout the United States, particularly for the use of mobile
data collection. The DAT-PAC provided from MS Sedco has never been used for this
application before, and Oregon State was acting as a beta test for this new piece of
technology.

Two points of data collection were operated concurrently to provide a validation check
during the data analysis. Two CountCam Duos were used in conjunction with the sensor
to collect data during the same collection period. A single CountCam Duo camera can
simultaneously record two camera feeds for 40 h on a single battery charge. This method
provided a visual check to insure that the sensor was accurately recording each vehicle
and the associated trajectory through the intersection. Video footage from the CountCam
Duos was saved to SD cards, which were later uploaded to a computer for data reduction
and analysis. Before installation, the CountCam Duos were programmed with the time
and date, video size (60 min), and recording quality.

3.5.1

Beta Test

A beta test was conducted to fine tune the collection procedure, since this method has not
been previously attempted at OSU. This test was attempted on May 2nd, 2018 from 3:00
pm to 7:00 pm. Figure 3.7 shows how the equipment was set up during the beta test. The
sensor was installed on the utility pole located in the top of the photo.
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Figure 3.7: Equipment setup during beta test

Some issues arose during the beta test that drove improved procedures in advance of
subsequent experimental sites. The initial plan involved using a steel duct clamp and
power drill to attach the sensor to the utility pole. However, it was difficult to both hold
the sensor steady and use the power drill, so a manual screw driver was adopted. This in
turn drastically increased setup and takedown time, so a ratchet strap was used as a
preferred alternative at the experimental sites. However, in cases where the sensor might
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be left for longer periods of time or overnight, the duct clamp could be a more secure
option.

The sensor was mounted using an extendable ladder and ratchet strap approximately 15
feet high on a utility pole adjacent to the intersection. Two CountCam Duos were
mounted at the intersection with a view of the signal heads, stop line, and traffic
movements through the intersection. Figure 3.8 illustrates how the sensor was installed at
an intersection, while Figure 3.9 shows how the sensor was installed during the beta test.

Figure 3.8: Plan view of typical sensor setup at intersection
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Figure 3.9: Sensor installation at 14th and Monroe (Beta Test)

Data was collected during an evening peak hour (approximately 4-6 pm) to obtain a large
enough sample size as well as ample queuing information. The sensor was positioned
downstream of the approach of interest as seen in Figure 3.8, because it only registers
vehicles or bikes that are traveling towards it. After installation, the sensor is oriented
using a web browser.
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Table 3.3: Data Collection Summary
Site

Intersection

Approach

Date

Time

1*

NW Monroe Ave. at NW 14th St.

NW Monroe EB

05-02-2018 5-6pm

2

NW Kings Blvd. at NW Buchanan
Ave.
SW Western Blvd. at SW 26th St.

NW Kings SB

05-15-2018 4:15-6:15 pm

SW 26th SB

05-11-2018 4-6:30 pm

OR 99 NB

05-17-2018 4:45-6:45 pm

3

4
NW VanBuren at OR 99
* Beta Text location

3.5.2

Sensor Orientation

Intersection geometry varied at each location; therefore, the sensor had to be re-oriented
at each new installation site to match the new geometry. Figure 3.10 shows the values
used to orient the sensor with the approaching traffic stream. The offset angle is the most
important value; adjusting this changes the angle that the traffic stream is traveling with
respect to the sensor. Figure 3.11 shows the web interface used to adjust the sensor
settings. In this example, the offset angle (A in Figure 3.10) value is -13, which creates a
traffic stream that is parallel to the lane lines. The X and Y values are less critical, as they
just create a better view of the traffic stream. The Y value is the distance from the sensor
to the stop line, and the X value is the horizontal distance from the sensor to the
approximate middle of the traffic stream.
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Figure 3.10: Sensor orientation values
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A: Detection zone as specified in ‘Target Setup Table’
B: Vehicle location recorded at a specific time; multiple points form trajectory
C: ‘Vehicle Table’ displays vehicle IDs and positions that are being recorded
D: Stop line

