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PREFACE

The Volpe National Transportation Systems Center (Volpe Center) of the U.S. Depart-
ment of Transportation’s Research and Innovative Technology Administration, in con-
junction with the National Highway Traffic Safety Administration, is conducting inde-
pendent evaluations of various vehicle crash-avoidance systems. These evaluations sup-
port the U.S. DOT’s Intelligent Vehicle Initiative (IVI) Program, which focuses on high-
way crash prevention and the implications of in-vehicle technologies on driver behavior.

The Volpe Center is assessing how crash-avoidance systems benefit safety and if drivers
accept these systems. Safety benefits and driver acceptance of a given crash-avoidance
system influence both the government and private industry in promoting system deploy-
ment of vehicle-based and vehicle infrastructure cooperative crash countermeasures.

This report presents the results of the Roadway Departure Crash Warning System
(RDCW) independent evaluation. The RDCW field operational test (FOT), which col-
lected 130,000 km of driving for 78 participants, provided data for this evaluation of the
performance, driver acceptance, and safety benefits of the RDCW. The University of
Michigan Transportation Research Institute (UMTRI) conducted the FOT. Visteon Cor-
poration built the FOT vehicles, and Assistware Corporation developed the RDCW lat-
eral-drift-warning subsystem. NHTSA sponsored the FOT to determine if systems such
as the RDCW will help reduce the over 1.2 million road-departure crashes occurring an-
nually in the United States.

Bruce Wilson, Mary Stearns, Jonathan Koopmann, and David Yang wrote this RDCW
evaluation report. We acknowledge the technical contribution and support of many peo-
ple and organizations: Ray Resendes, formerly of the Federal Highway Administration
ITS Joint Program Office and currently chief of NHTSA’s Intelligent Technologies Re-
search Division, helped initiate the RDCW FOT; Lloyd Emery, the NHTSA program
manager, provided support and technical guidance; Wassim Najm of the Volpe Center
was always available for technical and programmatic guidance and deserves special men-
tion; and John Hitz, retired from the Volpe Center, helped initiate and develop the evalua-
tion. We also acknowledge the contributions of the following Volpe Center staff mem-
bers: Andy Lam for developing data processing and conflict identification algorithms,
Kevin Green for programmatic guidance, Sara Secunda for developing the GPS/GIS ve-
hicle location algorithm, Mikio Yanagisawa and Kevin Chui for analyzing video episodes,
Neil Meltzer for documenting participant debriefs, and Amy Ricci and Jeannie Holtorf for
preparing driver acceptance data files.

We also acknowledge Raman Sampath and Balaji Gopalan of Computer Sciences Corpo-
ration who built and maintained the database, developed the multimedia data analysis
tool, programmed various algorithms, and generated analysis reports, and Sandor Szabo
of the National Institute of Standards and Technology who participated in the characteri-
zation tests, providing instrumentation and analyzing lateral-drift alerts. The FOT part-
ners, UMTRI, Visteon, and Assistware, were always willing to share documents and in-
formation. In particular, UMTRI researchers Dave LeBlanc, Jim Sayer, Scott Bogard,
Joel Devonshire, Mary Lynn Mefford, Dillon Funkhouser, Zevi Berekat, and Mike Hagan,




who explained data anomalies, provided video processing, time synchronization, and
most-likely-path routines; accommodated Volpe Center staff for subject debriefings and
focus groups, and supported the system characterization test. Dean Pomerleau of Assist-
ware and Faroog Ibrahim and Debbie Bezzina of Visteon were always willing to explain
the lateral-drift-warning and curve-speed-warning subsystems. Finally, we thank Cassan-
dra Oxley and Katherine Blythe, who edited this report for consistency and readability;
and Barbara Siccone for her word-processing expertise; all of CASE, LLC.
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Executive Summary

EXECUTIVE SUMMARY

From May 2004 to February 2005, 78 drivers participated in a field operational test of a
Road-Departure Crash Warning system. The RDCW warned drivers when they were
drifting out of their lane or were about to enter a curve at an unsafe speed. A lateral-drift-
warning subsystem monitored the vehicle's lane position and lateral speed and alerted the
participant when the vehicle was in danger of departing the road or lane. A curve-speed-
warning subsystem monitored vehicle speed and upcoming road curvature and alerted the
participant when the vehicle was in danger of losing control in the upcoming curve.

THE PROBLEM

Over 1.2 million road-departure crashes occur each year in the United States. Because
these crashes often involve collisions with fixed objects or “non-collisions” such as roll-
overs, they may be particularly severe. Indeed, according to 2004 United States traffic
statistics, although collisions with fixed objects or non-collisions accounted for only 19
percent of all crashes, they accounted for 43 percent of the fatal crashes.

ROAD-DEPARTURE CRASH WARNING SYSTEM

The RDCW warned drivers of impending road departure. The RDCW merged and arbi-
trated between its LDW and CSW subsystems. The LDW monitored the vehicle’s lane
position, lateral speed, and available maneuvering room. The LDW used a video camera
to estimate the distances between the vehicle and the left and right lane boundaries and to
estimate the lateral speed. The LDW also
estimated the AMR and, using a pair of
side radars and a pair of forward radars,
detected adjacent and upcoming objects.
By monitoring the vehicle’s position on
the road, the lateral speed, and the AMR,
the LDW was able to alert a driver when it
appeared the vehicle was likely to depart
the lane or the road.

The CSW monitored vehicle speed and
upcoming road curvature. To estimate the
curvature, the CSW used a Global Posi-
tioning System receiver to determine the
vehicle location and a road database to de-
termine the curvature of the road several
seconds in front of the vehicle. The CSW also predicted the most-likely path (MLP) the
vehicle would travel. MLP prediction was necessary because freeway on-ramps and off-
ramps have much smaller curve radii than the roads these ramps connect to, and a speed
that was safe for a road would likely not be safe for a ramp. By monitoring vehicle speed

&

RDCW equipped FOT fleet
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and estimating the upcoming road curvature, the CSW was able to alert a driver when the
vehicle was approaching the upcoming curve at an unsafe speed.

FIELD OPERATIONAL TEST

The National Highway Traffic Safety Administration sponsored the FOT to determine if
a system such as the RDCW would help prevent road-departure crashes in the United
States. Assistware Corporation developed the RDCW lateral-drift-warning and Visteon
Corporation built the FOT vehicles. The University of Michigan Transportation Research
Institute conducted the RDCW FOT, and collected 130,000 km of driving data from 78
participants. The Volpe National Transportation Systems Center (Volpe Center), under an
agreement with NHTSA, evaluated the performance, safety benefits, and driver accep-
tance of the RDCW.

Under an agreement with NHTSA, UMTRI outfitted 11 identical Nissan Altimas with an
RDCW. In addition, FOT vehicles were equipped with two unobtrusive cameras, extra
sensors, and data acquisition systems. One camera was aimed forward and showed the
lane markings, the road type, nearby vehicles, barriers, the shoulder, and so on. The sec-
ond camera showed the driver’s face and shoulders. The video collected by these cameras
supplemented the numerical data provided
by the RDCW and extra sensors and en-
abled video analysts to describe the condi-
tions around alerts. The extra sensors in-
cluded lateral and longitudinal accelerome-
ters and a yaw rate sensor. These and other
variables were used to determine vehicle
movements, e.g., a curve or lane change,
from the data and to quantify the severity
of a given maneuver. The DAS recorded
over 300 data channels and saved 8 sec-
onds of buffered video when an alert oc-
curred.

Dur!n_g the FOT, compensat.ed volunteer The RDCW display on the left side of the dashboard
participants drove FOT vehicles for sev- shows device availability and alert status.

eral weeks. The 78 participants were a

balanced mix of males and females in age

ranges from 20 to 30, 40 to 50, and 60 to 70. The FOT protocol called for each of the par-
ticipants to use FOT vehicles in place of their own vehicles for 25 days. During the first
six days, the baseline period, the RDCW operated in the background. It sensed the vehi-
cle motion and surroundings and determined when an alert was needed, but it did not is-
sue alerts to the driver. This period provided data for participants’ baseline driving, i.e.,
how participants normally drove. During the final 19 days, the treatment period, the
RDCW operated in the foreground. It not only determined when an alert was needed, but
also issued alerts. This period provided data for evaluating participants’ treatment driv-
ing, i.e., how they drove with the collision-avoidance information provided by the device.
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The RDCW FOT provided an extensive amount of data to analyze the effectiveness of
the device. During the ten-month experiment, participants drove over 130,000 km and
over 1,500 hours on public roads. In addition to objective—numerical and video—data,
the FOT also collected a considerable amount of subjective data. FOT participants com-
pleted surveys before and after their FOT experience. Participants also discussed their
opinions of the RDCW. When participants returned their FOT vehicles, UMTRI staff de-
briefed participants for an average of two hours, discussing their survey responses and
reviewing video clips of selected alerts. Finally, 32 of the 78 participants participated in
four two-hour focus groups, providing additional subjective data for evaluating the
RDCW.

INDEPENDENT EVALUATION

The RDCW evaluation focused on three major areas: performance, safety benefits, and
driver acceptance. These three interdependent topics are key to device effectiveness.

First, the RDCW must perform reasonably well; i.e., it must detect dangerous situations
and alert accordingly. Second, participants must drive more safely with the device than
without it. Finally, participants must approve of the RDCW and be willing to use vehicles
equipped with it.

PERFORMANCE

The Volpe Center analyzed 130,000 km of FOT data and 1,300 km of on-road characteri-
zation data in evaluating the performance of the RDCW. To perform effectively, the sys-
tem needs to be “available,” i.e., capable of issuing an alert. Poor lane markings, low
speeds, a lack of digital road information and other conditions limit LDW or CSW avail-
ability, or both. The system also needs to issue an alert when it is necessary and to not
issue an alert when it is not necessary. An alert must also be issued in time for a driver to
use it effectively to avoid departing the road, but not be issued so early as to be a nui-
sance. Finally, the system must communicate alerts in a manner that drivers find easy to
identify and understand. The performance analysis analyzed all these aspects of the
RDCW and its subsystems.

System Availability and Accuracy. The road type and a combination of lighting and
precipitation widely influenced LDW availability. On freeways the LDW was 76 percent
available (76 of every 100 miles), compared to 36 percent on non-freeways. During dry,
daytime conditions the LDW was 56 percent available, compared to 4 percent available
during wet, nighttime conditions. CSW availability was consistently high, 99 percent on
freeways and 94 percent on non-freeways. A comparison of AMR estimates provided by
the LDW against those provided by an independent system revealed that the LDW often
overestimated the width of narrow shoulders and underestimated the width of wide
shoulders. A comparison of curve-radius estimates and distance-to-curve estimates pro-
vided by the CSW against those provided by an independent system revealed inconsis-
tencies, but no clear trend, in these measures.

XVi




Executive Summary

LDW Alerts. A manual video analysis of FOT alerts indicated that one in three alerts
was a false positive. Conditions that influenced availability also influenced performance.
The odds of an alert being a false positive for nighttime driving were 1.8 times the odds
for daytime driving. The odds of an alert being a false positive alert for wet surfaces were
3.0 times the odds for dry surfaces. The odds of an alert being a false positive alert for
driving in the rain were 3.6 times the odds for driving under dry conditions. Construc-
tions zones, with barrels, barriers, and poor or no lane markings, also degraded system
performance. Of the alerts issued in construction zones, nearly half were false positives.
Despite the variation in alert timing, participants commented favorably on it.

CSW Alerts. The system failed to alert in 1 out of every four cases when a vehicle ap-
proached a curve with excessive speed. Ninety-three percent of the true positive required
alerts provided sufficient time to brake and negotiate the curve safely. Some 10 percent
of alerts when approaching curves or passing ramps were false positives.

Driver Vehicle Interface. Eighty-eight percent of the participants readily interpreted the
seat vibration alerts, 80 percent readily interpreted the LDW audible alerts, and 86 per-
cent readily interpreted the visual alerts. Participants rated the following favorably: LDW
and CSW alert timing; LDW and CSW missed alert frequency; and LDW false-positive
alert frequency. Participants’ unfavorable responses to certain survey items indicated that
they recognized the LDW limitations in poor lighting and road surface conditions.

LATERAL CURVE
DRIFT SPEED

SO00NER SO00NER

LATERAL CURVE
DRIFT . \ SPEED
hY

SOONER ¥ SOONER

This RDCW display indicates full
lateral-drift and curve-speed avail-
ability and a cautionary lateral-drift
alert for the left side.

This display indicates full availability
and an imminent curve-speed alert.

SAFETY BENEFITS

The 78 FOT participants, their 130,000 km, and 1,500 hours of driving provided data to
analyze and estimate safety benefits. The analysis portion refers to how the 78 partici-
pants performed. The estimation portion refers to a how a broad deployment of the
RDCW would change crash statistics if every vehicle had an RDCW.
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Data Processing. FOT data, including lane position, vehicle speed and acceleration, the
AMR available on either side of the vehicle, and road information, was sampled 10 10
times per second. From this raw data, conflicts (situations likely to result in a collision
unless the driver intervenes) corresponding to the dominant road-departure pre-crash sce-
narios were identified. These scenarios included departing-the-road-while-going-straight,
departing-the-road-while-negotiating-a-curve, and losing-control-while-negotiating-a-
curve. Events (driving situations that the RDCW may influence) were also identified in
the FOT data. The event categories included curves, lane changes, turns, and in-lane driv-
ing. Because conflicts were used to analyze driving safety and, ultimately, to predict
crashes, events were used to analyze unintended consequences.

Results. The analysis of the FOT data showed a net safety benefit and no unintended
consequences. The FOT data showed a decrease in road-departure crashes and no degra-
dation in several related situations. With the RDCW activated, a 10- to 60-percent reduc-
tion in departure conflict frequency was observed at speeds greater than 55 mph. A mod-
est decrease in conflict severity, the minimum distance from the road edge, was observed
over the 35 to 45 mph speed range. With the assumptions of 100 percent deployment and
100 percent device availability, an annual reduction of 9,400 to 74,800 road-departure
crashes is forecast. For the 55 percent LDW availability observed in FOT data, this range
decreases to 5,200 to 41,200 fewer crashes per year.

Changes in conflict rates, conflict severity, and annual crash forecasts result from
changes in driving associated with departure, not control-loss, conflicts. The FOT data
indicates that the LDW caused these changes.
Conversely, the FOT data do not indicate that the
CSW caused any changes in participants’ driving.
This does not imply that the CSW failed to alert
participants or that participants ignored its alerts.
It is possible that the FOT location may not have
contained a sufficiently diverse collection of
curves or a sufficiently long participant exposure
to fully demonstrate the potential benefit of the
CSW.

The trunk of the FOT vehicles contained
DRIVER ACCEPTANCE RDCW and data-acquisition hardware.

e/ 7

Responses to survey questions, debrief questions,
and focus group topics determined driver accep-
tance of the RDCW and its subsystems. The top-
ics included ease of use, learning, driver per-
formance, perceived value, and advocacy.

Ease of Use. Participants rated the RDCW as
easy to use but rated the LDW more positively
than the CSW. The settings and availability indi-
cators were easy to use; the display is

A locked panel hid the hardware, WhiC-h‘
kept participants unaware of the equipment
and helped foster naturalistic driving.
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conveniently located; and system operation, including adjusting the sensitivity, was sim-
ple.

The alerts did not distract the participants, and a high percentage of LDW alerts were
rated as correct.

Although participants knew how to respond to CSW alerts and appreciated them in ad-
verse weather and unfamiliar conditions, the alerts were unnecessary on familiar roads. In
particular, participants did not like receiving CSW alerts when they entered or exited
freeways.

Learning. Participants learned RDCW operation quickly, but comments at the conclu-
sion of the FOT suggest that some did not fully understand the differences between the
LDW and CSW. Participants described the LDW as easy to learn and increased turn-
signal use with it. Although participants reported the CSW as easy to learn, focus group
comments revealed that many did not fully understand when and why the RDCW issues
CSW alerts.

Driver Performance. The RDCW made participants more aware of their vehicle position
on the road and of upcoming road challenges. Although the RDCW gave them useful in-
formation, participants remained vigilant in their driving and considered themselves re-
sponsible for their vehicle. The LDW changed driving performance more than the CSW.
The LDW improved vehicle position awareness, enabled participants to relax more while
driving, improved lane keeping, and encouraged signaled lane changes. Participants rated
the CSW as somewhat useful but did not rely on it to operate their vehicles safely.

Perceived Value. Participants believed the RDCW increased their driving safety because
it increased turn-signal use, reduced lane drift, and improved alertness. Participants ap-
preciated the LDW alerts because many helped them to avoid potential safety hazards.
Participants rated 75 percent of their LDW alerts as useful, based on a review of selected
video clips. There is no relationship between LDW alert frequency and participants’ alert
tolerance. Participants had mixed comments about the CSW alerts and rated 50 percent as
useful. They commented that these alerts, even when false, reminded them to monitor
their speed. They rated CSW alerts on unfamiliar roads more positively than alerts on
familiar roads.

Advocacy. Most participants wanted to acquire the RDCW and valued it at approxi-
mately $725. Those interested in purchasing only the LDW or CSW valued each at $500
and $400, respectively. Participants would not turn off the LDW or CSW, even if given
the option. Fifty-three percent expressed an interest in acquiring the LDW and 42 percent
wished to purchase it. Forty-seven percent expressed interest in acquiring the CSW and
30 percent wished to purchase it. Participants would like the LDW to work in all weather
conditions and the CSW to issue fewer false alerts. The incidence of CSW false alerts is a
major concern. Some participants reported that they started ignoring CSW alerts toward
the end of the FOT.
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CONCLUSIONS

The FOT data collected to evaluate RDCW performance, driver acceptance, and safety
benefits show positive results in each of these areas. The device performed reasonably
well, but inaccuracies in some of its measures led to some alerting inconsistencies. In par-
ticular, the performance test data indicate that the LDW did not measure shoulder width
very accurately, resulting in late alerts with narrow shoulders and early alerts with wide
shoulders. The performance data also indicate that the CSW occasionally misestimated
the distance to a curve or curve radius, causing missed, late, and early alerts.

Participants had fewer departure conflicts with the RDCW enabled, i.e., when it started
issuing alerts. Extrapolating the FOT data and assuming comprehensive deployment and
function, we project that the observed decrease in conflict rates and changes in conflict
severity could result in an annual reduction of 5,200 to 41,200 road-departure crashes
with the availability observed in the FOT.

Overall, FOT participants accepted the RDCW and its LDW and CSW subsystems. They
rated the system as easy to use and easy to learn, although some did not fully understand
the CSW alerts. Participants stated that the RDCW improved their driving and that they
would pay $725 to purchase the RDCW.
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1. INTRODUCTION

The mission of the National Highway Traffic Safety
Administration is to save lives, prevent injuries, and
reduce health care and other economic costs
associated with motor vehicle crashes.

There are over 1.2 million road-departure crashes in
the United States each year, which often involve
collisions with fixed objects or a “non-collision”
such as a rollover. According to 2004 United States
traffic statistics, although collisions with fixed
objects or non-collisions accounted for only 19
percent of all crashes, they accounted for 43 percent
of the fatal crashes. In 2001, NHTSA signed a two-
phased cooperative agreement with the University
of Michigan Transportation Research Institute to
conduct a field operational test of the Road-
Departure Crash Warning System.

HIGHLIGHTS

Road departure accounts for 19
percent of the crashes and 43 per-
cent of the fatalities annually in the
United States.

NHTSA sponsored a field opera-
tional test to evaluate an RDCW us-
ing 11 instrumented vehicles.

Seventy-eight participants drove a
test vehicle in place of their own
vehicle for 4 weeks.

The test included a one-week base-
line period and three-week treat-
ment period.

The Volpe Center evaluated the
system’s effectiveness in prevent-
ing collisions.

In the first phase of the FOT, UMTRI, and its partners, Visteon Corporation and Assist-
ware Technology, developed the RDCW and submitted it to NHTSA. Phase 1 activities
included Visteon-led validation testing to check device function and alert timing and a
demonstration event for NHTSA that included on-road driving to evaluate device opera-
tion, availability, user interface, and readiness for Phase 2, a 10-month data collection
effort on public roads.

During the FOT, 78 participants (lay drivers) used an RDCW-equipped and instrumented
vehicle in place of their personal vehicles for 25 days. During the first six days, the
RDCW performed its usual monitoring and alerting, but the alerts were not presented to
the drivers. The vehicle’s data acquisition system collected RDCW and other data. This
initial block of data described the drivers’ baseline, i.e., normal, driving. During the final
19 days, the RDCW alerts were presented to the drivers and the DAS continued collect-
ing data. The final block of data described drivers’ treatment, how they drove with
RDCW.

The RDCW warns drivers when they are drifting out of their lane or are about to enter a
curve at an unsafe speed. The goal of the RDCW is to improve automotive safety by
helping drivers avoid road-departure crashes, but this can only occur if the system is use-
ful and drivers respond to it. The lateral-drift-warning subsystem of the RDCW monitors
a vehicle’s lane position and lateral speed, and alerts the driver when the vehicle is in
danger of departing the road or lane (activating a turn signal silences the alert). The
curve-speed-warning subsystem monitors vehicle speed and upcoming road curvature,
alerting the driver when the vehicle is in danger of losing control in the upcoming curve.
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The Volpe National Transportation Systems Center, under agreement with NHTSA, was
the independent evaluator of the RDCW. The Volpe Center compared drivers’ baseline
and treatment driving. The Volpe Center has prior FOT experience through its evaluation
of two other major FOTSs: the Intelligent Cruise Control (Koziol et al., 1999) and the
Automotive Collision Warning System (Najm et al., 2005). This report presents the re-
sults of the RDCW independent evaluation.

1.1 ROAD-DEPARTURE CRASH WARNING SYSTEM

The intention of the RDCW is to warn drivers of impending road departure. In the first
warning scenario a combination of lateral drift, available maneuvering room (AMR), and
lane position indicate that the vehicle will soon leave the road or collide with an object in
the adjacent lane or shoulder. In the second warning scenario, a combination of vehicle
speed and upcoming road curvature indicate that the vehicle may lose control (traction)
when attempting to negotiate the curve.

To perform its intended warning function,
the RDCW merges and arbitrates between
the LDW and CSW (subsystems). In gen-
eral terms, the LDW uses a video camera
to estimate the distances between the ve-
hicle and the left and right lane bounda-
ries and to estimate the lateral speed. The
LDW also estimates the AMR and, using
a pair of side radars and a pair of forward
radars, detects adjacent and upcoming ob-
jects. The LDW includes a sensitivity ad-
justment through which a driver can ad-
just the timing of alerts. At a high sensi-
tivity setting the RDCW issues LDW

. . The RDCW display on the left side of the dashboard
alerts sooner than it does at a low setting. on the FOT-equipped Nissan Altima shows device
availability and alert status.

The CSW monitors vehicle speed and up-

coming road curvature. The CSW estimates upcoming road curvature using a GPS re-
ceiver to determine the vehicle location and a road database to determine the curvature of
the road several seconds in front of the vehicle. The CSW must also predict the “most-
likely path” the vehicle will travel. MLP prediction is necessary because freeway on-
ramps and off-ramps have much smaller curve radii than the roads these ramps connect
to, and a speed that is safe for a road may not be safe for a ramp. These differences in
safe speeds require the CSW to predict if the vehicle is going to continue on a road or
turn onto a ramp. When there is no ramp nearby, MLP prediction is straightforward—there
is essentially only a single road (path) for the vehicle to take. When there is a ramp
nearby, the system uses turn signals and other cues to increase the likelihood that the
MLP and the path the vehicle actually takes coincide. By monitoring vehicle speed and
estimating the upcoming road curvature, the CSW is able to alert a driver when the vehi-
cle is approaching the upcoming curve at an unsafe speed.
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The RDCW arbitrates between conflicting and repeated alerts. When both the LDW and
CSW determine that an alert is required, the system will issue only the alert that it deems
the most safety-critical. This prevents the system from confusing or overloading the
driver. Furthermore, RDCW designers took care to ensure that the system would not is-
sue alerts too frequently. The system uses “lockouts” that require a brief no-alert period
after an alert. Lockouts also help avoid confusing or frustrating RDCW users. For more
details on the RDCW and its subsystems refer to Appendix A.

1.2 FOT METHODOLOGY

For the FOT, UMTRI equipped 11 passenger vehicles with RDCWs, extra sensors, and
data acquisition hardware. Assistware Corporation developed the LDW and was a prin-
cipal participant in developing the RDCW. Visteon Corporation developed the CSW, the
driver-vehicle interface, and the overall alert logic for integrating LDW and CSW. Vis-
teon also outfitted the FOT vehicles (2004 Nissan Altimas) with warning system sensors
and processors. UMTRI instrumented each FOT vehicle with sensors, such as acceler-
ometers, to measure lateral and longitudinal motion, and with a data acquisition system.
UMTRI also recruited the FOT drivers, familiarized them with the vehicles, surveyed
them before and after the FOT, debriefed them, and led four participant focus groups.

The FOT and evaluation are usually conducted before deploying a system to provide an
independent and objective assessment of a device’s operational capabilities and
characteristics (Stevens, 1986; Reynolds, 1996). The test produces data from the
operational environment under realistic operating conditions, on a production-
representative system (or nearly so), using typical users who have the same
characteristics as anticipated users. For the RDCW FOT this means that the system
needed to appear to be part of its original equipment. In addition, the FOT participants
selected (the drivers) were intended to be representative of a large class of drivers, as
opposed to a special subgroup.

Characteristics of a typical FOT and its evaluation include: natural operating environ-
ment, a wide range of typical users, realistic operating conditions where drivers use the
device as part of their normal driving, and a focus on operational measures

UMTRI conducted the RDCW FOT, instrumenting 11 FOT vehicles: 10 for participants
and 1 spare, and collecting road data from May 2004 to February 2005. The FOT driving
occurred primarily on Michigan roads. The FOT participant pool included three age
groups (younger, middle-aged, and older) with equal numbers of male and female drivers
in each group. Table 1-1 lists participants by age and gender.
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Table 1-1. FOT Participant Pool

Gender Younger Middle-Aged Older Total
Female 13 13 13 39
Male 13 13 13 39
All Groups 26 26 26 78

UMTRI researchers familiarized FOT participants with the RDCW and the vehicles be-
fore releasing the FOT vehicles. After arriving at UMTRI at a scheduled time, each par-
ticipant filled out a background and driving-habit questionnaire and a consent form,
watched a 20-minute video on RDCW operation and functions, and was then assigned an
RDCW test vehicle. The UMTRI researcher demonstrated various vehicles and the
RDCW controls and explained that certain road conditions, driving speeds, and GPS cov-
erage would limit RDCW availability. The researcher then demonstrated the RDCW
graphic displays and accompanied the participant on a 30-minute drive on a predefined
route so the participant could become familiar with the vehicle and RDCW operation.

The FOT provided baseline and treatment data. Each FOT participant drove an RDCW
(equipped) vehicle for 26 days. During the first six days, the baseline period, the RDCW
was disabled: it performed all the normal sensing and processing functions but did not
issue alerts. This baseline period provided data for the independent evaluation to under-
stand drivers’ baseline behavior. After the sixth day, the RDCW was automatically en-
abled, which started the treatment period. During the treatment period, the RDCW per-
formed normal sensing and processing functions and issued LDW or CSW alerts when its
sensors and processors indicated they were needed.

The FOT provided extensive sub-objective and objective data. Participants filled out sur-
veys both before and after their FOT experience. In addition, participants were inter-
viewed when they returned the FOT, and 25 participants returned to take part in 1 of 4
focus groups. Data acquisition hardware recorded participant face and forward scene
video, vehicle motion and lane position, GPS coordinates, extensive internal RDCW
channels and alert levels, and brake, steering, and accelerator positions.

The DAS recorded non-video channels every 0.1 second (10 Hz) and continuously buff-
ered 8 seconds of video. An imminent CSW or LDW alert acted as a trigger to save the

video on the DAS hard drive. In addition to the FOT, system performance testing also
provided objective data.

1.3 INDEPENDENT EVALUATION
1.3.1.Goals

The Volpe Center team, the RDCW independent evaluator, has three goals: understand
RDCW safety benefits, assess driver acceptance of the device, and characterize its per-
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formance and capability. These goals determine the numerical and video data collected
and how it is processed and analyzed. They also determine the number of participants, the
duration of the FOT, the duration of the baseline and treatment periods, the survey ques-
tions asked, and how the vehicle was tested.

Safety Benefits

We examined associations between conflicts and the RDCW and between certain unin-
tended consequences and the RDCW. In this study, conflicts involve near or actual road-
departures and near or actual control-loss on a curve. We examined both conflict expo-
sure and severity. The exposure analysis estimated RDCW effectiveness in reducing the
conflict frequency, i.e., conflicts per 100 km. We quantified this effectiveness by compar-
ing the difference in conflict rates from the baseline period to the treatment period. The
analysis includes overall conflict rates as well as separate analyses by speed, light level,
population density, and road type. The conflict-severity analysis examines the peak ex-
cursion and the distance to road-edge of departure conflicts and the peak lateral accelera-
tion of control-loss conflicts. A decrease in conflict exposure or conflict severity indi-
cates a positive safety benefit associated with RDCW use.

A collision-avoidance system such as the RDCW could have unintended consequences.
For example, drivers could start to drive more aggressively, relying less on their own
judgment and more on the device to determine when they should negotiate a curve more
slowly. Or drivers may pay less attention to the road, relying on the device to warn them
of impending road departure. We analyzed driving performance to determine if the
RDCW resulted in any unintended consequences during the treatment period. Perform-
ance categories include curve approach and negotiation, lane keeping, signaling during
lane changes, and turns.

System Performance

The independent evaluation included a thorough assessment of RDCW performance and
capability, providing objective measures of system performance on real roads, as opposed
to a test track. The objective measures use an independent set of calibrated equipment
that provides lane position, lateral speed, distance to road edge, and vehicle location in-
formation. They enabled us to determine how well the system alerts drivers to potential
road-departure and potential control loss, in terms of:

False-positive and true-positive alert rates;

Variation in alert timing with sensitivity adjustments;

Consistency of alert timing; and

LDW and CSW availability and which conditions reduce availability.
In collecting the performance data, we drove one of the spare FOT vehicles for nearly
1,300 km and 18 hours during several visits to the UMTRI facility. In addition to on-
road test data, we used objective and subjective FOT data to assess system performance.

The objective FOT data provides overall availability information for the LDW and CSW.
For example, we analyzed availability under different road and lighting conditions. Par-
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ticipant surveys provided the subjective FOT data. Numerous survey questions relate to
system performance; we analyzed participants’ responses to these questions in the con-
text of objective performance test measures.

Driver Acceptance

The RDCW is expected to benefit traffic safety by reducing road-departure crashes, but
this depends on driver acceptance and use. If drivers accept the RDCW, they will be
more inclined to use it and heed its warnings. If they reject it, they are more likely to ig-
nore it or its warnings.

We assessed RDCW acceptance by analyzing drivers’ opinions obtained through pre-
drive questionnaires, post-drive surveys, post-drive debriefing sessions, focus groups, and
trip statistics to determine whether FOT participants liked the RDCW, used it, and ex-
pressed a willingness to obtain it.

Driver acceptance has five major themes:

1. Compatibility between drivers’ understanding and expectations of the device.

2. Degree to which drivers use its output to improve vehicle handling and driving
safety.

3. Comfort and safety from using the RDCW.
4. Interest drivers show in acquiring the RDCW.
5. Perceptions of drivers relating to system setup and adjustments.

1.3.2. Data Processing

The RDCW FOT and its evaluation generated a considerable quantity of data. Figure 1-1
illustrates the principal data categories associated with the FOT DAS and independent
evaluation, and also the order-of-magnitude size of these categories. The figure does not
include survey data, essential to the independent evaluation, but not part of the computer-
based data processing.
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Figure 1-1. Orders of Magnitude Sizes for FOT DAS and Analysis Data

Data categories in Figure 1-1 range in size (order of magnitude) from 10% samples for
driver-based analyses to 10® samples for raw FOT 10 Hz DAS data. In a spreadsheet
analogy, the main database has 10° rows. The host vehicle maneuver algorithm operates
on FOT data row by row and produces the same number of samples contained in the main
database. The FOT produced 10* alerts (again, order of magnitude), and video analysts
analyzed the majority of these alerts. We identified several 10° conflicts in the FOT data
and created 10? rows of participant performance data from these conflicts. We also identi-
fied various events, e.g., a curve, in the FOT data. Event counts ranged from 10* to 10°,
producing the same quantity of event data for subsequent analysis.

Conceptually, we divided data processing into the FOT database and the subsequent
processing of the FOT data stored on a VVolpe Center server. Figure 1-2 illustrates the
immediate processing of FOT data. After receiving the raw data (on portable hard drives)
from UMTRI (the FOT conductor), we backed it up on tape drives and inserted it into a
temporary database. We then checked the data quality. If the data passes the quality
check, we input it into the database. The right side of Figure 1-2 illustrates the extraction
of JPEG images from the video data, the synchronizing of these images with the analog
data (measured data such as speed and lane position), and the uploading of these images
into the FOT database.
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Figure 1-2. Immediate Processing of FOT Data

As shown in Figure 1-3, once the raw FOT data were input into the FOT database, we
processed it using Matlab programs, SQL routines, XML file generation, and geographi-
cal information system (GIS processing), and create a number of analysis tables. We ex-
ported comma-separated-variables (CSV) files from the database and used Matlab to
identify curve, in-lane, lane-change and turning events in the FOT data. A set of variables
including the participant information, vehicle speed, trip number, and other event-specific
data described each event.

The FOT database contained 10* to 10° instances of each event. We identified control-
loss conflicts as within curve events then stored the event and control-loss conflict data in
new database tables that are part of the FOT database. On the right side of Figure 1-3, we
show the creation of XML files from the FOT database. These files contain both analog
and video data; an analyst used a video logger tool to load and play these files. We used
analog and video FOT data to identify departure conflicts, which we stored in a new da-
tabase table. Finally, on the far right in Figure 1-3, we show the processing of GIS data to
identify road type and population density associated with the FOT data.
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Figure 1-3. Subsequent Processing of FOT Data

1.3.3. Analysis Tools

The routines used to analyze FOT data consist of an internal (to the database) SQL pro-
gram, an external interactive program, and an external non-interactive program. They
generate intermediate tables in the database, indirectly and directly populating the “New
FOT Database Tables” icon shown in Figure 1-3.

The host-vehicle maneuver algorithm (Ayres and Wilson, 2003) parses FOT data and de-
termines if drivers are going straight, negotiating curves, turning, or changing lanes. The
HVM is also used to isolate events in the FOT data. A GPS/GIS location program locates
FOT vehicles within a database of roads and assigns road and population attributes to
each FOT data sample. A video logger tool integrates numerical data with video clips
from alert-triggered episodes captured during the FOT. As shown in Figure 1-4, the tool
synchronizes two sets of video (forward scene and participant face) and 10 Hz FOT data
and includes a DVI window and a path window. The latter plots both the MLP (the one
the RDCW anticipated the vehicle taking) and the actual path, derived from FOT data.!

! The Volpe Center acknowledges UMTRI’s development and sharing of an algorithm and Visual Basic
code for this routine.
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The tool also includes a logger window (an Access database) that allows video analysts to
comprehensively and systematically describe alert episodes.

L Multimedia Data Analysis Tool 2005 Version: 1.0.1212.1

Length
in

3.034676  |-2.252895 |-
1397222 2.886795 |-z.127588 |-
13.83333 2.517074  |-2.16939
13.66666 1.525479 |-2.223136 |-0.
13.5 1.777574 |-2.282853 |-
Start Time End Time @ 1

24840 25790 37

Length

96

Mobile Database

FOT_D40_037_v01

DataSource: Mobile DB |Database: RDCWFOT User ID: Driver: #40 (Trip: #37

Figure 1-4. Video Logger Screenshot

The National Institute of Standards and Technology (Szabo and Norcross, 2006) has also
developed a tool for analyzing performance-test data. The tool integrates calibrated video
cameras, alert data, GPS data, lane position data, and vehicle motion data. Figure 1-5 il-
lustrates the NIST tool user interface. The principal use of the NIST is to measure the
LDW validity, timing, and AMR.

Using these LDW analysis tools with FOT data processing allows us to generate numer-
ous analysis tables through querying the FOT database.
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Figure 1-5. LDW Analysis Tool Interface

1.4 REPORT OVERVIEW

This document consists of 6 chapters and 10 appendices.

Chapter 2: RDCW Exposure describes the exposure of FOT drivers—how much and
where they drove.

Chapter 3: System Capability evaluates RDCW performance given the influence of
RDCW on both drivers’ perceptions of the device and the safety benefits associated with
the device.

Chapter 4: Safety Benefits presents the results of safety analyses we performed using
baseline and treatment period data from the FOT participants, and the safety benefit asso-
ciated with using the RDCW.
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Chapter 5: Driver Acceptance is a comprehensive analysis of the degree to which FOT
participants approved of the RDCW.

Chapter 6: Conclusions summarizes findings related to system performance, safety bene-
fits, and driver acceptance.

The report also includes the following appendices:

A)
B)
C)
D)
E)
F)
G)
H)
1)

J)

Road-Departure Crash Warning System details

Overview of On-Road System Characterization Testing
RDCW Data Analysis Tool and Logger Instruction Manual
Driver Acceptance Goals and Objectives

Driver Acceptance Methodology

Questions Used in Focus Group Discussion

Driving Statistics of the FOT Participants

Summary of RDCW Alerts Issued to the FOT Participants
Description of Simulator Experiment

Driver Acceptance Survey Results

Note: Most of this document uses Sl units such as meter (m) for short distances, meters
per second (m/s) for speed, and meters per second per second (m/s?) for acceleration.
Kilometer (km) is used for longer distances and “per 100 km” to normalize by distance.
One exception is the speed ranges in Chapter 4, where miles per hour (mph) is used.
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2. RDCW EXPOSURE

The RDCW FOT goals included analyzing safety
benefits, driver acceptance, performance, and
capability. The amount that FOT participants used the
RDCW, i.e., their exposure to the device, under
different conditions influences the analyses associated
with these goals. In general, we examined if FOT
participants had sufficient exposure under a variety of
conditions, so that:

= Sufficient data was available to analyze driving
under a variety of conditions;

= Survey answers and comments were informed by
driving under various conditions; and

= The device’s performance could be broadly
assessed.

This chapter discusses FOT participant exposure by

conditions such as vehicle speed, light level, population

density, road type, and weather.

2.1 INTRODUCTION

HIGHLIGHTS

Seventy-eight FOT participants
were divided into six groups, bal-
anced by gender and age.

Participants drove over 130,000 km
and 1,500 hours.

Participants had more alerts early in
the treatment period, suggesting
experimentation with the RDCW.

During the baseline and treatment
periods, younger participants aver-
aged 660 km, middle-aged partici-
pants 580 km, and older partici-
pants 440 km.

Males drove more than females
during the treatment period.

The 25-day FOT had two periods: a 6-day Baseline period and a 19-day Treatment pe-
riod. During the baseline period the RDCW sensed its surroundings but did not issue

alerts to the participants. The device, however, did issue internal alerts in response to sen-
sors and processing algorithms, and the DAS recorded these. Data generated during this
period represents normal (or baseline) driving behavior. During the treatment period the
RDCW issued audible, visual, and haptic alerts, including lateral-drift and curve-speed
warnings. Properly analyzed, data collected during this period provides an understanding
of participant behavior in response to warnings.

Baseline- and treatment-period data were further subdivided using each participant’s
travel distance, or vehicle distance traveled (VDT). Figure 2-1 illustrates the FOT data
division. Each “trip” (ignition cycle) in the FOT has an associated VDT. In partitioning
the FOT data for the baseline period, the VDT for all the trips in that period are summed.
The first trip where associated cumulative VDT exceeds half of the VDT for the baseline
period is the first trip of Period 2. For example, if we had trips of 10, 20, 30, and 5 km,
the sum is 65 km and the respective cumulative sums after the 20 and 30 km trips are 30
and 60 km. The 30 km trip is therefore the first trip of the second period. Earlier trips are
labeled as Period 1. The same procedure divides data into Periods 3 and 4 for the treat-
ment period.
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Figure 2-1. FOT Data Partition

2.2 OVERALL EXPOSURE OF PARTICIPANTS

There were 78 participants in the original RDCW participant pool, equally divided by
male and female gender and age ranges: 20 to 30 years old (“younger”), 40 to 50 (“mid-
dle-aged”), and 60 to 70 (“older”). As shown in Table 2-1, FOT participants drove a total
of 130,630 km, with 72 percent of the driving occurring during the treatment period. The
percentage is approximately equal to the time percentage of the treatment period, 76 per-
cent, of the overall FOT.

Table 2-1. Summary FOT Driving Statistics by Period (km)

Period Mean Median Sum Min Max Percentile 10 Percentile 90
1 2253 186.8 17,124 2.0 625.3 92.3 387.3
2 263.9 2446 20,060 405 846.3 112.8 435.6
3 596.3 539.7 45316 139.3 1,081.8 2104 980.9
4 633.3 608.2 48,130 143.2 1,129.2 236.2 999.8
Total 130,630

For the analyses in this chapter and the safety benefits analyses in Chapter 4, two partici-
pants from the original pool of 78 were removed. Participant 56, an older female, had
only taken a single trip with 10.4 km of recorded driving exposure in the entire 6-day
baseline period. As the independent evaluation relies on sufficient exposure in both the
baseline and treatment periods to perform meaningful comparisons, 10 km of exposure
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was inadequate. The alert data for Participant 34, a younger female, suggested she was
intentionally causing LDW and CSW alerts during both the third and fourth periods. Ta-
ble I-1 illustrates the increase in her alert rates from the baseline to the treatment period
and a further increase from Period 3 to 4. The CSW alert rate follows a similar pattern.

Removing Participants 34 and 56 resulted in a final FOT participant pool with 76 partici-
pants: 37 females and 39 males, summarized in Table 2-2.

Table 2-2. Final FOT Participant Pool

Gender Younger Middle-aged Older  Total
Female 12 13 12 37
Male 13 13 13 39
All Groups 25 26 25 76

Prior to analyzing the exposure data for the FOT participants, it was necessary to deter-
mine:

= |f data from both Periods 1 and 2 or Period 2 only should be used to analyze
participant behavior from the baseline period.

= |f data from both Periods 3 and 4 or Period 4 only should be used to analyze
participant behavior from the treatment period.

For the baseline period, the issue was participant lack of familiarity with the vehicles dur-
ing Period 1. If driving data showed significant changes from Period 1 to Period 2, the
assumption would be participants were becoming familiar with the vehicles in Period 1.
Data from this period, therefore, would not represent how participants would actually
drive the vehicles during an extended baseline period, once they were familiar with the
vehicles.

For the treatment period, the issue was participants experimenting with the vehicles dur-
ing Period 3. If driving data showed significant changes from Period 3 to Period 4, the
assumption would be participants were experimenting with the vehicles in Period 3. Data
from this period, therefore, would not represent how participants would actually drive the
vehicles during an extended treatment period, once they were familiar with the RDCW.

2.2.1.Baseline Period

Two measures assessed the influence of participant familiarity with FOT data during the
baseline period: LDW alert rate and CSW alert rate. The rates were analyzed separately,
using a repeated-measures analysis of variance, to determine if there was a statistically
significant difference in alert rates between Periods 1 and 2. The repeated-measures
ANOVA was used because each driver provides the same measure twice, once in Period
1 and once in Period 2. The resulting analyses, presented in Tables I-1 and I-2 in Appen-
dix I, show that for both the LDW and CSW there is no statistically significant associa-
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tion between the alert rate and period. These measures thus show no evidence of partici-
pants becoming adapted to the vehicle during the baseline period.

The analyses in this section determined there was no statistically significant difference in
alert rates between Periods 1 and 2. This allows the FOT data from Periods 1 and 2 to be
combined into a single category of baseline data.

2.2.2. Treatment Period

The same measures used for the baseline period, LDW and CSW alert rates, were used to
assess participant experimentation during the treatment period. Table 2-3 presents the
ANOVA results for the LDW alert rates during the two halves of the treatment period.
The data shows a statistically significant association between the period and the alert rate.

Table 2-3. ANOVA Results for LDW Alert Rates During Treatment Period

SS DOF MS F p

Intercept 2048.7 1 2048.7 153.7 <0.001
Gender 23.9 1 23.9 1.8 0.185
Age Group 7.1 2 3.6 0.3 0.766
Gender*Age Group 549 2 275 21 0135
Error 9330 70 133

Period 154 1 154 44 0.041
Period*Gender 0.0 1 0.0 0.0 0.939
Period*Age Group 1.0 2 0.5 0.1 0.863
Period*Gender*Age Group 13.9 2 7.0 20 0.148
Error 2475 70 35

Figure 2-2 plots the LDW alert rates. There is a statistically significant difference in the
mean LDW alert rate between Periods 3 and 4, and the alert rates decreased from Period
3 to 4. This measure shows evidence of participants experimenting with the LDW subsys-
tem during the treatment period. It is likely, therefore, that data from this period does not
represent how participants used the device once they became familiar with it. Conse-
quently, data from Period 3, the first half of the treatment period, will not be used for
subsequent exposure and safety benefits analyses.
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Figure 2-2. LDW Alert Rates During Periods 3 and 4

Table 2-4 presents the ANOVA results for the CSW alert rates during the two halves of
the treatment period. The analysis shows a statistically significant association between
age group and the alert rate but no association between period and the alert rate. The ac-
tual means for the different age groups reflect data from both Periods 3 and 4. Since data
from Period 3 will not be used in subsequent analyses, the means associated with this pe-

riod are not presented.