Figure 3.11: Example of zone setting and sensor orientation

3.5.3

Field Work Safety Protocols

Job Hazard Assessment Worksheets were completed for each site to ensure any potential
hazards were identified and mitigated. The hazards were reviewed at each data collection
site to make sure that everyone was aware of the potential hazards and the proper safety
protocols. This study required students to use a ladder to install the sensor at the required
height, so each researcher involved in data collection completed the American Ladder
Institute’s Ladder Safety Training for Articulated Ladder Safety.
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The major hazards at each installation site included the adjacent vehicular traffic, and
using the ladder. These were both mitigated by having multiple researchers at the data
collection site to act as spotters, and to hold the ladder steady. Researcher wore
appropriate PPE including American National Standards Institute class II retroreflective
vest and hat as well as closed toed shoes. Figure 3.12 shows a researcher using the ladder
to install the sensor.

Figure 3.12: Researcher wearing PPEs while installing sensor
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4
4.1

RESULTS AND ANALYSIS
Data Reduction

Radar data collection resulted in two different formats of data, one collected using the
DAT-PAC provided by MS Sedco and the other using the data logger software. The
DAT-PAC provided raw data in a database format, while the data logger software
collected data in a comma separated value format that could be imported into a
spreadsheet application like Microsoft Excel. The sensor does not, as currently
manufactured, perfectly record each vehicle movement; the data has to be post-processed
after collection. This was done using RStudio. The data was filtered to only retain data
points that moved towards the sensor over time, without moving backwards, as an
example.

The filtering process uses Boolean logic to define where to keep or exclude data points.
The footprint of the intersection is defined, and only vehicle trajectories that reach and
pass the stop line were retained. The sensor has a wide detection area, and often recorded
vehicles that were in adjacent parking lots or driveways that did not interact with the
approach of interest. These extraneous data points were removed from the larger data set
during the post processing procedure. Figures 4.1, 4.2 and 4.3 show the raw data (left
panel) and processed data (right panel). Each dot represents an x-y coordinate of a
vehicle at a point in time. Multiple dots creates a vehicle trajectory. Here the data was
cleaned by removing any instances where the sensor did not capture the full trajectory of
the vehicle, or the vehicle did not reach the intersection. In this example, there was a gas
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station on the left side of the through movement and a parking lot on the right side of the
intersection. Vehicle movements through these were removed.

Figure 4.1: Raw versus cleaned data for site 2 from 5-6 pm
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Figure 4.2: Raw versus clean data for site 3 from 5-6 pm
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Figure 4.3: Raw versus cleaned data for site 4 from 5-6 pm
Figures 4.1, 4.2, and 4.3 show how the data was cleaned for each site. Vehicles that were
captured from the conflicting movements were removed, which is most clearly seen in
Figure 4.3. Also, any data points that could have come from nearby parking lots or
driveways were also excluded. Figure 4.2 clearly highlights the importance of correctly
orienting the sensor before data collection. This site had a much lower vehicle density
than the other sites which made it difficult to orient properly. This resulted in the offset
angle not being set correctly and the data was slightly skewed. This could have resulted
in extra data points being removed during cleaning because they varied too far in the X
direction. Table 4.1 shows how cleaning the data removed a large portion of the vehicles
initially recorded by the sensor.
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Table 4.1: Raw versus filtered vehicle counts
Total Vehicle Counts
5-6 pm

Site
2
3
4

4.2

Raw
2,099
1,272
3,152

Filtered
456
194
954

Video Capture

Two video streams were captured at each site using the CountCam Duos. One recorded
the vehicles on the approach of interest as they crossed the stop line, while the other
recorded the signal indication presented to the approaching driver. The views from each
of these cameras can be seen in Figures 4.4 and 4.5. These were used to determine a total
vehicle count, the times the vehicle crossed the stop bar, and the signal indication being
presented. Table 4.2 presents a summary of the video collection data.
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Figure 4.4: Example video of approach view