Table 2-4. ANOVA Results for CSW Alert Rates During Treatment Period

SS DOF MS

F

p

Intercept 188.5
Gender 0.6
Age Group 6.7
Gender*Age Group 1.9
Error 2.7
Period 0.5
Period*Gender 0.1
Period*Age Group 0.0

2-5

N N P

70

188.5 181.5 <0.001

0.6
3.4
1.0
1.0
0.5
0.1
0.0

0.6
3.2
0.9

11
0.3
0.0

0.438
0.045
0.402

0.294
0.579
0.984
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SS DOF MS F p

Period*Gender*Age Group 0.0 2 0.0 0.1 0.947
Error 294 70 0.4

2.2.3.Final Exposure

Having determined which periods to include in the safety benefits analyses, we next ana-
lyzed the exposure associated with these periods. Table 2-5 presents the ANOVA results
for VDT during baseline and treatment periods, with gender and age group as the addi-
tional independent variables.

Table 2-5. ANOVA Results for VDT

SS DOF MS F p

Intercept 4.8E+07 1 4.8E+07 489.7 <0.001
Gender 2.5E+05 1 25E+05 26 0.113
Age Group 1.3E+06 2 6.3E+05 6.5 0.003
Gender*Age Group 7.7E+03 2 3.8E+03 0.0 0.961
Error 6.8E+06 70 9.7E+04

Period 7.5E+05 1 75E+05 285 <0.001
Period*Gender 1.8E+05 1 18E+05 6.8 0.011
Period*Age Group 4.5E+05 2 22E+05 8.6 <0.001
Period*Gender*Age Group  1.8E+04 2 9.1E+03 0.3 0.708
Error 18E+06 70 2.6E+04

Analysis of the exposure data provides the following statistically significant findings:

Mean VDT varies with age: younger participants averaged 659 km, mid-
dle-aged participants averaged 583 km, and older participants averaged
438 km. A post-hoc analysis of the data showed a statistically significant
difference between the VDT of older participants and the other two
groups, but no difference (statistically significant) between the VDT of
younger and middle-aged participants.

Mean VDT varies with period: with a mean of 490 km during the baseline
period and 630 km during the treatment period.

Gender and period interact: males and females had approximately the
same VDT during the baseline period (496 versus 483 km), but males had
a larger increase during the treatment period (209 versus 72 additional
km).

Age and period interact: younger participants had the same VDT during
the baseline and treatment periods, but middle-aged and older participants
drove more during the treatment period. This last finding is presented in
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Figure 2-3, which plots the mean exposure of the FOT participants by pe-
riod and age.
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Table 2-6 presents the VDT data by age and gender during the baseline and treatment pe-
riods. The mean VDT (km) had the following ranges:

Baseline period—339 for older females to 671 for younger females; and
Treatment period—436 for older females to 764 for middle-aged males.

Table 2-6. Exposure Age, Gender, and Period (units in km)

Gender Age Period Mean Std. Er-  -95% 95% N
VDT ror
Female Younger  Baseline 671 69 533 808 12
Female Younger  Treatment 574 74 426 723
Female Middle- Baseline 441 66 309 573 13
aged
Female Middle- Treatment 655 71 513 798
aged
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Gender Age Period Mean Std. Er-  -95% 95% N
VDT ror
Female Older Baseline 339 69 201 476 12
Female Older Treatment 436 74 287 584
Male Younger  Baseline 653 66 521 785 13
Male Younger  Treatment 737 71 595 879
Male Middle- Baseline 472 66 339 604 13
aged
Male Middle- Treatment 764 71 621 906
aged
Male Older Baseline 363 66 231 495 13
Male Older Treatment 614 71 471 756

2.3 EXPOSURE BY VEHICLE SPEED

To analyze exposure by vehicle speed, FOT data was separated into six speed bins:

0-18 mph (0-28.99 kph)
18-25 mph (28.99-40.23 kph)
25-35 mph (40.23-56.33 kph)
35-45 mph (56.33-72.42 kph)
45-55 mph (72.42-88.51 kph)
>55 mph (>88.51 kph)

Baseline and treatment periods were analyzed separately because VDT differences be-
tween these periods are expected and are not particularly important. Since exposure in
each speed bin is important, it was necessary to determine if any group was underrepre-
sented. If this was the case, we would need to ensure that low VDT in a given speed
range did not result in artificially high alert or conflict rates when analyzing this group.

The analysis focused on the four speed bins above 25 mph. The first two speed bins were
used only to facilitate device performance analyses. Since these speed ranges include
VDT from parking lots and driveways, they were not combined with road data at higher
speeds.

2.3.1.Baseline Period

Table 2-7 presents the repeated-measures ANOVA results for participants’ baseline VDT
over four speed bins. The rightmost column in the table indicates that there are statisti-
cally significant associations between the outcome measure and (1) the age group and (2)
the speed bin. In addition, the data shows an interaction between speed bin and age

group.
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Table 2-7. ANOVA Results for Baseline Period VDT by Speed Bin

SS DOF MS F p

Intercept 3.8E+06 1 3.8E+06 286.0 <0.001
Gender 6.7E+02 1 6.7E+02 0.0 8.2E-01
Age Group 2.9E+05 2 14E+05 10.8 <0.001
Gender*Age Group 2.3E+03 2 1.1E+03 0.1 9.2E-01
Error 9.4E+05 70 1.3E+04

Bin 1.5E+06 3 5.1E+05 494 <0.001
Bin*Gender 1.1E+04 3 38E+03 04 7.8E-01
Bin*Age Group 4.9E+05 6 8.2E+04 7.9 <0.001
Bin*Gender*Age Group 1.9E+04 6 3.2E+03 0.3 9.3E-01
Error 2.2E+06 210 1.0E+04

A summary of the statistically significant associations follows:

Mean VDT per bin during the baseline period varies with age: younger
participants had the highest VDT, followed by middle-aged and older par-
ticipants (153, 105, and 78 km). Statistically, the younger participants had
more VDT than a combined middle-aged and older group.

Mean VDT varies by speed bin: the 55+ speed bin had the highest VDT.
The actual respective mean values over the four bins are 52, 87, 76, and
234 km. A post-hoc analysis shows that each of these mean values is sta-
tistically distinct.

Speed bin and age interact: younger participants had significantly? more
VDT at the highest speed range than middle-aged and older participants. A
separate analysis of participants’ VDT for the three lower-speed bins
showed only a single statistically significant association: speed bin and
VDT (i.e., no association with age group). An analysis of participants
VDT at the highest speed bin showed younger participants had signifi-
cantly more VDT than the other two groups.

Figure 2-4 illustrates the interaction between speed bin and age group. The three age
groups tracked each other fairly closely over the first three speed bins. Mean VDT ranged
from 50 to 100 km. In the fourth bin, younger participants traveled approximately 75 per-
cent farther than middle-aged participants, who traveled approximately 60 percent farther
than older participants. All age groups showed a mean VDT increase at high speeds, but
younger participants had significantly more than the other age groups.

2 Here and throughout, significantly implies statistical significance.
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BIN*AgeGroup; LS Means

Current effect: F(6, 210)=7.9324, p <.000001
Effective hypothesis decomposition
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Figure 2-4. Baseline Period Exposure by Age and Speed Bin

2.3.2. Treatment Period

Table 2-8 presents the repeated-measures ANOVA results for participants’ VDT over
four speed bins during the treatment period. The rightmost column in the table indicates
that there are statistically significant associations between (1) the gender, (2) the age
group, and (3) the speed bin and the VDT. In addition, the data shows an interaction be-

tween speed bin and age group.

Table 2-8. ANOVA Results for Treatment Period VDT by Speed Bin

SS DOF MS F p

Intercept 6.4E+06 1 6.4E+06 416.1 <0.001
Gender 9.8E+04 1 9.8E+04 6.4 1.4E-02
Age Group 1.1E+05 2 57E+04 3.7 3.0E-02
Gender*Age Group 4.6E+03 2 23E+03 0.1 8.6E-01
Error 1.1E+06 70 1.5E+04

Bin 2.7E+06 3 89E+05 851  <0.001
Bin*Gender 3.3E+04 3 1.1E+04 11 3.7E-01

2-10




RDCW Exposure

SS DOF MS F p
Bin*Age Group 1.5E+05 6 25E+04 24 2.7E-02
Bin*Gender*Age Group 4.2E+04 6 7.1E+03 0.7 6.7E-01
Error 2.2E+06 210 1.0E+04

A summary of the statistically significant associations follows:

= Mean VDT per bin during the treatment period varies with gender: males
averaged more VDT than females (163 versus 127 km).

= Mean VDT per bin during the treatment period varies with age: younger
and middle-aged participants had significantly more VDT than older par-
ticipants (151, 165, and 119 km). A post-hoc contrast analysis confirmed
that the mean VDT for younger and middle-aged participants was statisti-
cally equal.

= Mean VDT varies by speed bin: the 55+ speed bin had significantly more
VDT. The actual respective mean values, which are statistically distinct,
are 62, 112, 103, 304 km.

= Speed bin and age group interact: younger and middle-aged participants
had significantly more VDT than older participants at the highest speed
range.

The speed bin and age data is important for subsequent analyses. Figure 2-5 plots treat-
ment-period VDT versus speed bin for each age group. Similar to findings from the base-
line period in Figure 2-4, the three age groups tracked each other fairly closely over the
first three speed bins. Mean VDT in these bins ranged from approximately 60 to 130 km.
In the fourth bin, VDT increased markedly. Younger and middle-aged participants had
approximately 50 percent more VDT than older participants, a smaller increase compared
to the baseline period.
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BIN*AgeGroup; LS Means
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Figure 2-5. Treatment Period Exposure by Age and Speed Bin

These treatment-period findings differ from baseline-period findings. Table 2-9 summa-
rizes these differences.

Table 2-9. Summary of Differences in VDT - Explanatory Variables for Speed-Bin
Analysis During Baseline and Treatment Periods

Explanatory Baseline Period Treatment Period

Variable(s)

Gender No difference Males have more VDT than females

Age Younger participants have highest  Older participants have lowest VDT
VDT

Speed Bin and Age Younger participants have highest  Younger and middle-aged participants have
VDT at highest speed highest VDT at highest speed

2.4 EXPOSURE BY LIGHT LEVEL

Because the light level influences RDCW performance and safety benefits, exposure by
light level was analyzed. Once again, baseline and treatment periods are analyzed sepa-
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rately. Provided that each combination of period and light level has sufficient VDT, VDT
differences between these periods are irrelevant to safety benefits.

2.4.1.Baseline Period

Table 2-10 presents the ANOVA results for baseline period VDT by light level. The
rightmost column in the table indicates that there are statistically significant associations
between (1) the age group and (2) the light level and the VDT.

Table 2-10. ANOVA Results for Baseline Period VDT by Light Level

SS DOF MS F p

Intercept 9.1E+06 1 9.1E+06 3189  <0.001
Gender 1.5E+03 1 15E+03 0.1 8.2E-01
Age Group 6.2E+05 2 3.1E+05 11.0 <0.001
Gender*Age Group 4.3E+03 2 22E+03 0.1 9.3E-01
Error 2.0E+06 70 2.9E+04

Light 2.8E+06 1 2.8E+06 146.3 <0.001
Light*Gender 1.0E+04 1 1.0E+04 05 4.7E-01
Light*Age Group 3.2E+04 2 16E+04 0.8 4.4E-01
Light*Gender*Age Group 4.4E+04 2 22E+04 1.2 3.2E-01
Error 1.3E+06 70 1.9E+04

The specific differences behind these associations are:

= Participants averaged 109 km at night and 380 km during the day.

= Younger, middle-aged, and older participants averaged 331, 228, and 175
km, respectively, over night and day driving. A post-hoc analysis using
contrasts showed only the difference between younger and the combined
middle-aged and older participants to be statistically significant.

2.4.2. Treatment Period

Table 2-11 presents the ANOVA results for treatment period VDT by light level. The
rightmost column in the table indicates that there are statistically significant associations
between (1) the age group and (2) the light level and the VDT.

Table 2-11. ANOVA Results for Treatment Period VDT by Light Level

SS DOF MS F p

Intercept 1.5E+07 1 1.5E+07 454.4 <0.001

2-13




RDCW Exposure

SS DOF MS F p

Gender 2.1E+05 1 21E+05 6.4 0.014
Age Group 2.3E+05 2 11E+05 35 0.037
Gender*Age Group 8.6E+03 2 43E+03 0.1 0.878
Error 2.3E+06 70 3.3E+04

Light 5.1E+06 1 5.1E+06 148.4  <0.001
Light*Gender 1.8E+04 1 1.8E+04 0.5 0.477
Light*Age Group 2.6E+05 2 1.3E+05 3.7 0.029
Light*Gender*Age Group 7.9E+04 2 40E+04 1.1 0.326
Error 2.4E+06 70 3.5E+04

The specific statistically significant differences behind these associations are:

= Males drove more than females: 352 km versus 278 km averaged between
night and day driving.

= Younger and middle-aged participants drove more than older participants,
328, 355, and 262 km, respectively, averaged between night and day driv-
ing. Of the three age groups, only the middle-aged and older participants
had significantly different VDT.

= Mean daytime VDT exceeds nighttime VDT: 499 versus 131 km.

= Day and nighttime VDT interacts with age: younger participants tended to
do more night driving and exhibited a smaller increase from day to night
driving than middle-aged and older participants.

This last finding in particular highlights a difference in driving patterns among this
study’s participants. Figure 2-6 presents VDT by light level and age group. Roughly, the
younger participants averaged 200 km at night and 250 km more than this value during
the day. Older participants averaged 65 km at night and 385 km more than this during the
day. Middle-aged participants averaged 125 km at night (between the other age groups)
and 450 km more than this during the day. The differential increase in VDT from night to
day driving by age group accounts for the interaction. Some low exposures to night driv-
ing for older participants suggest caution when interpreting alert- and conflict-rate data
from these participants.
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Current effect: F(2, 70)=3.7200, p=.02915
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Figure 2-6. Treatment Period Interaction Between Age and Light Level

2.5 EXPOSURE BY POPULATION DENSITY

General Estimates System crash statistics show that a significant number of road-
departure crashes occur in rural areas. Since population density may influence safety
benefits, exposure using this variable was analyzed.

Figure 2-7 illustrates the urban-rural classification for southeastern Michigan, where most
FOT driving occurred. A GPS/GIS location algorithm assigned road attributes to the GPS
points associated with FOT data. One of the attributes defines whether or not a RDCW
vehicle—at each decisecond sample—was located in an urban area. To populate this at-
tribute, the location algorithm intersects the U.S. Census Bureau’s boundary file with the
GPS points layer to determine which GPS points fall within an urban area. We analyzed
baseline and treatment periods separately.
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Figure 2-7. Urban and Rural Classification for FOT Data
2.5.1.Baseline Period

Table 2-12 presents the ANOVA results for baseline period VDT by population density.
The rightmost column in the table indicates the usual statistically significant association
between the age group and the VDT and a statistically significant association between the
population density and the VDT.

Table 2-12. ANOVA Results for Baseline Period VDT by Population Density

SS DOF MS F p
Intercept 8.6E+06 1 8.6E+06 324.2  <0.001
Gender 2.8E+03 1 28E+03 0.1 7.48E-01
Age Group 6.1E+05 2 3.1E+05 115 <0.001
Gender*Age Group 5.9E+03 2 3.0E+03 0.1 8.95E-01
Error 1.9E+06 70 2.7E+04
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SS DOF MS F p
Density 2.0E+06 1 2.0E+06 69.6  <0.001
Density*Gender 4.9E+03 1 49E+03 0.2 6.84E-01
Density*Age Group 9.5E+04 2 48E+04 1.6 2.04E-01
Density*Gender*Age Group  3.5E+04 2 18E+04 0.6 5.52E-01
Error 2.0E+06 70 2.9E+04

The specific means of these associations are:

= During the baseline period, younger, middle-aged, and older participants
averaged 324, 220, and 171 km, respectively, averaged over urban and ru-
ral driving. These numbers differ slightly from the values in Section 2.4.1
because of an “unknown” category for population density. The VDT in
this category, which is very low, is not included in the ANOVA. An
analysis using contrasts showed only the difference between younger and
the combined middle-aged and older participants to be statistically signifi-

cant.

= During the baseline period, participants averaged 123 km in rural areas

and 354 km in urban areas.

2.5.2. Treatment Period

Table 2-13 presents the ANOVA results for treatment period VDT by population density.
The rightmost column in the table indicates that, in addition to the statistically significant
associations between gender and VDT and age group and VDT, there is a statistically
significant association between the population density and the VDT. Based on the clear
association between population density and the VDT observed in the baseline period

data, this association is expected.

Table 2-13. ANOVA Results for Treatment Period VDT by Population Density

SS DOF MS F p

Intercept 1.4E+07 1 1.4E+07 443.7 <0.001
Gender 2.2E+05 1 22E+05 6.7 1.2E-02
Age Group 2.4E+05 2 12E+05 3.7 2.9E-02
Gender*Age Group 6.3E+03 2 32E+03 0.1 9.1E-01
Error 2.3E+06 70 3.2E+04

Density 3.6E+06 1 3.6E+06 715 <0.001
Density*Gender 1.3E+05 1 1.3E+05 2.6 1.1E-01
Density*Age Group 1.4E+05 2 71E+04 14 25E-01
Density*Gender*Age Group  9.3E+04 2 46E+04 09 4.1E-01
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SS DOF MS F p

Error 3.6E+06 70 5.1E+04

The specific significant differences behind these associations are:

= Males drove more than females: 345 versus 269 km, averaged over urban
and rural driving.

= Younger, middle-aged, and older participants averaged 321, 347, and 253
km, respectively, averaged over urban and rural driving. However, only
the difference between middle-aged and older participants was statistically
significant.

= Participants averaged 152 km in rural areas and 462 km in urban areas.

2.6 EXPOSURE BY ROAD TYPE

GES crash statistics show a significant number of road-departure crashes occur on roads
other than high-speed freeways. Corresponding differences in alert and conflict rates be-
tween freeways and non-freeways are anticipated. As in the previous sections, baseline
and treatment periods are analyzed separately.

2.6.1.Baseline Period

Table 2-14 presents the ANOVA results for baseline period VDT by road type. The
rightmost column in the table indicates that there is the usual statistically significant as-
sociation between the age group and the VDT and a statistically significant interaction
between the age group, road type, and VDT.

Table 2-14. ANOVA Results for Baseline Period VDT by Road Type

SS DOF MS F p

Intercept 8.7E+06 1 8.7E+06 325.4 <0.001
Gender 27E+03 1 27E+03 0.1 7.5E-01
Age Group 6.1E+05 2 3.1E+05 114 <0.001
Gender*Age Group 56E+03 2 2.8E+03 0.1 9.0E-01
Error 19E+06 70 2.7E+04

Road type 51E+04 1 5.1E+04 2.2 1.5E-01
Road type*Gender 78E+04 1 7.8E+04 3.3 7.5E-02
Road type*Age Group 19E+05 2 9.3E+04 39 25E-02
g?gﬂ;ype*Ge”der*Age 26E+04 2 13E+04 05 5.8E-01
Error 1.7E+06 70 2.4E+04
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The specific means behind these associations are:

= During the baseline period, younger, middle-aged, and older participants averaged
325, 220, and 172 km, respectively, averaged over non-freeway and freeway driv-
ing. A post-hoc analysis showed only the difference between younger and the
combined middle-aged and older participants to be statistically significant.

= Figure 2-8 illustrates the interaction between age group and road type. Younger
participants averaged 62 km more exposure to freeways than non-freeways, and
middle-aged and older participants had less exposure to freeways, 72 km and 99
km, respectively.

ROADTYPE*AgeGroup; Unweighted Means
Current effect: F(2, 70)=3.9031, p=.02471
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 2-8. Baseline Period Exposure by Age and Road Type
2.6.2. Treatment Period

Table 2-15 presents the ANOVA results for treatment period VDT by road type. Only
gender and VDT and age group and VDT have statistically significant associations.
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Table 2-15. ANOVA Results for Treatment Period VDT by Road Type

SS DOF MS F p

Intercept 14E+07 1 1.4E+07 449.9 <0.001
Gender 21E+05 1 2.1E+05 6.7 1.2E-02
Age Group 24E+05 2 12E+05 3.8 2.8E-02
Gender*Age Group 7.2E+03 2 3.6E+03 0.1 8.9E-01
Error 2.2E+06 70 3.2E+04

Road 7T4E+04 1 7.4E+04 23 1.3E-01
Road*Gender 24E+04 1 24E+04 0.7 3.9E-01
Road*Age Group 5.9E+04 2 29E+04 0.9 4.0E-01
Road*Gender*Age Group 3.0E+04 2 15E+04 05 6.2E-01
Error 2.2E+06 70 3.2E+04

The specific means behind these associations are:

= Males drove more than females: 346 versus 271 km, averaged over freeways and
non-freeways.

= Younger, middle-aged, and older participants averaged 322, 349, and 255 km, re-
spectively, averaged over freeways and non-freeways. Only the difference be-
tween middle-aged and older participants was statistically significant.

Of the 12 means available when crossing gender by age group by road type, older fe-
males had the lowest mean VDT, 156 km on freeways. While this number is greater than
some of the other mean VDT discussed in this section, it still suggests caution in analyz-
ing and interpreting subsequent findings in this category.

2.7 EXPOSURE BY WEATHER

Weather may influence device performance and safety benefits. For this analysis, weather
has two levels: wet and dry. Four weather levels (wet or dry crossed with warm or cold)
were considered initially, but approximately half of the FOT participants did not drive in
cold weather. Thus, FOT data was not categorized by temperature. The wiper switch set-
ting in the FOT data served as a proxy for weather, where the off position was interpreted
as dry and any on position was interpreted as wet.

2.7.1.Baseline Period
Table 2-16 presents the ANOVA results for baseline period VDT by weather. The results

show statistically significant associations between VDT and (1) weather and (2) the age
group. The results also show an interaction between the age group and weather.
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Table 2-16. ANOVA Results for Baseline Period VDT by Weather

SS DOF MS F p

Intercept 9.1E+06 1 9.1E+06 318.9 <0.001
Gender 1.5E+03 1 15E+03 0.1 8.2E-01
Age Group 6.2E+05 2 3.1E+05 11.0 <0.001
Gender*Age Group 4.3E+03 2 22E+03 0.1 9.3E-01
Error 2.0E+06 70 2.9E+04

Weather 7.1E+06 1 7.1E+06 2218  <0.001
Weather*Gender 2.5E+04 1 25E+04 0.8 3.8E-01
Weather*Age Group 6.2E+05 2 3.1E+05 9.7 <0.001
Weather*Gender*Age Group 2.5E+03 2 13E+03 0.0 9.6E-01
Error 2.2E+06 70 3.2E+04

The specific means behind these associations are:

During the baseline period, younger, middle-aged, and older participants averaged
331, 228, and 175 km, respectively, averaged over dry and wet weather. As dis-
cussed in earlier sections, only the difference between middle-aged and older par-

ticipants was statistically significant.

Participants averaged 461 km during dry weather and only 29 km during wet
weather. The low exposure to wet weather suggests particular caution and the
likelihood of limited findings with this data.

The interaction between age group, weather, and VDT is best understood by
viewing the data, presented in Figure 2-9. All the age groups had similar low ex-
posure to wet weather (35, 17, and 37 km means for respective younger, middle-
aged, and older participants), but the differential increase for exposure to dry
weather varied with the age group. Younger participants had the largest increase,
followed by middle-aged and older participants (591, 427, and 277 km, respec-

tively).
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WEATHER*AgeGroup; Unweighted Means
Current effect: F(2, 70)=9.6985, p=.00019
Effective hypothesis decomposition
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Figure 2-9. Baseline Period Exposure by Age and Weather
2.7.2. Treatment Period

Table 2-17 presents the ANOVA results for treatment period VDT by weather. The re-
sults show statistically significant associations between VDT and (1) gender, (2) the age
group, and (3) the weather. The results also show an interaction between weather and age

group.
Table 2-17. ANOVA Results for Treatment Period VDT by Weather

SS DOF MS F p

Intercept 1.5E+07 1 1.5E+07 4544 <0.001
Gender 2.1E+05 1 21E+05 6.4 1.4E-02
Age Group 2.3E+05 2 11E+05 35 3.7E-02
Gender*Age Group 8.6E+03 2 43E+03 0.1 8.8E-01
Error 2.3E+06 70 3.3E+04

Weather 1.2E+07 1 1.2E+07 365.6  <0.001
Weather*Gender 2.3E+05 1 23E+05 7.0 1.0E-02
Weather*Age Group 1.9E+05 2 9.4E+04 2.8 6.6E-02
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SS DOF MS F p

Weather*Gender*Age Group 1.0E+04 2 52E+03 0.2 8.5E-01
Error 2.3E+06 70 3.3E+04

The specific means behind these associations are:

= Males drove more than females: 352 versus 278 km, averaged over wet and dry
weather.

= Younger, middle-aged, and older participants averaged 328, 355, and 262 km, re-
spectively, averaged over wet and dry weather. A contrast analysis shows that
only the difference between middle-aged and older participants is statistically sig-
nificant.

= Participants had much higher average exposure to dry weather, 598 km, than wet
weather, 32 km.

= The data showed a small interaction between gender and weather. Females and
males had roughly the same exposure to wet weather, 30 and 34 km, respectively.
Females had a smaller differential increase in exposure to dry weather than males,
491 and 640 km, respectively.

2.8 EXPOSURE BY SENSITIVITY
LEVELS

To assess how participants adjusted the RDCW, exposure
by sensitivity level was analyzed for both LDW and CSW
subsystems. Analysis by sensitivity level differed from pre-
vious exposure analyses in three ways.

First, the VDT for each participant at each sensitivity level
was divided by each participant’s VDT, which normalized
his or her sensitivity data. This normalization assigned the

same weight to each participant’s data in the usage-pattern
analysis. Without it, participants’ VDT would weigh their
data in this analysis, whereas the intent in this section is to
have each participant’s data weigh equally. Second, data from the baseline period was
omitted because sensitivity had no relevance for this period. Finally, data from Period 3
was included in these analyses to track changes in sensitivity preferences over time. Us-
ing the normalized data from Periods 3 and 4, we performed the usual repeated-measures
ANOVA categorized by age and gender and determined if the preferred sensitivity levels
varied with age, gender, or time (Period 3 to 4).

FOT participants could select LDW and
CSW alert sensitivity independently.
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2.8.1.Lateral-Drift-Warning Adaptation

LDW adaptation was analyzed by focusing solely on the changes in the percentage use at
each sensitivity level. Exposure to, i.e., use of LDW sensitivity settings over different
quantities of VDT map into the change in percent variable, which was the dependent
variable used to analyze adaptation. For example, if a participant set the LDW sensitivity
at Level 3 for 10 percent of Period 3 and 50 percent of Period 4, the change in percent for
Level 3 would be +40 percent. The factors of interest include Delta Sensitivity, the
change in sensitivity at each level, and the statistically significant interactions (if any)
between this factor and the age group or gender.

The changes in percent over the five sensitivity levels sum to 0. For a given driver, the
increases in usage at one or more levels were balanced by decreases in usage at one or
more other levels. Thus, the ANOVA results in Table 2-18 have entries of 0 for the sum
of square terms in the first five rows, and there is no significance test associated with any
of these rows.

Table 2-18. ANOVA Results for LDW Sensitivity Preference

SS DOF MS F p
Intercept 0.0 1 0.000
Gender 0.0 1 0.000
Age Group 0.0 2 0.000
Gender*Age Group 0.0 2 0.000
Error 00 70 0.000
Delta Sensitivity 2.0E+04 4 5.1E+03 6.134  <0.001
Delta Sensitivity*Gender 7.7E+02 4 19E+02 0.232 9.2E-01
Delta Sensitivity*Age Group 1.2E+04 8 1.5E+03 1.819 7.3E-02
Delta Sensitivity*Gender*Age Group 1.3E+04 8 1.7E+03 2.001 4.6E-02
Error 2.3E+05 280 8.3E+02

The ANOVA results indicate that one or more sensitivity levels changed from Period 3 to
Period 4 and that an interaction existed between the sensitivity levels, age group, and
gender. The means behind these findings include:

= Participants increased their use of the lowest sensitivity (Level 1) setting by 11
percent and decreased their use of the middle setting (Level 3) by the same
amount. They made smaller changes at the other levels. A separate contrast analy-
sis showed that the changes in these levels were the only statistically significant
changes. As Figure 2-10 shows, the percentage use at Levels 2, 4, and 5 did not
change from Period 3 to 4.
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Figure 2-10. Change in LDW Sensitivity Use From Period 3 to 4

The remaining statistically significant finding, the interaction between age, gender, and
sensitivity level, is presented in Figure 2-11. The interaction results because participants’
changes in LDW sensitivity settings varied by age and gender. Specifically:

Younger females switched from Levels 2 and 3 to Level 1 (least sensitivity, latest
alerts).

Middle-aged males switched from Levels 3 and 5 (earliest warnings) to Levels 1
and 4.

Older males switched from Level 3 to Levels 2 and 5.
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Figure 2-11. Changes in LDW Sensitivity From Period 3 to 4 Versus Sensitivity
Level, Categorized by Age and Gender

2.8.2.Curve-Speed Warning Adaptation

CSW adaptation, like LDW adaptation, was analyzed using the changes in the percentage
use at each sensitivity level as the outcome measure. Once again, the changes in percent
over the five sensitivity levels sum to 0, and the increases in usage at one or more levels
are balanced by decreases in usage at one or more other levels. The ANOVA results in
Table 2-19 thus have entries of 0 for the sum of square terms in the first five rows.

Table 2-19. ANOVA Results for Changes in CSW Sensitivity

SS DOF MS F p
Intercept 0.0 1 0.000
Gender 0.0 1 0.000
Age Group 0.0 2 0.000
Gender*Age Group 0.0 2 0.000
Error 00 70 0.000
Delta Sensitivity 1.2E+04 4 3.0E+03 3.574 7.3E-03
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SS DOF MS F p
Delta Sensitivity*Gender 2.2E+03 4 54E+02 0.643 6.3E-01
Delta Sensitivity*Age Group 5.7E+03 8 7.1E+02 0.847 5.6E-01
Delta Sensitivity*Gender*Age Group 9.0E+03 8 1.1E+03 1.334 2.3E-01
Error 2.4E+05 280 8.4E+02

The only statistically significant finding in the ANOVA results is the change in the sensi-
tivity levels. lllustrated in Figure 2-12, the mean changes in percentage use show an in-
crease at the lowest sensitivity setting (7.4%) and a corresponding decrease at the me-
dium setting (-8.2%). A separate contrast analysis showed that the changes in these levels
were the only statistically significant changes. The percentage use at Levels 2, 4, and 5
did not change from Period 3 to 4.

DELCSW; Unweighted Means
Current effect: F(4, 280)=3.5742, p=.00732
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
15

10 +

Change in percentuse
o

10+

-15

1 2 3 4 5
CSW sensitivity setting
Figure 2-12. Changes in CSW Sensitivity From Period 3 to 4
2.8.3.Lateral-Drift-Warning Sensitivity Settings in Period 4

The LDW sensitivity settings in Period 4, the second half of the treatment period, pre-
sumably reflect participants’” ultimate preference for LDW sensitivity settings. Table 2-20
presents the ANOVA results for these settings in Period 4. Since each participant’s per-
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cent use totals 100 and the mean use over each setting is thus 20, neither gender nor age
group can be associated in a statistically significant way with the sensitivity setting. Thus,
the FOT ratios and p-values for the first five rows in the table are blank. The remaining
rows indicate that participants preferred some LDW sensitivity levels over others and that

the different age groups differed in these preferences.

Table 2-20. ANOVA Results for Period 4 LDW Sensitivity

SS DOF MS F p
Intercept 1.5E+05 1 1.5E+05
Gender 1.4E-12 1 1.4E-12
Age Group -2.5E-12 2 -1.2E-12
Gender*Age Group 3.2E-12 2 1.6E-12
Error -1.4E-11 70 -1.9E-13
Sensitivity 4.2E+04 4 1.1E+04 9.068  <0.001
Sensitivity*Gender 3.6E+03 4 8.9E+02 0.765 5.5E-01
Sensitivity*Age Group 3.1E+04 8 3.9E+03 3.325 1.2E-03
Sensitivity*Gender*Age Group 7.8E+03 8 9.7E+02 0.830 5.8E-01
Error 3.3E+05 280 1.2E+03

Figure 2-13 illustrates the first of these findings. Participants preferred the middle LDW
sensitivity setting over the others. A post-hoc comparison using contrasts showed that the
means for sensitivity settings 1, 2, 4, and 5 are statistically equal. A second comparison
showed the expected result that the percentage use at setting 3 exceeded the use at the

other settings.
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LDWSENS; Unweighted Means
Current effect: F(4, 280)=9.0683, p<l1E-6
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Figure 2-13. Period 4 Percent Use of LDW Sensitivity Settings

As noted, the ANOVA revealed the different age groups preferred different LDW sensi-
tivity settings. Figure 2-14 illustrates this finding. In general, younger participants pre-
ferred lower sensitivity settings; middle-aged participants preferred the middle setting,
and older participants preferred the middle and highest settings.

2-29




RDCW Exposure

70

60

50

Percentuse

20t

10

40

30t

LDWSENS*AgeGroup; Unweighted Means
Current effect: F(8, 280)=3.3247, p=.00119

Effective hypothesis decomposition

Vertical bars denote 0.95 confidence intervals

=J— Young

Sensitivity settting

4 5 =7~ Middle

== Old

Figure 2-14. Period 4 Percent Use of LDW Sensitivity Settings for Different Age

Groups

2.8.4.Curve-Speed Warning Sensitivity Settings in Period 4

The CSW sensitivity settings in Period 4 reflect participants’ ultimate preference for
CSW sensitivity settings. Table 2-21 presents the ANOVA results for these settings in
Period 4. As with the LDW settings, each participant’s percent use totals 100 and the
mean use over each setting is thus 20. Therefore, neither gender nor age group can be as-
sociated with the sensitivity setting. The F and p-values for the first five rows in the table
are blank. The remaining rows indicate that participants preferred some CSW sensitivity
levels over others and that the different age groups differed in these preferences.

Table 2-21. ANOVA Results for Period 4 CSW Sensitivity

SS DOF MS F p
Intercept 1.5E+05 1 1.5E+05
Gender 1.4E-12 1 1.4E-12
Age Group -2.5E-12 2 -1.2E-12
Gender*Age Group 3.2E-12 2 1.6E-12
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SS DOF MS F p
Error -1.4E-11 70 -1.9E-13
Sensitivity 4.2E+04 4 1.1E+04 9.068  <0.001
Sensitivity*Gender 3.6E+03 4 8.9E+02 0.765 5.5E-01
Sensitivity*Age Group 3.1E+04 8 3.9E+03 3.325 1.2E-03
Sensitivity*Gender*Age Group 7.8E+03 8 9.7E+02 0.830 5.8E-01
Error 3.3E+05 280 1.2E+03

Figure 2-15 illustrates the first of these findings. Participants preferred the middle CSW
sensitivity setting over the others, the same preference shown for LDW sensitivity. In-
deed, the similarity between the LDW sensitivity percent use in Figure 2-13 and the CSW
equivalent presented below is striking. The post-hoc comparison of the means yielded the
same results as the LDW setting: the means for sensitivity settings 1, 2, 4, and 5 are sta-
tistically equal, and the percentage use at setting 3 exceeded the use at the other settings.

CSWSENS; Unweighted Means

Current effect: F(4, 280)=6.4809, p=.00005
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 2-15. Period 4 Percent Use of CSW Sensitivity Settings

The ANOVA also revealed that the different age groups preferred different CSW sensi-
tivity settings. Figure 2-16 illustrates this finding. Parallel to the LDW findings, the data
shows that younger participants preferred lower sensitivity settings, middle-aged partici-
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pants preferred the middle setting, and older participants preferred the middle and highest
settings.
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Figure 2-16. Period 4 Percent Use of CSW Sensitivity Settings by Age
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3. SYSTEM CAPABILITY

The extent to which the RDCW issues on-time alerts
when they are needed and does not issue alerts when they

are not needed defines system performance and capability.

To warn a driver of impending trouble, the RDCW
sensors must provide accurate and robust information, the
alert logic must assess and issue an alert in a timely
manner, and the system must transmit the alert
information clearly to the driver. This chapter evaluates
the RDCW performance through the following aspects of
the system:

1. Auvailability and Accuracy: Explore system
availability frequency and affecting conditions,
and document sensor performance with an
independent measuring system.

2. Lateral-Drift-Warning (LDW) Alert Logic: Assess
LDW alert logic response to perceived and actual
lateral drift scenarios.

3. Curve-Speed-Warning (CSW) Alert Logic:
Characterize the CSW alert logic performance in
alerting the driver to potential curve speed
scenarios, when needed.

HIGHLIGHTS

Volpe and NIST engineers collected
1,300 km of characterization test
data.

An Independent Measurement Sys-
tem provided “ground truth” meas-
urements for the characterization
testing.

LDW availability varied with the
road type: 76 percent on freeways
compared to 36 percent on non-
freeways.

LDW availability varied with lighting
and weather: 56 percent during dry
days compared to 4 percent during
wet nights.

CSW availability was consistently
high: over 95 percent in most condi-
tions.

4. Driver-Vehicle Interface (DVI): Examine the capability of the DVI to properly
convey visual, auditory, and haptic information to the driver.

Three sources provided data to analyze system capability: a system characterization test,
FOT objective data, and FOT subjective data. System characterization test data was col-
lected from 1,278 km of driving in the Ann Arbor and Detroit metropolitan area to ex-
plore specific LDW and CSW alerting scenarios. Section 3.1.2 and Appendix B provide
additional background. FOT objective data consists of FOT availability information and
video alert episode analysis. Section 3.3 and Appendix C (Video Logger) provide addi-
tional background. FOT subjective data includes subject response to FOT post-drive sur-
vey questions. Table 3-1 lists data sources and associated performance-analysis objec-

tives and subobjectives.
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Table 3-1. Data Sources and Analyses

Obiective Subobiective System Characteriza- FOT Objective FOT Subjective
! ! tion Test Data Data
Comparative analysis of Analysis of lighting
Svstem Availabilit system availability for and road availability
Availability Y Y detailed lighting and road
and Accu- conditions
racy Sensor Performm- Comparison between
ance RDCW and independent
measurement system
Response to LDW sensi- Timing of auditory
tivity adjustment and haptic warnings
Effectiveness Imminent alert time to
collision analysis for
various lateral drift sce-
LDW Alert narios
Logic Alert need analysis for True and false posi- Necessity of warn-
different lateral drift con- tive rates by vehicle, ings
. ditions road, and environ- False warning oc-
Nuisance mental state currence
Adverse weather
performance
Response to CSW sensi- Timing of auditory
tivity adjustment and haptic warnings
Effectiveness Imminent alert time to
collision analysis for
various curve approach
CSW Alert scenarios
Logic Alert need analysis under Necessity of warn-
different curvature condi- ings
. tions False warning oc-
Nuisance
currence
Adverse weather
performance
Distinguish infor-
mation in all light-
Display Readability ing conditions
Recognize warning
direction
DVI Hear warnings while

Sound Audibility

Haptic Tactility

driving
Recognize warning
direction

Discern seat vibra-
tion and direction
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Availability and Accuracy. The availability of the LDW and CSW subsystems to
issue alerts and the accuracy of these systems in estimating key safety measures
were analyzed. To assess system availability, we first reviewed characterization
test and FOT data. We then categorized the data according to environmental state,
such as lighting and road conditions, to determine the influence of these factors on
the RDCW issuing an alert to the driver. We measured sensor performance by
comparing system accuracy of critical RDCW measurements to the accompany-
ing values from an independent measurement system equipped to the vehicle dur-
ing characterization testing. We used these differences in lateral drift and curve
speed alert logic sections to hypothesize causes of alert timing or need.

LDW Alert Logic. All three data sources were used to evaluate effectiveness and
nuisance topics and conducted targeted test scenarios to evaluate the capability of
LDW alert logic in the characterization test, focusing on alert need, issuance, and
timing. A breakdown of 3,789 FOT alert episodes by true-positive and false-
positive categories from objective data gave us insight into nuisance rates experi-
enced by FOT participants. Finally, FOT survey items provided us with subjective
measures of alert timing and false-positive rates.

CSW Alert Logic. Our assessment followed a similar pattern to the LDW alert
logic, using system characterization test data and subjective FOT data. CSW
characterization tests investigating CSW alert logic over a range of scenarios and
conditions provided measurements of both alert effectiveness and nuisance. Sub-
jective responses were similar to LDW questions, allowing us to study CSW alert
performance and make comparisons.

DVI. FOT subjective data from survey questions relating to visual, auditory, and
haptic elements of the system were used to evaluate the DVI performance. Meas-
ures included the ability to convey information to the driver through these three
modes and the clarity of the signals.

3.1 SYSTEM AVAILABILITY AND ACCURACY

This section analyzes two aspects of system sensing: when the RDCW system was avail-
able to issue an alert and the system accuracy compared to an Independent Measurement
System (IMS). Section 3.1.1 describes how often the system was capable of issuing an
alert and the conditions influencing availability. Section 3.1.2 outlines how we analyzed
data within the IMS. Section 3.1.3 describes the differences between an IMS and the
RDCW. In addition to presenting differences between key measures for the LDW and
CSW subsystems, we also discuss some of the implications these differences may have
on system performance.

3.1.1.System Availability

On-road system characterization tests and FOT driving allow us to evaluate a diverse
group of roads and conditions for RDCW alert response and system availability. We de-
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fined availability, displayed to the driver using availability icons in the DVI on the
dashboard, as a situation when an alert could be issued. Section 3.1.1 will only review
availability when the vehicle was operating within the speeds where the system was ca-
pable of alerting: above 11.2 m/s for the LDW subsystem and 8.0 m/s for the CSW sub-
system. Tables within this section include rows for VDT, the distance driven in kilome-
ters under the given condition rounded to the nearest kilometer for characterization test-
ing and nearest 100 km for the FOT.

VDT data in this subsection is divided into freeways (divided roads with speed limits 55
mph or greater), non-freeways (all other roads that did not meet these criteria but were
known), and unknown (GPS information was not available or the GPS location did not
match any nearby road). To define road type, we used a post-processing procedure with
GPS points and a different map database than the on-board vehicle system. This proce-
dure generates fewer unknown values and identifies some instances where road informa-
tion disagrees with on-board road information. For all analysis including cases where
road information disagrees, we will use the post-processed values.

LDW Road Type Availability

Table 3-2 lists a breakdown of characterization test the LDW subsystem availability by
distance traveled for roadside and road type. Overall the LDW was fully (left and right)
available 60 percent of distance traveled above the cut-off speed of 11.2 m/s, although
non-freeways were 24 percent lower than freeways.

Table 3-2. Characterization Test LDW Availability by Road Type

Road Type Leftonly Rightonly Leftand None
Right

VDT (km) 0 2 7 5
Unknown

Row Percent 2% 13% 48% 37%

VDT (km) 23 42 539 178
Freeway

Row Percent 3% 5% 69% 23%

VDT (km) 21 33 195 189
Non-Freeway

Row Percent 5% 7% 45% 43%
Average Row Percent 4% 6% 60% 30%

Table 3-3 presents results for overall LDW FOT availability that are similar to those ob-
tained during the characterization testing. The difference between full availability with
FOT data, however, is more pronounced. Whereas the characterization test data yielded
69 percent availability for freeways and 45 percent for non-freeways, the FOT data
yielded respective availabilities of 76 and 36 percent. Better-quality lane markings and
the simpler road geometry associated with freeways presumably caused this difference.
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Table 3-3. FOT LDW Availability by Road Type

Road Type Leftonly Rightonly Leftand None
Right

VDT (km) 100 100 800 800
Unknown

Row Percent 5% 3% 47% 45%

VDT (km) 1,300 1,500 43,400 10,600
Freeway

Row Percent 2% 3% 76% 19%

VDT (km) 4,700 3,600 22,900 32,400
Non-Freeway

Row Percent 7% 6% 36% 51%
Average Row Percent 5% 4% 55% 36%

LDW Lighting and Weather Availability

Lighting and weather influence system availability. While it did not rain during on-road
system characterization testing, a wide variety of lighting conditions were encountered.
Table 3-4 lists characterization test LDW availability by distance traveled for lighting and
atmosphere. Performance was consistent in all categories, with “Night” lighting having
the highest fully available percentage, 67, and “Other Sun” having the lowest, 55. “Other
Sun” denotes any condition when shadows were present, indicating sunlight and the time
was within two hours after civil twilight began (in the morning) to two hours before civil
twilight ended (in the evening). Times within two hours of the beginning or end of civil
twilight with visible shadows were denoted as “Low Angle Sun.”

Table 3-4. Characterization Test LDW Availability by Lighting

Lighting Leftonly Rightonly Leftand None
Right

VDT (km) 19 24 317 139
Cloudy

Row Percent 4% 5% 63% 28%

VDT (km) 4 6 81 40
Low-angle sun

Row Percent 3% 4% 62% 31%

VDT (km) 16 44 281 171
Other sun

Row Percent 3% 9% 55% 33%

) VDT (km) 6 3 62 22

Night

Row Percent 6% 3% 67% 24%
Average VDT (km) 4% 6% 60% 30%

Table 3-5 lists similar overall LDW availability results for FOT subject driving. Since
there was no detailed FOT data on sunlight conditions, categories were ranked by day-
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light or night using data from an onboard light sensor. Similarly, atmosphere conditions
(wet, dry) were obtained using the windshield wiper setting.

Table 3-5. FOT LDW Availability by Lighting and Atmosphere

Lighting Leftonly Rightonly Leftand None
Right

VDT (km) 4,300 4,200 50,700 32,100
Day, dry

Row Percent 5% 5% 56% 35%

VDT (km) 200 300 2,500 2,500
Day, wet

Row Percent 4% 5% 46% 46%

VDT (km) 1,400 700 13,800 7,700
Dark, dry

Row Percent 6% 3% 58% 32%

VDT (km) 0 0 100 1,600
Dark, wet

Row Percent 1% 0% 4% 95%
Average Row Percent 5% 4% 55% 36%

For LDW FOT availability, day-dry conditions had 10 percent more full LDW availabil-
ity (56%) than day-wet conditions (46%). Dark-dry conditions had slightly more full
availability (58%) than day-dry, similar to the higher availability during night conditions
of the characterization test. Dark-wet conditions produced the lowest full availability, 4
percent. Because these conditions represented only 1 percent of total FOT driving, overall
availability percentages remained largely unaffected.