Figure 4.5: Example video of signal view
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Table 4.2: Video Data Summary

4.3

Site

Hours of Video Collected

Processing Time in Hours

2
3
4

2:04
1:35
2:07

4:00
3:15
8:00

Data Validation

A critical element of this study was validating that the data being recorded by the sensor
mapped to real-world vehicle trajectories and behavior. The validation of this data was
done using video recorded by the CountCam Duos. After data collection, the videos were
reviewed for sites 2-3. The beta test was not reviewed because it did not have a FYA and
was explicitly intended to refine the data collection process. Vehicle counts for the
through movements and the FYA movement were compiled, as well as the time each
vehicle crossed the stop line. The video was also used to identify queues in the left or
right turning bay of interest depending on the location of the FYA.

Table 4.1 compiles the total and turning vehicle counts for both the radar sensor and
video data and also shows the percent difference between these values. Site 4 has a
discrepancy of 88 percent between the radar sensor and video data for the right turning
movement, which is a significant loss of data. However, this could be explained by
intersection geometry. Site 4 had a building at the northwest corner of the intersection,
blocking the sensor from recording the full trajectory of right turning vehicles. The
cleaning process relies on filtering based on the x and y coordinates of the data, so the
lack of full trajectory data could have led to the being overly cleaned. Table 4.3 also
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indicates that the sensor might record a greater percentage of the total vehicles when
vehicle density is lower. Site 4 had the greatest vehicle density and the largest overall loss
of data for the total vehicle counts. Site 3 had the fewest vehicles and the cleaned data
had more vehicles recorded than the video. This could be due to the issue mentioned
previously, where the slightly skewed data resulted in an increased difficulty of correctly
filtering the data. This could result in vehicles that do not have their full path recorded
being included in the dataset.

Table 4.3: Cleaned sensor and video vehicle counts for one hour of data
Total Vehicle Counts
Site

Vehicle Counts for Turning
Movement

Video
Data
626
174

Percent
Different
-27%
11%

Sensor
Data
90
66

Video
Data
137
76

Percent
Different
-34%
-15%

4

954

1,610

-41%
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413

-88%

4.3.1

2
3

Sensor
Data
456
194

Queue Examination

In addition to considering vehicle counts, the video data and sensor data were compared
to examine vehicle queueing that occurred in exclusive turning bays. Significant data loss
associated with either the sensor not recording the vehicle at all or recording only a
partial trajectory, resulted in only some queues being fully identifiable. Figure 4.6 shows
a partially recorded queue that formed at site 2.
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Figure 4.6: Time-Space diagram of a partial left-turn queue
One issue encountered was that the queue could not be adequately validated by the video
data. The video recorded time stamps in only one second increments, while the sensor
recorded in hundredths of a second. Therefore, the vehicles in the video and those
recorded by the sensor could not be matched completely. Additionally, the data loss as
mentioned earlier made it difficult to confidently identify a queue from the video as part
of the sensor data. This queue in particular was noted for having four vehicles as shown
in the video capture. However, only three vehicles were recorded at the approximate
same time. There were no other vehicles recorded by the sensor during the previous
minute, even though several vehicles traveled through the intersection. The third vehicle
in the queue is also missing a portion of its approach. This makes it impossible to
determine if it was affected by the queue or if it passed through the intersection
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uninhibited. Figure 4.7 illustrates what an idealized dataset from the sensor might look
like, with the approach of the third vehicle completed and shown as part of the queue.