CSW Road Type Availability

Table 3-6 and Table 3-7 present CSW availability results derived from characterization-
test and FOT data. The results show that the CSW subsystem had a much higher avail-
ability percentage than LDW. Overall availability was similar for both tests, 99 percent
for characterization testing and 96 percent for the FOT. The availability differed when the
road type was unknown. This difference is due to both the small percentage of driving
under this condition (1% of the FOT VDT and 2% of the characterization test VDT) and
the difference between road processing procedures used by the CSW subsystem and the
road type variable. FOT non-freeway availability was 5 percent lower than freeway
availability, likely due to complicated road geometry and lower GPS signal accuracy on
non-freeways. The overall CSW FOT availability, 96 percent, is high.

Table 3-6. Characterization Test CSW Availability by Road Type

Road Type Available Unavailable
VDT (km) 0 15
Unknown
Row Percent 3% 97%
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Road Type Available Unavailable
VDT (km) 786 0
Freeway
Row Percent 100% 0%
VDT (km) 454 0
Non-Freeway
Row Percent 100% 0%
Average Row Percent 99% 1%

Table 3-7. FOT CSW Availability by Road Type

Road Type Available  Unavailable
VDT (km) 1,600 400
Unknown
Row Percent 79% 21%
VDT (km) 56,300 800
Freeway
Row Percent 99% 1%
VDT (km) 64,400 4,100
Non-Freeway
Row Percent 94% 6%
Average Row Percent 96% 4%

3.1.2.Test Measurement Overview

System characterization test data was collected on public roads to obtain a broad range of
conditions and scenarios. Although the RDCW and DAS provided data for assessing sys-
tem performance, a second, independent system was used to ensure that system perform-
ance was characterized with accurate data. The Independent Measurement System (IMS)
was developed by the National Institute of Standards and Technology (NIST). The IMS
measures accurately and records variables such as vehicle lane position and lateral speed.
The IMS also records environmental and road conditions. Appendix B provides more de-
tails on the road, lighting, and environmental measures derived from the IMS.

The IMS used four cameras and a differential GPS signal to measure the test vehicles’
position. The forward camera allowed a view of the upcoming road and environmental
conditions such as sunlight or cloudiness. The left- and right-side cameras recorded the
lane position relative to the front wheels and also had a wide enough field of view to find
AMR. Another camera facing the instrument cluster and the RDCW DV1 logged system
information, such as availability, sensitivity, and alert status from the DVI.

Different measures characterized lateral-drift and curve-speed alerts. A multi-step proce-
dure identified vehicle position, drift rate, and available maneuvering information using
images captured by the side-facing cameras (Szabo and Norcross, 2006). Key perform-
ance measures include:
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AMR. AMR is the distance between the inside edge of the lane marker
and the end of the paved shoulder, the bottom of an obstacle if one was
present, or the middle of the lane marker when there was opposing
traffic.

TTC. TTC is a key measure used to analyze LDW performance. For
each lateral-drift test, the ultimate gauge of system performance was
the time between alert issuance and the impending road-departure.
TTC equals the sum of the distance to the lane marker and AMR di-
vided by lateral drift rate. Drift rate equals the ratio of the changes in
lane position to the change in time when the lane position was sam-
pled. The departure maneuver was staged so that the drift rate was es-
sentially constant.

LDW Alert Timing and Need. Alerts were denoted as “required” if the
vehicle had crossed or was about to cross a lane boundary and a road
departure was impending. Even though most alerts fall into this cate-
gory, some alerts were caused by incorrect system measurements. The
latter were denoted as “unneeded.” TTC values less than 0 indicate the
alert was issued after a road departure occurred, leaving the driver no
opportunity to react and prevent the departure. Drifts with TTC values
between 0 and 1.5 seconds were considered late because they would
not allow most drivers time to respond. The range of 1.5 to 5 seconds
was considered a suitable time to warn a driver and ensure enough
time to respond appropriately but not so early as to annoy the driver.
Alerts issued over 5 seconds before a potential collision were consid-
ered early and likely to be considered unnecessary by drivers and po-
tentially a nuisance. These alerts may cause drivers to lose trust in the
system and disregard future alerts. These TTC values are somewhat
subjective in that an alert that seems early for one driver may seem late
for another.

Time to CPOI. The IMS Curvature Point of Interest is the minimum
curve radius, calculated by dividing vehicle speed by the absolute
value of a 10-sample moving average of yaw rate. Time to CPOl is a
measure of the time required to travel between the alert location and
CPOI assuming vehicle speed at the time of alert remains constant.

Required Deceleration. The required deceleration is the level required
to safely negotiate an upcoming curve. This measure assumes the ve-
hicle needs to reach a given “safe speed” at the IMS CPOI. The as-
sumptions for calculating this measure are that the vehicle will not be-
gin decelerating until 1.5 seconds after the alert and the curve safe
speed is that associated with a lateral acceleration of 0.3 g at the CPOI.

CSW Alert Timing and Need. Alerts are categorized based on the re-
quired deceleration. A true positive alert has an associated required
deceleration greater than 0 and less than 0.11 g. If the alert conditions
are such that no deceleration is required because the vehicle is travel-
ing at or below the curve safe speed, the alert is a false positive. These
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alerts maybe useful to some drivers but many will likely consider them
a nuisance. Late alerts result when the alert requires a longitudinal de-
celeration exceeding 0.11 g or the time to CPOl is less than 1.5 sec-
onds. A missed alert results when lateral acceleration in a curve ex-
ceeds 0.3 g and no alert is issued.

During characterization lateral-drift-alert tests, we monitored system availability and only
attempted a test maneuver when it appeared constant. During some test maneuvers, the
LDW subsystem switched from available to unavailable. It was often difficult for the test
driver to monitor the road, drive the vehicle, and view the LDW availability status simul-
taneously. If the test driver noticed during the maneuver that LDW became unavailable,
the trial was discarded. If a maneuver was attempted and for a very brief period LDW
became unavailable, the alert was flagged as not issued. This approach was adopted be-
cause a non-test driver who believed the LDW was available, expected an alert in a cer-
tain situation, and didn’t receive one due to a very brief period of unavailability would
very likely assume the system should have issued an alert. Conversely, if a driver ex-
pected an alert but observed that the LDW was unavailable, he or she would not likely
have expected the system to issue an alert.

3.1.3. Differences between RDCW and IMS Measurements

Throughout the RDCW on-road system characterization testing, IMS measurements were
used as the reference, or “ground truth,” source for all analyses. IMS cameras and data
post processing provided the TTC, time to CPOI, and all other key system performance
measures. The remainder of section discusses differences between IMS and RDCW
measurements and describes certain patterns in data discrepancies.

Comparison of LDW and IMS Measurements

The section compares LDW and IMS estimates of the TTC and AMR. The alerts are re-
stricted true-positive lateral-departure alerts. In these cases the mean LDW TTC is 2.9
seconds while mean IMS TTC is 1.6 seconds, indicating the vehicle was, on average, 1.3
seconds closer to departing the road than the LDW estimated. Two reasons account the
underestimated TTC: (1) inaccurate LDW estimates of the AMR and (2) many alerts with
an AMR less than 1 m.

Figure 3-1 plots the difference between mean IMS and mean LDW TTC as a function of
the IMS AMR. The relationship in the figure suggests that the LDW overestimates an
AMR less than 1 m, correctly estimates an AMR in a 1 to 2 m range, and underestimates
an AMR greater than 2 m. Overestimates of the AMR result in overestimates of the TTC,
which explains why the difference between the IMS and LDW TTC is negative for nar-
row AMRs. Conversely, an underestimate of wide AMRs results in an underestimate of
the TTC, which explains why the difference between the IMS and LDW TTC is positive
for wide AMRs.
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Figure 3-1. TTC Differences for True-Positive Imminent LDW Alerts by IMS AMR

Figure 3-2 supports the explanation given above for discrepancies between IMS and
LDW TTCs. The figure plots the difference between mean-IMS and mean-LDW AMR as
a function of the actual AMR, where the actual AMR was obtained using a calibrated
video tool from NIST. The overestimate of the LDW AMR for small values of the AMR,
the accurate estimate for AMRSs in the 1 to 2 m range, and the underestimate for AMRs
greater than 2 m are all evident in the figure. In general it appeared the LDW selected a
moderate or default AMR, which worked well when the AMR was in a1 to 2 m range,
but less well when the AMR was less than 1 m or greater than 2 m. Section 3.2 discusses
the implications of this selection on specific lateral-drift scenarios.
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Figure 3-2. AMR Differences for True-Positive Imminent LDW Alerts by Actual
AMR

Comparison Between CSW and IMS Measurements

Two measures were used to assess the CSW alert timing: (1) the deceleration required to
safely negotiate a curve and (2) the time to reach CPOI. The sample pool included alerts
associated with upcoming curves (except Michigan lefts) where a cautionary alert was
both needed and issued. Cautionary rather than imminent alerts were analyzed because
they were safer to elicit on public roads. Figure 3-3 illustrates the actual and CSW-
required deceleration for all true positive CSW alerts.
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Figure 3-3. CSW and IMS Required Deceleration (m/s°) for Cautionary CSW Alerts

Figure 3-3 shows the required-deceleration estimate obtained using CSW data is 0.5 m/s*

less than the value obtained using IMS data. Two discrepancies account for the CSW un-
derestimate: its overestimate of the minimum curvature radius and its overestimate of the
distance to the CPOI. The average IMS minimum curvature radius based on yaw rate and
speed information from on-board vehicle sensors was 17 percent lower than the radius
provided (and used) by CSW.

Figure 3-4 compares the time-to-CPOI when a cautionary alert was issued for CSW and
IMS data. This measure was obtained by dividing the distance-to-CPOI by the vehicle
speed. The data shows that the actual mean time-to-CPOI, as determined by the IMS, is
some 0.9 seconds less than the CSW estimate of this measure. The RDCW tended to un-
derestimate the proximity of the vehicle to the CPOI, i.e., the vehicle was closer than the
RDCW estimated. The difference between estimated and actual time-to-CPOI was statis-
tically significant and consistent when broken down by other measures such as curve ra-
dius and sensitivity. Section 3.5 provides more details.
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Figure 3-4. CSW and IMS Time to CPOI (seconds) for Cautionary CSW Alerts

3.2 LATERAL DRIFT ALERTS

Several sources provided data to analyze LDW alerts. These
included system performance data from targeted on-road
lateral drift tests, video analysis of FOT LDW alerts, and
participant surveys. We elicited LDW alerts during on-road
characterization testing over a wide variety of road and
environmental conditions. These alerts fall into the
following categories:

= Lateral drift with no obstacle;

= | ateral drift toward vehicle in adjacent lane;

= | ateral drift toward obstacle.
For each of these categories, multiple test runs were
conducted on roads with different lane and shoulder widths,

lane markings, drift direction, sensitivity settings, adjacent
vehicles, and obstacles. Sections 3.2.1 through 3.2.6

For shoulders less than 1 meter
wide, the RDCW overestimated the
width by 0.7 meters.

For shoulders more than 2 meters
wide, the RDCW underestimated
the width by 1.3 meters.

RDCW shoulder-width estimation
errors contributed to:

1 in 8 false-negative alerts (alert
needed but not issued);

1 in 3 false-positive alerts (alert
issued but not needed).

The RDCW had the highest per-
centage of true-positive alerts when
the shoulder was 1 to 2 meters
wide.

describe the results for each of these tests. Section 3.3 presents an analysis of LDW alerts
from the FOT. Section 3.4 summarizes FOT subject survey responses.
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3.2.1.Lateral Drift Sensitivity

Alert sensitivity was set to 3, the middle setting, throughout most of the characterization
testing. This ensured consistent system response under all conditions and moderate alert
timing, similar to what most FOT participants chose. To understand variations caused by
adjusting sensitivity, we conducted a specific test to investigate the effect on alert timing
and TTC. The test consisted of repeated drifts of low and high drift rates with system
sensitivity set to 1, 3, and 5: the least, moderate, and most sensitive. We conducted the
test on a section of road with consistent shoulder and lane width and few roadside ob-
jects, none of which affected AMR. However, out of a total 75 alerts, 7 were caused by
either objects “seen” by the radar or an object previously marked in the Look Aside Da-
tabase (LADB). These alerts were excluded from the analysis.

Figure 3-5 illustrates IMS TTC over a range of lateral drift speeds for LDW sensitivity
settings of 1, 3, and 5. Although the intention was to conduct lateral drifts at either high
or low drift rates, a measurement of lateral drift speed was not available during testing.
Consequently, lateral drift rates ranging from 0.11 to 0.62 m/s (according to the IMS) re-
sulted during the testing. A positive outcome of this lateral velocity distribution was the
opportunity to observe the relationship between TTC and lateral velocity. For each sensi-
tivity setting, IMS TTC decreased as lateral velocity increased i.e., less severe lateral
drifts resulted in earlier warnings than more abrupt lateral drifts. This relationship was
true for all sensitivity settings.
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Figure 3-5. TTC by Lateral Drift Speed and Sensitivity Level

3-14




System Capability

An analysis of the data in Figure 3-5 shows higher sensitivity settings result in higher
TTC values. Sensitivity settings of 1, 3, 5 had corresponding average TTC values of 6.6,
8.4, and 9.7 seconds. Of the 68 alerts analyzed, only 11 had a TTC in the 1.5 to 5.0 sec-
ond range. The remaining 57 alerts had TTC values greater than 5 seconds. Underestima-
tion of large AMRs likely caused the RDCW to issue alerts early, resulting in the large
TTC values. The shoulder width for all departures conducted during this test was greater
than 2 m and the high number of alerts with TTC values greater than 5 seconds is consis-
tent with RDCW and IMS comparison findings in Section 3.1.3.

3.2.2. Drift Toward Solid Lane Boundary

Solid lane boundaries denote a travel lane edge that should not be crossed in most driving
situations. In this test we examined the ability of the LDW to recognize solid left and
right lane boundaries and issue an alert that accounted for the AMR beyond the lane
marker. Figure 3-6 summarizes the results from these alert-needed tests. Thirty-one alerts
(13%) were missed when the system was available, a solid lane boundary was crossed,
and a road departure occurred or was imminent. Although testing did not measure how
many true-negative alert situations we identified correctly, these 31 alerts provide a
measure of how many alerts should have been issued but were not. Twenty-five of the 31
missed alerts occurred on roads with narrow shoulders less than 1 m, suggesting the sys-
tem likely overestimated the AMR.

Other results relating to missed alerts include:

= 42 percent occurred at night (all missed night alerts occurred on one
nighttime trip — there was a possible system error for this trip since
there were no missed alerts on other night trips);

= 87 percent occurred on non-freeways;

= 65 percent had fair and 35 percent had poor road markers (based on a
subjective judgment by the analyst);

= 39 percent of daytime situations had glare due to low sunlight condi-
tions; and

= 55 percent occurred to the right and 45 percent to the left.
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Figure 3-6. Alert Issuance by Direction for Solid Lane Boundary

Figure 3-6 considers situations in which an alert was required and summarizes the data by
direction (left, right) and alert status (issued, not issued). Figure 3-7 considers situations
in which an alert was issued and summarizes the data by direction and alert validity (true
positive, false positive). The vehicle position in the lane, lateral velocity, and available
maneuvering room are all factors in determining if an alert was required or not. In these
analyses, an alert was needed when the TTC (at the time the alert was issued) was less
than 5 seconds. If TTC was greater than 5 seconds, the alert was categorized as a false
positive. Although some drivers may find these alerts useful, the assumption was that the
majority of drivers would consider a warning with this much advance notice unnecessary.
Combined left and right false-positive alerts accounted for 46 percent of all alerts within
this analysis. Most false-positive situations occurred when the LDW subsystem underes-
timated the AMR. The average AMR was 2.9 m for these situations while the average
LDW AMR was 1.4 m. Left alerts had a lower false-positive percentage because of the
generally lower AMR on the left side than on the right side, 0.9 m and 2.1 m, respec-
tively. Section 3.1.3 discusses inaccuracies in the LDW AMR values.
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Figure 3-7. Alert Validity by Direction for Solid Lane Boundary

Figure 3-8 illustrates the influence of the AMR on alert timing. On roads with narrow
shoulders, 75 percent of the alerts had a TTC less than 1.5 second. In contrast, with wide
shoulders 84 percent of the alerts had a TTC greater than 5 seconds. The data suggests
that the LDW did not account for the AMR, alerting too late on roads with narrow shoul-
ders and too early on roads with wide shoulders. On roads with medium shoulders, 1 to 2
m, 63 percent of the alerts had a TTC in the range 1.5 to 5 seconds.
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Figure 3-8. TTC by Shoulder Width for Solid Lane Boundary

3.2.3. Drift Toward Dashed Boundary

The majority of LDW characterization tests explored the system’s ability to alert the
driver in crash-imminent scenarios. The testing did, however, include tests for cautionary
alerts. Of the 79 trials involving the test vehicle crossing a dashed boundary without a
turn signal, 68 produced alerts and 11 did not. These missed alerts occurred under the fol-
lowing conditions: freeway, either poor or fair lane markings, 9 day and 2 night lighting,
and 6 cloudy atmosphere. System difficulty in tracking lane markings or temporary un-
availability (Section 3.1.2) accounted for the missed alerts.

Of the same 79 dashed-boundary trials, 17 resulted in imminent alerts. Of these, 6 were
caused by radar returns from unknown objects, i.e. no visible object or vehicle was seen
in the side or forward cameras in the adjacent lane. Eight resulted from the system mis-
takenly identifying a dashed lane marker as a solid lane marker.

For all dashed lane markers, we established the TTC using the inside edge of the lane
marker plus 1 m of AMR beyond the marker. We selected the AMR based on a reason-
able and safe amount of distance allowed beyond a striped boundary when no vehicle was
present in the adjacent lane. The AMR value does not reflect the value used by the LDW
subsystem nor does it imply that this is the correct value to use in all situations.
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Figure 3-9 provides a breakdown of dashed-boundary alerts by both direction and TTC
range. Nearly two-thirds of the alerts, 42 of 68, had a TTC less than 1.5 s, one-third had a
TTC between 1.5 and 5.0 s and three had TTC greater than 5 seconds. On average, the
system issued a cautionary alert with a 2 second TTC, calculated using the datum of the 1
m AMR outside the lane boundary. With the dashed lane boundary itself as the datum,
the LDW alerts had an average TTC of -0.4 s, meaning the alert was issued after the ve-
hicle crossed the boundary. This is expected and is not a safety concern because this was

a lane-departure scenario, not a road-departure scenario.
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Figure 3-9. TTC Breakdown When Crossing a Dashed Boundary, Based on 1 m

Outside Boundary

3.2.4. Drift toward Vehicle Traveling in Adjacent Lane

The LDW was designed to address many types of road drift crash scenarios, including
drift toward a vehicle traveling in an adjacent lane. This test was conducted on multilane
freeways with the adjacent vehicle traveling at approximately the same speed. The side
of the adjacent vehicle determined the AMR limit. This test included 39 samples of an
alert being issued (both true positive and false positive) or an alert being required but not
issued. Table 3-8 provides a breakdown of these samples.
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Table 3-8. Alerting Results for Drift Toward Adjacent Vehicle

Alert Needed

Alert Issued
Yes No
Yes 23 8
No 8

The 8 false-positive alerts (alert issued but not needed) were evenly split between four on
the left side and four on the right side. The false-positives were categorized as such be-
cause of TTC values greater than 5 seconds. Indeed, the 8 false-positive alerts had an av-
erage TTC of almost 17 seconds. These alerts occurred in similar environmental condi-
tions and were split between good and fair road markings.

Figure 3-10 breaks down the 31 alert needed situations by missed alerts (alert needed but
not issued) and true-positive (alert needed and issued) alerts. All 16 right-side situations
requiring an alert received one, but only 7 alerts were issued out of 15 trials on the left
side. For part of the test period the left-side radar sensor was not working properly, which
could explain 7 of 8 missed alerts. The system did not announce this missing capability
by making the LDW subsystem left unavailable. If those alerts are removed from the
analysis only one alert was not issued when required. For the 23 alerts issued in situations
where an alert was needed, all the alerts fell within a 1.5 to 5.0 second TTC range and
were true positive. These results, combined with the above failed sensor caveat, show the
system provides consistent and timely alerts for vehicles in adjacent lane situations.
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Figure 3-10. Alert Issued by Direction When Drifting Toward Vehicle in Adjacent
Lane

3.2.5. Drift toward Parked Vehicle

This test evaluated the ability of the LDW to detect and alert when drifting toward a
parked vehicle that the vehicle had not passed previously. This test was conducted on a
rural two-lane road with a narrow paved shoulder. A second vehicle was parked with its
left side approximately 0.5 m outside the lane marker. For each trial, the second vehicle
was moved so that the look aside database would not learn its location. Because the sec-
ond vehicle was parked without exact measurement of its distance from the lane marker,
the system experienced a range of conditions, similar to what it would encounter in actual
driving.

Of the 11 trials, 10 produced alerts. The missed alert occurred when the test vehicle was
heading toward the parked vehicle but never actually crossed the lane boundary. The
missed alert was classified as such because the test vehicle was in very close proximity to
the parked vehicle. Six of the 10 alerts had a TTC greater than 1.5 seconds. The mean
TTC was 1.8 seconds and the lowest TTC was 1.1 seconds. Although 4 of the alerts were
late, with a TTC less than 1.5 seconds, most of the 10 provided sufficient time for a
driver to react and avoid a collision. Of note: the system flagged only 3 alerts as being
caused by a radar object. The system issued the remaining 7 alerts based on default LDW
information and did not alter the alert timing to account for the parked car.
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3.2.6. Jersey Barrier and Construction Barrel

Jersey barriers are temporary concrete walls placed along the side of the road in construc-
tion areas, as a boundary in place of guardrails. Construction barrels are plastic tubes
about the size and shape of a 55-gallon drum and are used to temporarily close lanes. The
goal of the test was to see how well the system responded when the vehicle drifted to-
ward these objects. Some objects were approached only once during testing while others
were approached multiple times, allowing the system to potentially use information from
previous tests to adjust the alert. The test included 31 approaches, 21 toward Jersey barri-
ers and 10 toward construction barrels.

Table 3-9 illustrates alert need and issuance by direction. Three approaches produced
false-positive alerts because the LDW interpreted the object as being closer to the vehicle
than it actually was. The table also shows 7 missed alerts. The missed alerts occurred dur-
ing the day under dry and clear conditions on freeways with a 1.0 m AMR.