Figure 4.7: Time-Space diagram of completed left-turn queue
4.4

Discussion

There are some limitations to the data filtering technique used. The Boolean logic
operates in very black and white terms, which could prematurely exclude or include some
data. However, it is unreasonable to expect the radar to perfectly detect every vehicle and
capture 100 percent of its path. Some extraneous data will have to be removed in postprocessing, but the sensor can still provide valuable measures to use in optimizing signal
timing parameters. An 88 percent decrease, like what happened in site 4, is too large.
This cannot accurately represent the conditions at an intersection.
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Because the sensor prescribes a new unique ID to each data point that is not part of
known vehicle, there are many vehicles counted in the raw data that have only a single
point attached to them. The sensor appears to create a new data point for each vehicle
every 0.5 seconds, so any vehicles traveling through the intersection would ideally have
at least ten points, depending on their approach speed and what indications they are
presented. Table 4.4 shows how many of the vehicles were only recorded with a few
points at each site.
Table 4.4: Vehicle counts with different observation quantities for one hour
Site
2
3

Raw Total
2,099
1,272

One Observation
233
80

2-5 Observations
402
441

4

3,152

194

656

While only three sites were examined in this study, there is some indication that the
differing geometries and vehicle densities have an impact on the ability to correctly orient
the sensor and its vehicle identification and retention. The occurrence of single vehicle
observations is not linearly correlated with the total number of vehicles passing through
the detection zone.

Data retention is improved when the sensor is hardwired to the laptop and does not rely
on a Wi-Fi signal to transmit data. The beta DAT-PAC developed by MS Sedco often
lose its connection to the computer, and therefore miss crucial data points. Even if this
happened for only a few seconds, cleaning the data would remove the entire vehicle
trajectory. Often the data collection would have to be restarted when this happened which
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would again lead to removing many vehicles. While the hardwire option was used for this
collection process, the beta DAT-PAC necessitates improvement before it could be
confidently used as a robust data collection device.

If the capture rate of the sensor was improved, it could lead to more accurate time-space
diagrams of the vehicles moving through intersection approaches operating the FYA.
This would allow for a better understanding of driver decision making and an improved
process to determine all timing parameters including minimum green, maximum green,
yellow, and clearance time.

4.5

Summary

During this study, over eight hours of video and sensor data were collected, postprocessed, and analyzed from four different intersections in Corvallis, OR. A
methodology was developed to construct, transport, and install the sensor system, which
was refined during a beta field test. Code was compiled, improved, and annotated that
used Boolean logic on the sensor data to exclude any trajectories that do not travel to the
stop line, as well as any auxiliary data points from nearby parking lots, businesses, or any
other access points. Code was also developed that could calculate and record the time the
vehicle crossed the stop line based on the geometry of the particular intersection. Finally,
an initial data validation method was developed and tested using video data collected
simultaneously with the radar sensor data.
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5

CONCLUSION

This study presents a good framework for using a radar sensor to record and visualize
vehicle trajectories through an intersection. The radar set up is simple enough to install at
multiple intersections quickly and efficiently. However, installation is limited to in-situ
infrastructure with appropriate height and sight distance on the approach of interest. With
more investment, a freestanding support system could be devised that would allow the
sensor to be installed at any intersection. The sensor is also limited by having to be
hardwired to a laptop. While the sensor can be hardwired to the signal timing cabinet, this
is impractical for temporary data collection efforts. The current methodology works, but
could be improved upon to decrease set-up time.

Additionally, the intersection characteristics influence how difficult it is to properly
orient the sensor. As was seen at site 3, a low volume road does not provide enough
vehicles to test different offset angles. A free standing support system could reduce the
variability in installation angles, allowing for a more standard approach to determining
the offset angle instead of trial and error.

Despite these limitations, the sensor is a useful tool in the data collection arsenal. It
would pair well with manual vehicle counts or video data. As more studies are done using
this equipment, the capture rate will improve as adjustments are made. While this may
not reach a 100 percent capture, it may be enough to provide invaluable information
about vehicle behavior during the change and clearance intervals at during PPLT phasing.
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5.1

Future Work

A clear direction for future testing of this data collection technology and procedure is to
collect data at more locations with a wider variety of intersection geometry. The results
from this study indicated that geometry and installation location could influence the
capture rate of the radar sensor, but more tests would be needed to identify the factors
that are a direct influence. As sensor capture rates are improved, accurate time-space
diagrams could be produced that provide for the development of a method to calculate the
change and clearance intervals for FYA with PPLT phasing.
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