Table 3-9. Alerting Results for Jersey Barriers and Traffic Barrels

Alert Needed

Alert Issued Yes No Total

Left Right Left Right

Yes Count 19 2 0 3 24
Row Percent 61% 6% 0% 10% T7%

No Count 5 2 0 0 7
Row Percent  16% 6% 0% 0% 23%

Figure 3-11 provides a breakdown of Jersey barrier and traffic-barrel alerts by both direc-
tion and TTC range. The system responded later to obstacles on the left, with 37 percent
of the left-side alerts having a TTC less than 1.5 seconds and 60 percent of the right-side
alerts having a TTC greater than 5 seconds. Incorrect radar readings of the lateral dis-
tance appeared to account for the system’s occasional failure to issue alerts on time (both
early and late). Over the 31 trials, 24 on the left, the respective left and right AMR aver-
aged 0.9 m and 1.5 m. This difference contributed to the association between the left side
and a higher percentage of late alerts.
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Figure 3-11. TTC When Drifting Toward Jersey Barrier or Traffic Barrel

3.3 FOT LATERAL-DRIFT-WARNING VIDEO ANALYSIS

RDCW FOT alerts were analyzed using a video logger tool.

shown in Appendix C (logger manual), video analysts
loaded video and data files into the logger, played the
video, and described the circumstances surrounding
LDW and CSW imminent alerts. This manual analysis
supplements the DAS information and provides a
comprehensive understanding of the RDCW alert
scenarios.

A gender-and-age-balanced mix of 66 of the 78 FOT
participants was analyzed. The information recorded
relates to driver safety and device performance. The
GES coding manual provided numerous descriptive
elements. Other elements relate to driver attention and
distraction. Still others objectively describe the need for
an alert. The goal was to obtain data to distinguish
between true- and false-positive alerts.
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Following the instruction set

e The Volpe Center analyzed 3,800
alerts using video and numerical
data.

e Of the 3,800 alerts, 62 percent were
true positive.

e In dry weather 70 percent of the
alerts were true positive; decreas-
ing to 39 percent in rainy weather.

e On wet surfaces 44 percent of the
alerts were true positive.

e On ascale of 1 to 7, participants
rated the LDW alert timing favora-
bly- above 5.
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The first step involved assigning 1 of 7 vehicle-maneuvers and an alert need rating to
each LDW FOT alert. Alert need was rated on a 1 to 5 scale, based on the necessity of an
alert given the situation at the time of alert. Appendix C (logger manual) provides more
details. Alert-need ratings of 4 (probably not needed) or 5 (definitely not needed) were
later grouped into a false-positive rating, and ratings of 1 (definitely needed) or 2 (proba-
bly needed) were grouped into a true-positive rating.

Table 3-10 shows that of the 3,789 LDW imminent alerts analyzed, 2,363 (62%) were
true positive. The highest percentage of true-positive alerts, 75 percent, occurred on a
curve, while 59 percent of the “going-straight” alerts were true positive. Conversely,
1,426 (38%) of the imminent alerts were false positives. The highest percentage, 65 per-
cent, occurred during lane changes, and the second highest, 61 percent, occurred while
entering a ramp.

Table 3-10. LDW Alert Classification by Vehicle Maneuver

Maneuver False Pos True Pos Row Totals
Count Lane Change 264 141 405
Row Percent 65.19% 34.81%
Total Percent 6.97% 3.72% 10.69%
Count Going Straight 699 999 1698
Row Percent 41.17% 58.83%
Total Percent 18.45% 26.37% 44.81%
Count On Curve 376 1154 1530
Row Percent 24.58% 75.42%
Total Percent 9.92% 30.46% 40.38%
Count Passing 42 34 76
Row Percent 55.26% 44.74%
Total Percent 1.11% 0.90% 2.01%
Count Merging 22 21 43
Row Percent 51.16% 48.84%
Total Percent 0.58% 0.55% 1.13%
Count Entering Ramp 22 14 36
Row Percent 61.11% 38.89%
Total Percent 0.58% 0.37% 0.95%
Count Turning 1 0 1
Row Percent 100.00% 0.00%
Total Percent 0.03% 0.00% 0.03%
Count All Groups 1426 2363 3789
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Maneuver False Pos True Pos Row Totals

Total Percent 37.64% 62.36%

As noted, a high percentage of false positives were associated with lane changes. The
video analyst examined lane markings to determine the need for an LDW imminent alert,
but did not examine RDCW radar data to determine if there was an adjacent vehicle pre-
sent during the lane change. The video view displayed only the forward scene with a
moderate field of view to the analyst. There was no side view to determine the presence
of adjacent vehicles. During most unsignaled lane changes, the lane marker in the direc-
tion of the lane change was striped, and the analyst coded an imminent alert as not re-
quired, i.e., a false positive. Many of these imminent alerts were likely due to the pres-
ence of an unobserved adjacent vehicle, so the 65 percent false-positive rate in Table
3-10 does not reflect the true false-positive rate of alerts issued during this maneuver. For
this reason, the 405 lane-change alerts were excluded from subsequent video-data-based
analyses.

Table 3-11 also tabulates the LDW alerts by vehicle maneuver, but does not include lane
changes. Excluding these 405 alerts leaves 3,384 alerts for subsequent analysis and in-
creases the true-positive percentage from 62 to 66 percent.

Table 3-11. LDW Alert Classification by Vehicle Maneuver Without Lane Changes

Maneuver False Pos True Pos Row Totals
Count Going Straight 699 999 1,698
Row Percent 41.17% 58.83%
Total Percent 20.66% 29.52% 50.18%
Count On Curve 376 1154 1,530
Row Percent 24.58% 75.42%
Total Percent 11.11% 34.10% 45.21%
Count Passing 42 34 76
Row Percent 55.26% 44.74%
Total Percent 1.24% 1.00% 2.25%
Count Merging 22 21 43
Row Percent 51.16% 48.84%
Total Percent 0.65% 0.62% 1.27%
Count Entering Ramp 22 14 36
Row Percent 61.11% 38.89%
Total Percent 0.65% 0.41% 1.06%
Count Turning 1 0 1
Row Percent 100.00% 0.00%
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Maneuver False Pos True Pos Row Totals
Total Percent 0.03% 0.00% 0.03%
Count All Groups 1,162 2,222 3,384
Total Percent 34.34% 65.66%

3.3.1.Light Level

The effect of light level on LDW performance was analyzed by calculating the odds ratio
of the association between light level and true- and false-positive alerts. Table 3-12
shows although only 36 percent (1,221 of 3,384) of the alerts occurred during the “Other”
light category (dawn, dusk, or night), 45 percent of the false-positive alerts occurred un-
der these conditions. Based on the alert counts and categories in the table, the odds of re-
ceiving a false-positive alert in light other than daylight are 1.8 times the odds during
daylight. Equivalently, the odds of a true positive during daylight are 1.8 times the odds
in light other than daylight. However, both system characterization and FOT data indi-
cated that the LDW was available less during daylight than during dark or other light
conditions. This suggests that although the LDW subsystem may indicate availability at
night, it appears not to calculate vehicle position as accurately, resulting in a higher inci-
dence of false positives at night.

Table 3-12. LDW Alert Classification by Light Level

Light Level False Pos True Pos Row Totals
Other 523 698 1,221
Column % 45.01% 31.41%

Row % 42.83% 57.17%

Day 639 1524 2,163
Column % 54.99% 68.59%

Row % 29.54% 70.46%

Totals 1162 2222 3,384

Total % 34.34% 65.66% 100.00%

3.3.2.Precipitation

The next analysis examines the effect of atmospheric precipitation on LDW subsystem
performance, categorizing weather as Dry or Rain. Excluded from this analysis are 40
alerts with either snow or fog conditions. The data in Table 3-13 show that 61 percent of
the alerts in the rain were false positives. The data also indicate that while only 13 per-
cent (421 of 3344) of the alerts in this sample occurred in rainy weather, 22 percent of all
false-positive alerts occurred in rainy weather. The odds of a false positive while driving
in rain are 3.6 times the odds of those driving in dry weather. In addition, LDW rain
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availability during the FOT was 20 percent lower than dry conditions. In rain the system
had difficulties in identifying and tracking lane markings and in issuing valid alerts.

Table 3-13. LDW Alert Classification by Atmosphere

Atmosphere False Pos True Pos Row Totals
Rain 256 165 421

Column % 22.40% 7.50%

Row % 60.81% 39.19%

Dry 887 2036 2,923
Column % 77.60% 92.50%

Row % 30.35% 69.65%

Totals 1143 2201 3,344

Total % 34.18% 65.82% 100.00%

3.3.3. Road Surface Moisture

The effect of road surface moisture on LDW subsystem performance was also analyzed,
with road surface categorized as Dry or Other. Although this measure often matches the
atmosphere variable, there are some cases where it differs. The Other category consists of
samples from wet roads and a few samples from snowy roads. Table 3-14 shows that
while 19 percent (639 of 3,384) of LDW alerts occurred on Other roads, 31 percent of the
false positives occurred on these roads. An analysis of the count data reveals that the odds
of a wet-surface alert being a false positive are 3 times the odds of a dry-surface alert be-
ing a false positive. Overall, 56 percent of the wet-surface alerts were false positives; 5
percent lower than rain atmosphere false positive percentage in Table 3-13, while the
false-positive odds ratio was 0.5 lower, indicating that rain produced slightly higher false-
positive rates than Other surface conditions.

Table 3-14. LDW Alert Classification by Surface Moisture

Surface  False Pos True Pos Row Totals
Moisture

Other 356 283 639

Column % 30.64% 12.74%

Row % 55.71% 44.29%

Dry 806 1939 2,745

Column % 69.36% 87.26%

Row % 29.36% 70.64%

Totals 1,162 2,222 3,384
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Surface False Pos True Pos Row Totals
Moisture
Total % 34.34% 65.66% 100.00%

3.3.4. Construction Zone

Construction zones usually include a combination of temporary lane markers, construc-
tion barrels, Jersey barriers, and pavement irregularities. Any one of these items can
cause spurious readings by LDW sensors and consequently cause the system to issue
false-positive alerts. Table 3-15 classifies LDW alerts by the presence or absence of a
construction zone. The data show that 6 percent of the false positives occurred in a con-
struction zone, but only 5 percent (165 of 3,384) of all alerts occurred in these zones. The
odds ratio is 1.6, indicating the odds of a construction-zone alert being a false positive are
1.6 times the odds of an alert outside of a construction zone being a false positive. The
odds ratio is close to the odds ratio associated with light level in Table 3-12. Thus the in-
creased odds of the system issuing a false positive in a construction zone are close to the
increased odds at night. The construction zone FOT false-positive rate, 45 percent, is
nearly double that of the characterization test rate, 23 percent, discussed in Section 3.2.6.
Since the FOT data provides a much larger alert sample pool, the 45 percent false-
positive rate observed in FOT data is more likely to be the rate observed in practice.

Table 3-15. LDW Alert Classification by Construction Zone

Construction Zone False Pos True Pos Row Totals

Yes 74 91 165
Column % 6.37% 4.10%

Row % 44.85% 55.15%

No 1088 2131 3,219
Column % 93.63% 95.90%

Row % 33.80% 66.20%

Totals 1,162 2,222 3,384
Total % 34.34% 65.66% 100.00%

3.3.5. Pavement Marking

Convergent or divergent pavement markings occur where two lanes merge or a single
lane divides. Like temporary lane markings or construction hardware, these markings
may cause spurious LDW readings and alerts.

Table 3-16 classifies LDW alerts by pavement markings: Atypical (convergent or diver-

gent) and Typical. While only 7 percent (246 of 3,384) of the LDW alerts occurred
around atypical markings, 15 percent of the false positives occurred around these mark-
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ings. The odds of a false positive occurring around atypical pavement markings were 5.3
times the odds around typical pavement markings.

Table 3-16. LDW Alert Classification by Pavement Marking

Pavement False Pos True Pos Row Totals
Marking

Atypical 174 72 246

Column % 14.97% 3.24%

Row % 70.73% 29.27%

Typical 988 2,150 3,138
Column % 85.03% 96.76%

Row % 31.49% 68.51%

Totals 1,162 2,222 3,384

Total % 34.34% 65.66% 100.00%

3.4 SUBJECTIVE RESPONSE TO LATERAL DRIFT
SURVEY

FOT participants rated LDW subsystem performance by responding to several survey
questions related to warning timing, need, and necessity. The questions were scaled from
1 (strongly disagree) to 7 (strongly agree). The analyses to these survey questions include
mean values and standard deviations. Participant responses were also grouped into
agreement (scales 5-7), neutral (scale 4), and disagreement (scales 1-3). Figure 3-12 il-
lustrates mean and standard deviation values for the following two questions relating to
alert timing:

1. Overall, I thought the LDW auditory warnings were provided at the right time
(i.e., they were not presented too early or too late).

2. Overall, I thought the LDW seat vibration warnings were provided at the right
time (i.e., they were not presented too early or too late).

Based on the three groups described above, 78 percent of the participants agreed with the
timing of LDW seat vibration warnings, while 71 percent agreed with the timing of LDW
auditory warnings. Although analysis in previous sections showed mixed results for
LDW alert timing, roughly three-fourths of the participants believed the alerts were ap-
propriately timed.
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Figure 3-12. Subjective Responses to LDW Alert Timing

Figure 3-13 illustrates survey responses to three questions relating to LDW alert need and
false alerts:

1. The LDW always provided a warning when I thought it should.
2. 1did not receive any unnecessary LDW warnings.
3. 1 did not receive any false LDW warnings.

The first question, with a follow up question asking participants to describe situations
where the LDW did not issue a warning when expected, generated a 48 percent agree-
ment, 35 percent disagreement and 17 percent neutral subjective response. The second
question relating to unnecessary warnings generated a 42 percent agreement, while the
third questions relating to unnecessary and false alerts generated a 52 percent agreement.
Forty-four percent of participants disagreed with the question “I did not receive any un-
necessary LDW warning.” This result is supported by the findings in the LDW FOT alert
analysis of false-positive rates in Section 3.3.
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Figure 3-13. Subjective Responses to LDW Alert Need and False Alerts

Finally, participants had a mean response of 3.9 to the question “I found the LDW useful
in adverse weather conditions.” Thirty-three percent agreed, 41 percent disagreed, and 25
percent answered neutrally. This agrees with the previous assessments that showed much
higher false-positive odds ratios and lower availability in adverse weather, particularly at
night.

3.5 CURVE-SPEED ALERTS

This section analyzes CSW alert performance. The data sources include on-road charac-
terization test data for particular curve scenarios and FOT subject response to survey
questions. Although the FOT provided many CSW alert episodes, the data could not be
analyzed in the same way the LDW data was analyzed. The FOT LDW alerts analyzed in
Section 3.2 were categorized as a true-positive or a false-positive (based on lane mark-
ings, vehicle position, and lateral speed gleaned from video analysis) with little or no am-
biguity. CSW alerts, however, did not lend themselves to an unambiguous true- or false-
positive video-based categorization. Use of the CSW data to categorize alerts would not
have helped matters, because the CSW data would naturally indicate an alert was needed
when one was issued and not needed when one was not issued. CSW FOT data are thus
not used for analyses in this section. The two remaining data sources, characterization
test data and survey responses, provide an accurate and comprehensive measure of CSW
alert logic performance.
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On-road characterization testing generated alerts over a wide variety of road conditions in

the following categories:

1. Approach curves of different radii;
2. Pass or take exit ramps or U-turns.

For each of these categories we analyzed multiple
outcomes, including alert need and alert timing
(quantified using time to CPOI and required
deceleration) based on derived safety measures. In
addition to analyzing issued alerts, we also analyzed

When an alert was required on a
curve with a radius less than 100
meters, the RDCW missed 1 out of
5 times.

When an alert was required on a
curve with a radius greater than 100
meters, the RDCW missed 2 out of

situations where safety criteria indicated an alert was
needed, but an alert was not issued.

5 times.

« Of the alerts issued on curves

3.5.1. By Sensitivity :
neither too early nor too late.
During most of the on-road characterization test, the » On ascale of 1 to 7, participants
CSW sensitivity was generally set to a middle level of 3.

The intent was to have consistent system response under bly; at 5.

whose radius was less than 100
meters, 94 percent were on time,

rated the CSW alert timing favora-

all conditions. For curve speed sensitivity tests,
however, the CSW response over a two by three matrix of approach speeds and sensitiv-
ity settings was analyzed. The test was conducted on a freeway cloverleaf interchange,
which allowed repeated runs on nearly identical curves. Two approach speeds, 40 mph
(64 kph) and 50 mph (80 kph), were used, which accommodated the needs to maintain
safety on public roads and to illicit alerts at all sensitivity settings. To minimize variabil-
ity and lower alert thresholds within the CSW alert decision logic, all tests were con-
ducted using active turn signals and activated wipers. Sensitivity testing took place over a
narrow temperature range, 0 to -2 degrees Celsius, which eliminated the possibility of
temperature effects confounding the alert timing.

Of the 147 alerts issued during sensitivity testing, 38 were imminent and 109 were cau-
tionary. Since cautionary alerts were easier to obtain and a greater number were available
for analysis, this analysis focused on cautionary alerts. Of the 109 cautionary alerts, 25
were issued after a previous cautionary alert while approaching the same curve or near
the end of the curve as the vehicle accelerated for the next exit ramp. These alerts were
removed from the analysis because the system had either already issued an alert or the
situation did not relate to an upcoming curve. We also removed one alert from the analy-
sis because it was issued too close to the CPOI to calculate the required deceleration. Re-
quired deceleration, one of the derived performance measures, is the deceleration re-
quired to negotiate a curve at a safe speed once it reaches the CPOI. The required decel-
eration calculation assumes a 1.5 second reaction time (after the alert) to brake the vehi-
cle. Section 3.1.2 provides more details on this calculation. Of the 109 original cautionary
alerts, 83 remained for analysis.

Table 3-17 summarizes the 83 cautionary alerts based on approach speed and CSW sensi-
tivity setting. The alerts are approximately balanced across sensitivity settings and speed.
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Table 3-17. Breakdown of Cautionary Alerts Used in Sensitivity Test Analysis

CSW Sensitiv- Approach Speed
ity 40 mph 50 mph
1 11 18
3 15 16
5 11 12

Separate ANOVA studies with three outcome measures were performed using the 83 cau-
tionary alerts in Table 3-17:

1. The required deceleration, determined using IMS measures;
2. The actual time to the CPOI, determined using IMS measures; and
3. The estimated time to the CPOI, determined using CSW measures.

For the first of these, speed was the only statistically significant predictor of the required
deceleration; the sensitivity setting had no statistically significant effect on this measure.
Figure 3-14 plots the required deceleration by approach speed. The required deceleration
increases as approach speed increases, with means of 0.95 and 1.37 m/s® for approach
speeds of 40 and 50 mph. From a human factors perspective, the difference in required
deceleration is not particularly pronounced. Although one could argue that the required
deceleration should be consistent regardless of approach speed, one could also argue that
drivers traveling at higher speeds will likely expect to apply higher decelerations. More
pronounced is the lack of a statistically significant association between the sensitivity set-
ting and the required deceleration. In this case we expect that higher sensitivity settings
will result in earlier warnings and, hence, lower required decelerations. The data does
show this trend, but, again, the association is not statistically significant.
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Figure 3-14. Required Deceleration by Approach Speed

Speed was also the sole statistically significant predictor of the actual time to CPOI;
again, the CSW sensitivity setting had no statistically significant effect on this measure.
Figure 3-15 plots the time to CPOI by approach speed. The time to CPOI increases as
approach speed increases, with means of 6.42 and 7.46 seconds for approach speeds of 40
and 50 mph. The difference in alert timing is expected, since higher speed travel is asso-
ciated with higher decelerations and larger distances covered during the reaction time.
The earlier alert provides drivers with a larger margin for decelerating before entering the
curve. As discussed with the required deceleration as the outcome measure, it is surpris-
ing that the sensitivity setting has no effect on the timing of the alert. We expect that
higher sensitivity settings would result in earlier alerts, but the data do not show this.
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Figure 3-15. Actual Time to CPOI by Approach Speed

The final ANOVA study in this section uses the estimated time to the CPOI, determined
using CSW measures, as the outcome measure. In this case, both the CSW sensitivity and
the approach speed have statistically significant associations with the outcome measure.
The results, shown in Figure 3-16, show an increase with the time to CPOI as the ap-
proach speed increases and a decrease in the time to CPOI for the lowest sensitivity set-
ting. The first of these results is expected, but the second is not. We expect that the esti-
mated time to CPOI would increase as the sensitivity increases, but the data shows the
opposite. A separate contrast analysis revealed that the mean for the lowest setting and
those from the two other settings differed, but the means for settings 3 and 5 were identi-
cal. The differences in the means, however, are minor, 7.73 and 8.23 seconds for setting 1
and the combined settings 3 and 5.
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Figure 3-16. Estimated Time to CPOI by Approach Speed and Sensitivity Setting
3.5.2. By Radius

During system characterization testing curves with varying radii were traversed. Two
categories of minimum curve radius, below and above 100 m, were used to evaluate how
curve radius influences system performance. (Section 3.1.2 discusses estimation of the
curve radius.) The alerted-curve sample pool for this section includes 142 curves. This
sample excludes specific test scenarios identified in other sections of curve speed alert
analysis, i.e., sensitivity tests, exit ramp, and Michigan lefts.

Similar to the LDW subsystem analysis, the CSW analysis focuses on true-positive, false-
positive, and missed alerts. True-negative CSW situations were not analyzed because pre-
liminary calculations located more than 1,000 curves during characterization testing. The
assignment of an alert as a true positive or a false positive depended on if an alert was
required, which in turn depended on the speed of the vehicle and the lateral acceleration.
An alert was required when the vehicle speed exceeded 8 m/s (the CSW threshold for op-
eration) and the lateral acceleration on a curve exceeded 0.3 g. Of the 127 curve situa-
tions that required an alert, 94 (74%) resulted in an alert and 33 did not. Figure 3-17 illus-
trates the breakdown of these alerts and missed alerts by curve radius.

3-36




System Capability

100% -

90% -

80% -

70% -

60% | Not Issued

@ Issued

50% -

40% -

30% -

20% -

10% -

0% -

<100 >=100

Curve Radius (meters)

Figure 3-17. CSW Alert Issued by Minimum Curve Radius

The 33 missed alerts had the following characteristics:

= 18 with curve radius less than 100 m, 15 with curve radius greater than
100 m;

= 12 left curves, 21 right curves; and
= Maximum lateral acceleration between 3.0 m/s2 and 5.4 m/s2.

Twenty-seven misses occurred around ramps, with no alert issued while approaching or
on the ramp. These are missed alerts because the lateral acceleration exceeded a safety
threshold, although some drivers might find an alert in this situation unnecessary. No
consistent condition or set of conditions associated with missed CSW alerts was identi-
fied.

CSW false-positive alerts are typically caused by one or more errors in path prediction,
curvature estimation, or distance to curve estimation. We identified 14 alerts, 10 percent
of alerts in this analysis, as false-positive because there was no upcoming curve. Five of
the 14 alerts occurred at the same location during testing, where an error in the map data
caused the system to incorrectly estimate a curve ahead when none existed.

Figure 3-18 illustrates cautionary alerts for an upcoming curve, categorized by alert tim-
ing and curve radius. False-positive alerts occur where vehicle speed at the time of the
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alert was less than or equal to the calculated curve safe speed, so the alert was not neces-
sary. True-positive alerts occur when vehicle speed at the alert time was greater than
curve safe speed so the vehicle required deceleration. Finally, late alerts are those when
the vehicle speed exceeded the safe speed, but (assuming a 1.5-second reaction time) the
vehicle would have reached the CPOI before deceleration could begin.
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Figure 3-18. Distribution of Cautionary Alert Need When Approaching a Curve-by-
Curve Radius

For curves with radii less than 100 m, 94 percent of issued and needed alerts were true
positive; however, curves with radii greater than or equal to 100 m captured only 55 per-
cent of these situations. For curves with radii more than 100 m, 6 out of 20 scenarios re-
sulted in false-positive alerts. An underestimate of the upcoming curve radii caused two
of these alerts, while the remaining 4 alerts may have been triggered by other incorrect
curve information. An overestimate of the distance to CPOI or curve radius was the likely
cause of late alerts.

Overall, 82 percent of the alerts in this section were true positive with sufficient time for
a driver to brake to a safe speed. The average required deceleration and time to CPOI for
true-positive alerts was 1.3 m/s® and 5.7 s, respectively. These values are reasonable, al-
lowing comfortable braking levels and with an average driver reaction time.
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3.5.3. Exit Ramps

This series of tests provided data to evaluate system performance in exit ramp areas and
to analyze the effect of the turn signal on path prediction and issuing alerts. In the current
context, an exit ramp is an exit from a limited access freeway. Tests are grouped into four
categories, turn-signal status (on, off) crossed with pass or turn onto ramp. The assump-
tion of whether the CSW subsystem should or should not issue an alert originates only
from safety concerns, not driver intent. Some tests may be construed as an attempt to
trick the system with false turn-signal use; however, their purpose was to see how the
system performed under a variety of real-world situations.

The first two test categories involved a turn onto an exit ramp with the turn signal either
on or off. Both scenarios produced equal results, a 90-percent alert-issued rate. Although
the CSW subsystem uses the turn-signal status as one of the cues to estimate the upcom-
ing path, an inactive turn signal did not cause a higher miss rate during this test. Two
missed alerts when taking a ramp with an active turn signal had maximum lateral accel-
erations of 4.8 and 3.4 m/s”. The CSW sensed the upcoming ramp and rightly selected the
ramp as the likely path, but overestimated curve radius and distance to CPOI. Taking a
ramp with an inactive turn signal produced only one missed alert. As with the previous
situations when no alert was issued, the CSW identified and choose the ramp as the up-
coming path, but assumed a larger curve radius of 227 m, rather than the actual curve ra-
dius of 159 m. The peak lateral acceleration on this curve was 3.6 m/s°.

Independently of the turn-signal status, a turn onto a tight exit ramp at a high speed as-
sesses the ability of the CSW subsystem to predict vehicle path, estimate curvature, and
issue an alert to avoid a potentially dangerous situation. Conversely, passing a ramp with
or without a turn signal active is not a safety issue. Instead, this scenario tests how well
the CSW can predict vehicle path with true- and false-turn-signal input. Figure 3-19
shows results from two passing exit ramp test categories broken down by turn-signal
status and alert response. Only exit ramps passed while the vehicle was in the travel lane
closest to the exit are included in this analysis.
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Figure 3-19. Alert Issued By Turn-Signal Use When Passing Exit Ramp

Twenty-seven percent (3 of 11) of the scenarios involving passing an exit ramp with an
active turn signal resulted in no alert issued. These scenarios did not share a common
characteristic such as road type, speed, or ramp. The 8 alerts occurred over a wide variety
of road conditions and geometries. These results do not imply the system either should or
should not issue an alert when passing a ramp with the turn signal on.

Figure 3-19 also presents CSW alert response when passing a ramp with the turn signal
off. Unlike the scenario of passing a ramp with an active turn signal (intended to intro-
duce ambiguity into the path selection), this test examines how well the CSW selects the
correct and intended upcoming path with no false turn-signal inputs. Overall, the subsys-
tem correctly rejected 91 percent of passing ramp situations. There were 6 false-positive
alerts with no identifying characteristics, although 2 alerts may have been caused by re-
cent turn-signal use prior to passing the ramp. The data show a large difference in device
performance with and without an active turn signal, 27 percent versus 91 percent result-
ing in no alert. The data shows that although the CSW can operate without turn signal
input, such input improves performance.

Ramp geometry can play a significant role in path prediction and CSW alerts. During on-
road characterization testing, most ramps had a large radius curve for several hundred

meters before progressing to a lower radius, tighter curve. This type of exit ramp allowed
the CSW subsystem more time and separation from the main freeway lanes to determine
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it was on a ramp. In contrast, some ramps encountered little or no separation from the
main freeway lanes before the lower radius curve of the ramp began. This presented a
much more challenging situation for the CSW, because it did not have time and distance
separation to discern the correct upcoming path. Since there was such a wide variety of
road geometry, we did not distinguish between these two general types of exit ramps,
however this difference may explain some of the performance results, particularly when
passing an exit ramp.

3.5.4. Michigan Lefts

System performance while turning onto or passing Michigan left turns was also evalu-
ated. Figure 3-20 illustrates a Michigan left movement where a vehicle turns right from
the N-S road, then completes a U-turn on the E-W road to accomplish the equivalent of a
left turn from the N-S road to the E-W road. This maneuver was the only (legal) way to
make a left turn in many parts of metropolitan Detroit where RDCW testing was con-
ducted. Michigan lefts are similar to the most difficult exit ramp scenarios because there
is very little information available for the CSW subsystem to determine the correct path.

Figure 3-20. Michigan Left Example Diagram

Despite the challenges caused by the Michigan left geometry, CSW performance was
very consistent when passing and taking the U-turn part of Michigan lefts. Every U-turn
taken with a turn signal resulted in a true-positive alert, while no turn signal results in no
alert. Likewise, when passing a Michigan left U-turn in the leftmost travel lane, alerts
were only issued when the turn signal was active. These results demonstrate how the
CSW used turn-signal status during Michigan left U-turn maneuvers to enhance path pre-
diction.
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3.5.5. Subjective Response to Curve-Speed Warning Survey

The FOT subjective response to questions of CSW alert timing, need, and necessity were
evaluated. Scaling ranged from 1 (strongly disagree) to 7 (strongly agree). Figure 3-21
presents mean and standard deviation values for the following two questions relating to
auditory and vibration warnings.

1. Overall, I thought the CSW auditory warnings were provided at the right time
(i.e., they were not presented too early or too late).

2. Overall, I thought the CSW seat vibration warnings were provided at the right
time (i.e., they were not presented too early or too late).

Participants rated auditory warning timing as 63 percent agreeable (scale 5-7) and haptic
seat vibration as 68 percent agreeable. These values are 8 percent and 10 percent lower
than the companion LDW questions in Section 3.4, indicating participants preferred
LDW alert timing. This finding is supported by characterization test data in Section 3.1.3
showing CSW alert timing varied from actual measurements.
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Figure 3-21. Subjective Responses to CSW Alert Timing

Figure 3-22 summarizes subjective responses to CSW alert need and false alerts based on
the following questions:

1. The CSW always provided a warning when I thought it should.
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2. 1 did not receive any unnecessary CSW warnings.
3. 1did not receive any false CSW warnings.
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Figure 3-22. Subjective Responses to CSW Alert Need and False Alerts

Fifty-five percent of the participants agreed with the first question, 7 percent more than
agreed with the similar LDW question in Figure 3-13. Fifty-one percent disagreed with
the second question, stating the CSW did not always provide warnings in situations
where they thought it should. This concurs with Section 3.5.2 where no alert was issued
for 23 percent of curves approached where an alert was needed. Participants recognized
false and unnecessary alerts as very similar and rated the second and third questions iden-
tically with means below 4, 51 percent disagreed, and 42 percent agreed. In comparison
to similar LDW questions in Section 3.5.2, an increased percentage of participants, 7 and
15 percent respectively, disagreed. This indicates that participants felt they received more
unnecessary and false CSW alerts than LDW alerts.

Last, participants responded to the question “I found the CSW system useful in adverse
weather conditions” with an average value of 4.4, 0.5 higher than the similar LDW ques-
tion. Subjective response is consistent with both availability and FOT alert analysis,
showing that adverse weather had no affect on the CSW, in contrast to LDW perform-
ance.
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3.6 DRIVER-VEHICLE INTERFACE

This section evaluates the DV ability to accurately and clearly transmit information to
the driver through visual display, warning tones, and seat vibration. The post-drive sur-
vey included the following items relating to visual display readability and clarity:

1. The graphics presented on the RDCW display were about the right size.
2. The graphics presented on the LDW display were about the right size.

3. The graphics presented on the CSW display were about the right size.
4

It was easy to see the graphics in the LDW display (i.e., there was no glare, and
the graphics were neither too light nor too dark).

5. It was easy to see the graphics in the CSW display (i.e., there was no glare, and
the graphics were neither too light nor too dark).

6. It was easy to distinguish between the different LDW visual warnings toward the
left and toward the right (cautionary and imminent alerts).

7. It was easy to distinguish between the different CSW visual warnings (cautionary
and imminent alerts).

Figure 3-23 shows the mean and standard deviation of the participants’ survey responses
to these questions.
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7.0 T
6.0
5.0
4.0
3.0
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1.0
0.0

RDCW CSWwW Easy to see Easy tosee Easyto Easy to

graphics graphlcs graphics LDW CSw distinguish  distinguish

right size  rightsize  rightsize  graphics  graphics LDW CSwW
warning  warnings
direction

Mean Value

1 Strongly Disagree... 7 Strongly Agree

Figure 3-23. Subjective Evaluation of DVI Readability

Greater than 90 percent of all participants responded with some level of agreement
(scales 5-7) for all questions, with the exception of questions 6 and 7. Seventy-eight per-
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cent and 70 percent of all participants agreed they could distinguish between left and
right visual warnings, while 14 percent and 16 percent disagreed (scales 1-3) for the
LDW and CSW subsystems, respectively. The survey responses indicate that the partici-
pants strongly approved of the DVI visual element size, graphics and performance.

The post-drive survey included the following items relating to warning audibility:

1. I could easily hear the LDW auditory warnings while I was driving.

2. | could easily hear the CSW auditory warnings while I was driving.
3. 1 could easily recognize which direction the LDW auditory warning was coming
from (the left or the right speakers).
4. | could easily recognize that the CSW auditory warning was coming from the
front speakers.
Figure 3-24 shows the mean and standard deviation of the participants’ survey responses
to these questions.
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1 Strongly Disagree... 7 Strongly Agree

Figure 3-24. Subjective Evaluation of Warning Audibility

Participants had the lowest overall audibility response to the third item. Sixty-eight per-
cent agreed they could easily recognize the direction of the LDW auditory warning, 21
percent disagreed, and 11 percent were unsure. For the CSW counterpart, the fourth item,
84 percent agreed they could easily recognize the warning direction, 7 percent disagreed,
and 9 percent were unsure. Overall subject responses reveal auditory alert loudness and
location accurately convey warning information to the driver.

The post-drive survey included the following items relating to seat vibration:
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1. I could easily recognize under which leg the LDW seat vibration warnings were
being presented (under my left leg or my right leg).

2. | could easily recognize that the CSW seat vibration warnings were being pre-
sented under my legs on the front portion of the seat.

Figure 3-25 shows the mean and standard deviation of the participants’ survey responses
to these questions. Subject responses to both questions were nearly identical: 87 percent
agreed that seat vibration signals provided useful and discernable warning to test partici-
pants.
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Figure 3-25. Subjective Evaluation of Warning Tactility

3.7 CONCLUSIONS
3.7.1. LDW Characterization Test Alerts

Conclusions based on an analysis of LDW characterization test data include:

1. Changes in the sensitivity level affect LDW alert timing. Under similar condi-
tions, a decrease in the sensitivity setting from 3 to 1 decreased the TTC by 1.8
seconds, and a sensitivity increase from 3 to 5 increased the TTC by 1.5 seconds.

2. Inaccurate AMR estimates led to numerous missed and false-positive alerts.
With solid markers and the situation requiring an alert, the LDW failed to issue
an alert in approximately of 1 out of every 8 cases. An overestimate of the AMR
caused the LDW to not issue an alert. With solid markers and an alert issued,
approximately half of these alerts were false positive, with corresponding TTCs
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greater than 5 seconds; approximately one-third had TTCs less than 1.5 seconds.
The large TTCs resulted because the LDW underestimated the AMR, and the
small TTCs resulted because the LDW overestimated the AMR.

3. Although not its primary purpose, the LDW appears robust in detecting unsig-
naled dashed boundary crossings. In 6 out of every 7 cases with these conditions,
the LDW issued an alert. Of the alerts issued, two-thirds had TTCs (based on an
AMR 1 m beyond the boundary) less than 1.5 second.

4. The LDW detects objects in the adjacent lane reasonably well. When the test ve-
hicle drifted toward an adjacent vehicle, the LDW issued an alert in 4 out of
every 5 cases. Malfunctioning radar during one test run was responsible for most
of the missed alerts. Of the alerts issued in this scenario, however, almost one-
fourth were false positive.

5. The LDW detects stationary roadside objects, particularly parked vehicles, rea-
sonably well. In 9 out of every 10 cases, the LDW alerted when drifting toward a
parked vehicle. With Jersey barriers and construction barrels and a drift, the
LDW correctly alerted in 3 out of every 4 cases. Of the alerts issued, 7 out of
every 8 were required.

3.7.2. LDW FOT Alerts

Conclusions based on an analysis of a sizable quantity of LDW FOT alerts include:

1. Inaccuracies in AMR estimation appear to limit LDW alert performance. Of the
LDW alerts issued, 1 out of every 3 was a false-positive, a fraction identical to
that observed in characterization testing. An underestimation of the AMR seems
responsible for most of the false-positive alerts.

2. Although the LDW is available more consistently at night, performance appears
compromised. The odds of an alert being a false positive for nighttime driving
were 1.8 times the odds for daytime driving.

3. Degraded visual and surface conditions significantly compromised LDW per-
formance. The odds of an alert being false positive for driving in the rain were
3.6 the odds for driving under dry conditions. The odds of an alert being a false-
positive alert for wet surfaces were 3.0 the odds for dry surfaces. Wiper use de-
creased LDW daytime availability from 56 percent to 46 percent and nighttime
availability from 58 percent to only 4 percent. Since an image-based lane track-
ing system relies on clear visual information, degraded visual or surface condi-
tions understandably decrease performance.

4. Constructions zones, with barrels, barriers, and poor or no lane markings, are
also a form of degraded visual conditions. Of the alerts issued in construction
zones, almost half were false positive.

3.7.3. Curve-Speed Warnings

Conclusions based on an analysis of CSW characterization test data include:
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1. Changes in the sensitivity settings did not affect the CSW alert timing. When we
approached curves at excessive speeds, the actual timing of the alert before the
curve changed with the approach speed, but not with the sensitivity setting.

2. CSW alert timing is sensitive to approach speed and sensitivity setting. An in-
crease in approach speed resulted in earlier alerts and, unexpectedly, lower
sensitivity settings resulted in earlier alerts.

3. Inaccurate estimates of the distance to the curve, the curve radius, or both com-
promised CSW subsystem performance. When approaching typical curves at ex-
cessive speeds (not ramps nor Michigan lefts), the system failed to alert in 1 out
of every 4 cases. Of the alerts issued, 1 out of every 14 were too late for drivers
to brake and negotiate the curve safely. In a few instances a CSW map error in-
dicated a sharp curve when none was present; this generated a large fraction of
the false-positive alerts. In general, an underestimate of the distance to the curve
or the curve radius resulted in a false positive, and an overestimate of these
measures resulted in a missed alert

4. The CSW performs well near ramps. In 9 out of every 10 10 cases, the CSW cor-
rectly issued an alert when taking an exit ramp, regardless of turn-signal status.
One out of every 10 10 ramp passes without a turn signal resulted in a false-
positive alert.

5. The CSW performed well in Michigan left U-turn scenarios. An activated turn
signal near a U-turn produced an alert, and an inactivated turn signal did not.

3.7.4. FOT Surveys

Conclusions based on an analysis of FOT participant surveys include:

1. Participants rated LDW and CSW alert-timing, false-positive, and missed-alert
performance favorably, except for CSW false positives, which they rated unfa-
vorably.

2. Participants recognize the limitations of the LDW subsystem for poor lighting
and road surface conditions, providing a neutral rating of system usefulness in
adverse conditions.

3. Of the various alert modes, 7 out of every 8 participants found it easy to interpret
the seat vibration alerts, 4 in 5 found the LDW audible alerts easy to interpret,
and 6 out of every 7 found the visual alerts easy to interpret.

3.7.5. Other Observations

Although the LDW and CSW subsystems performed reasonably well in most scenarios,
as indicated in the earlier comments in this section, the characterization-test and FOT
data revealed several idiosyncrasies in system performance:

1. The LDW can appear available to the driver but disappear during a lateral drift
maneuver, confusing the driver as to when the system is available to provide
alerts and when it is not.
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. When available at night on wet roads, the LDW issues many false positives, par-
ticularly in the presence of overhead lighting or oncoming traffic.

Poor lane markings, daytime shadows, and tar strips all degrade LDW perform-
ance

Inaccurate or spurious radar readings resulted in false-positive LDW alerts dur-
ing dashed-boundary lane changes and minor lateral drifts.

Mapping errors near overpasses created a false curvature in the road and pro-
duced false-positive CSW alerts.

The second half of S-curve geometry appears to cause problems with the CSW
alert logic, resulting in false-positive alerts during the transition from the first
part of the S-curve to the second.
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4. SAFETY BENEFITS

This chapter analyzes the safety benefits associated with
the RDCW. Retrospective driver (participant) performance
is analyzed using measures obtained during the FOT.
These measures are then used to predict changes in road-
departure crash statistics that could occur with widespread
RDCW deployment. Since drivers may actually become
less vigilant or more aggressive in their driving by using
new technology such as the RDCW, unintended
consequences associated with RDCW use are also
examined.

Figure 4-1 illustrates the principal uses of FOT driving data

RESEARCH HIGHLIGHTS

e The FOT data shows no significant
unintended consequences.

e The FOT data shows a decrease in
conflict exposure.

e The data shows no safety benefit in
the negotiating-a-curve-and-lost-
control pre-crash scenario.

e With full RDCW deployment and full
availability, an annual reduction of
9,400 to 74,800 road-departure
crashes is predicted.

and summarizes the safety benefits approach. We identified and analyzed both conflicts
and events in the FOT driving data, focusing on types the RDCW is expected to influ-
ence. Conflict categories, taken from the major road-departure pre-crash scenarios, in-

clude:
1. Going straight and departed road,;
2. Negotiating a curve and lost control; and
3. Negotiating a curve and departed road.

The frequency and severity of these conflicts are not only useful independent safety
measures but are also key parameters in estimating the prospective crash changes associ-

ated with RDCW deployment.
Event categories, the driving situations the RDCW is

likely to influence, include:

1. Curves;

2. In-lane driving;

3. Lane changes; and

4. Turns.
In analyzing event-related behavior, we focus on
event-specific performance measures to determine if
driving improved or degraded with RDCW use. These

measures include lateral accelerations, turn-signal use,
and lane position.

e The safety benefits analysis fo-

e The analysis focused on four event

cused on three pre-crash scenarios:

a. Going straight and departed
road;

b. Negotiating a curve and de-
parted road; and

c. Negotiating a curve and lost
control.

categories: curves, in-lane driving,
lane changes, and turns.
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FOT Driving Data

Frequency, Conflicts Events
Severity
I |
Going straight and Negotiating a curve Negotiating a curve
departed road and departed road and lost control

Event-specific
performance
measures

Curves In-lane Lane changes Turns

Figure 4-1. Uses of FOT Data

Section 4.1 presents an overview of road-departure crash statistics and the pre-crash sce-
narios analyzed in this report. Section 4.2 analyzes road-departure conflicts. Section 4.3
analyzes control-loss conflicts in various contexts. Both Section 4.2 and Section 4.3 ana-
lyze the FOT data at a high level, with gender and age as between-subjects variables and
period (baseline versus treatment) as a within-subjects variable. These sections also in-
clude additional analyses, in which the road type (freeway, nonfreeway), light level (day,
night), and speed bin (four bins) are included as within-subjects variables. The FOT data
was insufficient to support crossing of these second-level variables, e.g., road type by
light level. Furthermore, as indicated in Section 2, Exposure, the FOT participants did not
experience sufficient wet-weather driving to support an analysis of wet versus dry
weather.

Section 4.4 estimates the effect of RDCW deployment on future crash statistics. Section
4.5 evaluates unintended consequences associated with RDCW use. Section 4.6 summa-
rizes the RDCW safety benefits. In addition, Appendix | discusses a non-FOT experiment
using a simulator with an RDCW to determine participants’ responses to near- or actual
departure conflicts, with and without an RDCW.
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4.1 CRASH STATISTICS AND PRECRASH SCENARIOS

Table 4-1 lists road-departure crash statistics for the United States in 2003, broken down
by pre-crash scenarios, i.e., critical events and vehicle movements. Road departure was
the critical event just prior to the collision for 43 percent of the over 1.2 million crashes,
while lost control was the critical event for 42 percent of the crashes. For vehicle move-
ments prior to the crash, the vehicle was going straight in almost 46 percent of the
crashes, and negotiating a curve in 28 percent of the crashes. The remaining movement
categories, Initiating a Maneuver and Other, accounted for 26.3 percent of the crashes.
The Other scenario refers to single-vehicle crashes caused by vehicle failure, such as a
blown tire or an evasive maneuver.

Table 4-1. Road-Departure Precrash Scenarios (Thousands) GES 2003

Critical Event

Vehicle Movement Departed Lost Other Row Totals
Road Edge Control

Count 261 208 469

Row Percent Going Straight 55.7% 44.3%

Percent 25.4% 20.3% 45.7%

Count 116 172 288

Row Percent Negotiating a Curve 40.3% 59.7%

Percent 11.3% 16.7% 28.0%

Count 65 55 120

Row Percent Initiating a Maneuver 54.2% 45.8%

Percent 6.3% 5.4% 11.7%

Count 150 150
Other

Percent 14.6%

Count 442 435 150 1,027
All Groups

Percent 43.0% 42.4%  14.6%

Note: highlighted cells are pre-crash scenarios the RDCW is likely to benefit

The RDCW FOT provided data to determine if the warning system can be expected to
reduce road-departure crashes. As a first step, the pre-crash scenarios in Table 4-1 the
RDCW may influence are identified. As discussed in Section 1, the RDCW consists of
two warning subsystems: one for lateral drift and the other for excessive curve speed. The
LDW subsystem relies primarily on a forward camera tracking a vehicle’s lane position
and lateral speed. When the combination of lane position and lateral speed is such that a
vehicle appears likely to depart the road or to crash into an adjacent vehicle, the RDCW
issues an LDW imminent alert.
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The highlighted cells in the Departed-Road-Edge column of Table 4-1, corresponding to
vehicle movements of going straight and negotiating a curve, are the pre-crash scenarios

the LDW is most likely to benefit. The LDW does not warn participants when they are
taking a turn too quickly (i.e., initiating a maneuver) and approaching the road edge, be-
cause the subsystem is not capable, nor was it designed to be, of sensing imminent road
departure in such a scenario. Similarly, the LDW is not expected to provide useful warn-
ings during the Other scenarios, because the driver is either coping with a blown tire or
the like or avoiding an object in the road. Based on this information, two pre-crash sce-
narios were selected to evaluate the LDW: going straight and departed road edge, and

negotiating a curve and departed road edge.

The CSW subsystem relies on a GPS receiver, digital map, and vehicle sensors to deter-
mine if a vehicle is in danger of losing control because of negotiating a specific curve at
an excessive speed. The CSW provides no warnings for excessive speed on straight sec-
tions, nor does it warn of impending control loss during high-speed turns, evasive ma-
neuvers, or vehicle failure. The only pre-crash scenario the CSW can be expected to issue

warnings for is negotiating a curve and lost control.

4.2 ROAD-DEPARTURE CONFLICTS

As a major part of the safety-benefits analysis, the
independent evaluation identified and analyzed going-
straight-and-departed-road and negotiating-a-curve-and-
departed-road conflicts. These conflicts were identified using
a combination of DAS data and video analysis. Figure 4-2
illustrates the criteria and the conflict identification approach.
A combination of lateral speed, solid boundary proximity (or
crossing), and a lack of a turn signal are required to generate
an imminent LDW alert. As shown in the figure, FOT data is
initially limited to instances in which an LDW imminent alert
is issued. Within these, we required video logger data. Video
analysts reviewed these alerts and identified the boundary
(e.g., single solid line) associated with an alert and the
validity (e.g., definitely needed) of an alert. For an alert to be
considered a conflict, the vehicle needed to approach or cross
a single solid boundary, indicating potential road departure. In
addition, the alert needed be a true positive, determined
objectively by vehicle conditions (lateral speed and position)
and lane markings.

4-4

Analyses of road-departure-conflict
exposure and severity were based
on 900 FOT conflicts.

The baseline road-departure con-
flict rate of 1.76 per 100 km de-
creased by 31 percent during the
treatment period.

For departure conflicts during the
baseline period, participants vio-
lated the lane boundary by an aver-
age of 0.04 m.

For departure conflicts during the
treatment period, participants re-
mained inside the lane boundary by
an average of 0.07 m.

The baseline daytime-departure-

conflict rate of 2.0 per 100 km de-
creased by 40 percent during the

treatment period.
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FOT data

Logger data
available?

alert issued?

Alert involves
single solid
boundary?

Alert is a true
positive ?

Departure
conflicts

Figure 4-2. Road-Departure Conflict Identification

4.2.1.0verall Rates

The participant pool for the road-departure analysis included participants who had at least
one road-departure conflict in each of the FOT periods, baseline and treatment. Partici-
pants 34 and 56, as discussed in Section 2, are not included in this pool. Table 4-2 de-
scribes the resulting road-departure-conflict analysis pool. This pool contains 49 of the 76
valid FOT participants. The 49 participants had 913 road-departure conflicts with
younger males having the most departure conflicts, 236, and older females having the
least, 89.

Table 4-2. Road-Departure Conflict Exposure Participant Pool

Gender Age N  Mean Total Mean Total Total
Group Baseline Baseline Treatment Treatment Conflicts
Conflict Conflicts Conflict Conflicts
Count Count
Female  Younger 8 8.9 71 6.8 54 125
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Gender Age N  Mean Total Mean Total Total
Group Baseline Baseline Treatment Treatment Conflicts
Conflict Conflicts Conflict Conflicts
Count Count
Male 11 1338 152 7.6 84 236
Female  middle- 7 12.3 86 5.0 35 121
Male aged 8 13.0 104 16.6 133 237
Female 6 6.7 40 8.2 49 89
Older
Male 9 5.7 51 6.0 54 105
All 49 103 504 8.3 409 913
Groups

Conflict exposure data in Table 4-2 reflect counts not rates. Conflict rates, the more
safety-relevant measure for a given driver, equal a driver’s count divided by the driver’s
exposure in VDT. The resulting measure is conflicts per km, typically reported in con-
flicts per 100 km. Conflict rates are a repeated measure for the RDCW FOT, because the
same participant provided this measure once in the baseline period and once in the treat-
ment period.

A repeated-measures ANOVA study of the road-departure conflict rate, with gender and
age group as between-subjects variables and period (baseline, treatment) as the within-
subjects variable yielded a single statistically significant® effect: period, F(1,43) = 5.2, p
=0.027. The conflict rate changed from 1.76 conflicts per 100 km during the baseline
period to 1.21 during the treatment period, a 31 percent reduction and a result with posi-
tive safety-benefits implications.

The ANOVA study only participants who had at least one conflict in both the baseline
and the treatment period. A second ANOVA study with all the participants, regardless of
their conflict status, showed a nearly significant association between period and conflict
rate. The p-value is 0.0595, and the baseline rate of 1.18 conflicts per 100 km changed to
0.87 conflicts per 100 km during the treatment period. In this case, the baseline conflict
rate decreased by 26 percent.

4.2.2.0verall Severity

The safety benefits approach used in this report (Najm & Burgett, 1997; Najm, 2003)
analyzes both conflict exposure and conflict severity. The former quantifies how often
FOT participants got into conflicts, and the latter quantifies the danger of these conflicts.
The goal of the conflict severity analysis is to determine if there was a change in conflict
severity from the baseline period to the treatment period. Several measures are available
to help quantify conflict severity. These include:

1. Distance to the lane boundary;

® Subsequent use of the term significant in this section implies statistically significant.
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2. Lateral speed; and
3. AMR beyond a lane boundary.

FOT DAS data provided the first two of these, and video analysis provided the last.
These measures provide estimates of the distances to the lane boundary and the road edge
at several times: when the alert is issued, when the driver reacts to a conflict, or when the
vehicle is at the maximum distance beyond the lane boundary. Using distance measures
and lateral speed, the time-to-lane-boundary or time-to-road-departure can also be esti-
mated.

Of a number of conflict-severity measures available, a simple distance measurement was
chosen as a proxy for departure conflict severity. Considerable variation in the time-to-
lane-boundary and time-to-road-departure measures was observed. This variation is due,
in large part, to the lateral speed’s small magnitude and its use in the denominator of the
equation that calculates these measures. The distance to the road edge measure also varies
considerably. The RDCW, as determined in controlled testing, appears to use default val-
ues for the AMR, rather than actual measurements and by inference provides only an ap-
proximate estimate of the AMR. Video analysis also provides an AMR estimate, but only
in ranges of 0-1 m, 1-2 m, and >2 m. This quantization level adds variability to the dis-
tance from road edge. Given the cited issues with measures such as time to lane bound-
ary, time to road edge, and the distance to the road edge, the distance-to-lane-boundary
resulted as the best measure for departure conflict severity.

Table 4-3 lists the participants who fit the criteria for departure-conflict-severity analysis.
The criteria comprise:

O at least one departure conflict in each period (since conflict severity, like
conflict rate, will be analyzed as a repeated measure)
0 adeparture conflict with a shoulder width (AMR) less than 2 meters

Only 30 participants met these criteria. Table 4-3 presents their age and gender break-
down.

Table 4-3. Departure Conflict Severity Analysis Pool

Gender Young Middle old Row Totals
Female 3 5 4 12
Male 7 5 6 18
All Groups 10 10 10 30

Departure conflict severity data was analyzed using a paired t-test. The dependent vari-
able is the mean of the minimum distance to the lane boundary (during separate baseline
and treatment periods) for each participant. Although the minimum distance to the lane
boundary increased from 0.066 m during the baseline to 0.098 m during the treatment
period (a positive result), the change was not significant. Therefore, the data show no im-
provement in departure conflict severity during the treatment period.
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4.2.3.Road-type Analysis

Because of the variability in travel speed, road quality, and shoulder width between free-
ways and non-freeways, road-departure conflicts against these two road types were ana-
lyzed. The analysis includes only participants with more than 30 km VDT and at least
one conflict in each period. The two road types were analyzed separately because an in-
sufficient number of participants simultaneously met the participation criteria for both
road types. Table 4-4 lists the participant pool by age and gender for each road type. The
most striking observation is the larger number of older participants who did not meet the
analysis criteria on freeways due to their low number of conflicts on freeways.

Table 4-4. Road-Type Analyses Participant Pools

Age Female Male Totals
Group

Non-freeway

Younger 5 7 12
Middle- 3 6 9
aged

Older 4 8 12
All 12 21 33

Freeway

Younger 5 10 15
Middle- 6 7 13
aged

Older 2 3 5
All 13 20 33

Separate paired t-tests for non-freeways and freeways revealed no significant effect of
period on the conflict rate. The data showed a wide dispersion of conflict rates. Although
there was a decrease in the conflict rate from the baseline to treatment period for both
non-freeways and freeways, the confidence intervals were too wide for this difference to
be significant.

The freeway means show a fairly large reduction in the conflict rate, even though the sta-
tistical test indicated this reduction was not significant. The difference in freeway con-
flicts was also analyzed using a non-parametric test. A histogram of this difference in
Figure 4-3 shows more participants had a safety benefit than a safety disbenefit using the
device. A Wilcoxon matched pairs test, however, indicates no significant difference in
the conflict rates between baseline and treatment periods.
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4.2.4. Light-Level Analyses

The light level (night or day) may influence participants’ driving and RDCW perform-
ance. Similar to the road-type analysis in Section 4.2.3, night and day data were analyzed
separately. Only participants with more than 30 km VDT in each period and at least one
conflict in each period were included in a given analysis. Table 4-5 lists the participant
pool for the night and day analyses. Only 14 of 76 valid participants met the participation
criteria for the night-driving analysis, an insufficient quantity to support an analysis. Day-
time driving data showed a significant effect of period on the conflict rate, a change from
1.97 to 1.19 conflicts per 100 km, F(1,45)=7.23, p=0.01.
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Table 4-5. Light-Level Analyses Participant Pools

Age Female Male Total
Group
Night

Younger 2 6 8
Middle- 0 3 3
aged

Older 1 2 3
All 3 11 14

Day

Younger 7 8 15
Middle- 6 8 14
aged

Older 7 11 18
All 20 27 47

4.2.5. Speed-Bin Analysis

Since the speed of a vehicle just prior to a crash
has profound implications for the injuries and
damage associated with the crash, an analysis of
FOT conflict data over several speed bins was
performed. Section 2.3 analyzes VDT over four
speed bins, 25-35, 35-45, 45-55, and above 55
mph. The current section analyzes conflict data
over three of these bins, ignoring the 25-35 mph
speed bin because of insufficient conflict counts.

At speeds greater than 55 mph, the
baseline-departure-conflict rate of
2.64 per 100 km decreased by 43
percent during the treatment period.

Over the 35 to 45 mph speed
range, the mean lane-boundary-
violation distance decreased by
0.22 m (8.7 in) with the RDCW.

Table 4-2 lists the participant pool for road-departure conflict exposure. Participants had
at least one departure conflict in both the baseline and the treatment period but the inclu-
sion criteria made no reference to speed bin. Table 4-6 lists the participant pool for the
departure-conflict rate speed-bin analysis. To be included in the analysis of a given speed
bin, participants needed to have at least one departure conflict at a speed within the bin in
each period. The partition of departure conflicts into speed bins reduced the number of
participants available for this analysis, particularly in the 45-55 mph bin.
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Table 4-6. Participant Pools for Speed-Bin Analyses

Age Group Female Male Totals

35 to 45 mph
Younger 3 4 7
Middle-Aged 1 3 4
Older 4 5 9
All 8 12 20

45 to 55 mph
Younger 1 2 3
Middle-Aged 2 3 5
Older 2 3 5
All 5 8 13

55+ mph

Younger 5 10 15
Middle-Aged 6 7 13
Older 2 4 6
All 13 21 34

Conflict Rate

Limited participants were available for the speed-bin analysis; only 20 participants for the
35-45 mph speed bin, 13 for the 45-55 mph bin, and 34 for the >55 mph bin. The limited
number of participants in each speed bin precluded an ANOVA study with age and gen-
der as independent variables, and the analysis was limited to performing a paired t-test of
conflict rates for each speed bin. The t-test results do not show a difference in baseline
and treatment conflict rates for 35-45 and 45-55 mph bins, but they show both a signifi-
cant and safety significant result for 55+ mph speed bin. The mean baseline conflict rate
of 2.64 departure conflicts per 100 km decreased to 1.50 during the treatment period, a 43
percent reduction, N = 34, t = 2.28, p = 0.03.

An analysis of conflict rates associated with severe departure conflicts, in which the vehi-
cle drifted more than 0.25 m beyond the lane boundary, was also performed. Very few
participants met the criteria of having a severe conflict in both the treatment and baseline
periods (single digits over each speed bin). Despite a general improvement in rates during
the treatment period, low numbers of participants led to a lack of statistical significance
in the difference of departure conflict rates.
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Conflict Severity

As lateral drift causes departure conflicts and the product of longitudinal speed and rela-
tive heading angle determine the lateral speed,* longitudinal speed may influence the se-
verity of departure conflicts. We analyzed the influence of longitudinal speed on depar-
ture conflict severity, using the distance to the lane boundary (this distance is negative
when the vehicle crosses a lane boundary) as the dependent variable. As with departure
conflict rates, a limited sample pool precluded an ANOVA study, and a paired t-test was
used to analyze differences in conflict severity.

Table 4-7 presents the results of these t-tests for three speed bins: 35 to 45 mph, 45 to 55
mph, and greater than 55 mph. The data shows a significant association between conflict
severity and period for the 35 to 45 mph bin, where the mean minimum departure dis-
tance increased by 0.218 m (8.58 inches) from the baseline to the treatment period. Thus,
RDCW alerts resulted in more benign departure conflicts during the treatment period.
The data also shows a nearly significant association in the 45 to 55 mph bin, where the
mean overshoot improved by 0.084 m (3.31 inches).

Table 4-7. T-Test Results for Departure Conflict Severity Over Different Speed
Ranges

Period Mean Std.Dv. N Diff. Std.Dv. t DOF p
Diff.

35-45 mph

Baseline -0.136 0.271

Treatment 0.082 0.258 10 -0.218 0.223308 -3.083 9 0.013

45-55 mph

Baseline 0.052 0.109

Treatment 0.136 0.140 10 -0.084 0.121372 -2.182 9 0.057
> 55 mph

Baseline 0.095 0.200

Treatment 0.027 0.277 9 0.068 0.391635 0.521 8 0.616

4.2.6. Video-based Analyses

The video logger tool described in Appendix C was used to assign a validity rating to
each RDCW LDW and CSW alert. The rating has a five-point scale, ranging from defi-

* An approximation that assumes a small relative heading angle.
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nitely needed to definitely not needed. For this safety benefit analysis the definitely
needed and probably needed alerts were grouped into a true-positive category, and defi-
nitely not needed and probably not needed alerts were grouped into a false-positive cate-

gory.

The safety-benefits analysis includes examining associations between driver distraction
and alert validity, driver attention, and alert validity. The RDCW FOT resulted in some
5,200 LDW imminent alerts for 78 participants. Of these, 4,400 alerts for 64 participants
were manually analyzed. Through video analysis, 2,500 alerts from this pool were cate-
gorized as true positive or false positive. Table 4-8 lists the participant pool for the LDW
video analysis. The pool is approximately evenly split between gender and age group.

Table 4-8. Participant Pool for LDW Video Analysis

Age Group Female Male Row Totals
Count 10 11 21
Younger
Percent 16% 17% 33%
Count ) 11 11 22
Middle-Aged
Percent 17% 17% 34%
Count 10 11 21
Older
Percent 16% 17% 33%
Count All groups 31 33 64
Percent 48% 52%

Table 4-9 lists the alert pool for the LDW video analysis. Males had 63 percent of the
alerts, and middle-aged participants, with 41 percent of the alerts, had almost twice as
many alerts as older participants. Collectively, younger and middle-aged males had 51
percent of the alerts.

Table 4-9. Alert Pool for LDW Video Analysis

Age Group Female Male Row Totals
Count 312 632 944
Younger
Percent 12% 25% 37%
Count ) 378 644 1022
Middle-Aged
Percent 15% 26% 41%
Count 239 306 545
Older
Percent 10% 12% 22%
Count All Groups 929 1582 2511
Percent 37% 63%
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Driver distraction has many implications for traffic safety. The video data allows an ex-
amination of one association between driver distraction and a safety measure: the odds of
an alert being a true positive while a driver is distracted divided by the odds of an alert
being a true positive while the driver is not distracted. The corresponding odds ratio de-
scribes the strength of the association between distraction and an alert being a true posi-
tive, and provides an answer to the question:

When the driver was distracted, was the alert more likely to be a true positive
than when the driver was not distracted?

An equivalent question, obtained using the same data in the same manner, is:

When the alert was a true positive, was the driver more likely to be distracted
than when the alert was a false positive?

A true-positive alert indicates that the driver needed to alter the vehicle’s course to avoid
a collision, or that the driver was “in trouble.” An odds ratio greater than unity indicates
that distracted drivers are in trouble more often than undistracted drivers.

Table 4-10 lists the raw alert validity versus distraction level for the 64 participants used
for video analysis, categorized by age and gender. The table also lists odds ratios for
these groups and the associated confidence intervals. Other than the interval associated
with older males, all odds-ratio confidence intervals exclude unity, indicating a positive
association between distraction and alert validity. Participants receiving true-positive
alerts were more likely to be distracted than participants receiving a false-positive alert.

Table 4-10. Driver Distraction versus Alert Validity

Age Gender Distracted True Pos False Pos Row Totals Odds Ratio Min Max
Distracted 154 51 205 1.95 1.18 3.22
Female
Not Dist. 65 42 107
Younger
Ml Distracted 227 186 413 1.53 1.10 2.13
ale
Not Dist. 97 122 219
Distracted 149 83 232 1.90 1.24 2.89
Female )
Not Dist. 71 75 146
Middle
Mal Distracted 331 105 436 1.85 1.30 2.65
ale
Not Dist. 131 77 208
Distracted 117 43 160 2.52 1.44 4.43
Female
Not Dist. 41 38 79
Older
Mal Distracted 110 61 171 1.24 0.78 1.97
ale
Not Dist. 80 55 135
Total 1573 938 2511
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From the data in Table 4-10, the overall driver-distraction odds ratio equals 1.73, with the
95 percent confidence interval in the 1.47-2.05 range. The odds of an alert being a true
positive for a distracted driver are 1.73 times the odds for a non-distracted driver.
Although the driver distraction data results in a positive association between distraction
and true-positive alerts, the driver attention data in Table 4-11 shows a much stronger
overall association between attention and true-positive alerts. Here the research questions
are:

When the driver was inattentive, was the alert more likely to be a true positive
than when the driver was attentive?

When the alert was a true positive, was the driver more likely to be inattentive
than when the alert was a false positive?

These questions can be answered using odds ratios.

Table 4-11. Driver Attention Versus Alert Validity

Age Gender Attention True Pos False Pos Row Totals Odds Ratio Min Max

Off road 21 5 26 1.64 0.60 4.52
Female
On road 184 72 256
Younger
Off road 25 6 31 4,74 191 11.74
Male
On road 247 281 528
Off road 26 2 28 12.34 2.87 53.02
Female
) On road 137 130 267
Middle
Off road 52 2 54 12.47 2.99 51.99
Male
On road 269 129 398
Off road 16 2 18 4.24 0.95 18.96
Female
On road 134 71 205
Older
Off road 15 4 19 2.87 0.92 8.90
Male
On road 136 104 240
Total 1262 808 2070

The odds ratios derived from data in Table 4-11 range from 1.64 (younger females) to
12.47 (middle-aged males). Three groups, younger males, middle-aged females, and
middle-aged males had confidence intervals that did not include unity, indicating a posi-
tive association between inattention and true-positive alerts. The overall ratio of the odds
of an alert being a true positive for an inattentive driver to those of an attentive driver is
5.25, with a 95 percent confidence interval in the range 3.30-8.35. This implies that the
odds are five times greater that an alert is a true positive when the driver’s eyes are off
the road than when they are on the road. Equivalently, the odds of an alert being a true
positive for a driver whose eyes are on the road are less than one-fifth the odds of an alert
being a true positive for a driver whose eyes are off the road.
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4.3 CONTROL LOSS CONFLICTS

The safety-benefits analysis includes an

examination of conflicts in the negotiating-a- - Analysis of control-loss conflict ex-
curve-and-lost-control pre-crash scenario, posure and severity were based on
listed in Table 4-1. As a first step, 3,300 FOT conflicts.
corresponding conflicts must be identified in - Younger, middle-aged, and older
the FOT data. The conflict-identification drivers had rates of 6.9, 4.4, and
strategy used was a modification of the original 3.1 conflicts per 100 km.
identification strategy, described in (Ayres & - Neither control-loss-conflict expo-
Wilson, 2005). The original conflict- sure nor severity changed during
identification algorithm searched for excessive the treatment period.

speed on curves and flagged a control-loss
conflict when a driver needed to brake above 0.11 g to avoid a high lateral acceleration
level. This approach provided an acceptable conflict frequency in the pilot data and it
made logical sense: either excessive lateral acceleration or an atypical deceleration to
avoid excessive lateral acceleration resulted in a conflict.

When applied to the FOT data, the original algorithm had mixed results. It identified
many conflicts for some participants and no conflicts for many others, particularly older
participants. As the safety-benefits approach in the evaluation requires at least one con-
flict in both the baseline and treatment periods, the 0.3 g threshold of the original identi-
fication algorithm appeared to be too high. To correct this, a simpler control-loss conflict
identification approach was adopted, one in which the algorithm searched the FOT data
for conditions where the lateral acceleration on a curve exceeded 2.5 m/s*. The algorithm
makes logical sense, is simple to apply, and results in more participants having sufficient
conflicts for evaluation purposes.

The control-loss algorithm identified instances of high lateral acceleration on curves, not
actual loss of control. The road-departure conflict identification algorithm in Section 4.2
identified instances of solid boundary crossings and sufficient lateral speed to merit an
alert. A road-departure conflict, however, does not imply that the vehicle actually de-
parted the road (although it could have). Similarly, a control-loss conflict does not imply
that the vehicle actually lost control, although it could have.

4.3.1. Conflict Exposure

As with the departure-conflict analyses in the previous section, a given participant needed
sufficient exposure to VDT and conflicts to be included in control-loss conflict analyses.
Insufficient VDT exposure for a given participant would introduce considerable uncer-
tainty into any claim that FOT driving observations represent long-term driving. Simi-
larly, insufficient conflicts would introduce uncertainty into any extrapolation of conflict
rates from the FOT data.

To be included in the overall conflict exposure analysis, a given participant needed at
least 30 km VDT in each period (met by all participants) and at least one control-loss
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conflict in each period. Table 4-12 summarizes participants who met these criteria by
gender and age. Of the original 76 valid participants, 64 met the control-loss conflict ex-
posure criteria. The driver pool shows a slight imbalance between females and males: 45
percent versus 55 percent, and a slight bias toward younger participants of 38 percent.
Overall, the control-loss conflict driver pool mirrors the FOT driver pool in Table 2-3.

Table 4-12 Participant Pool for Control-Loss Conflict Analyses

Gender Young Middle Oold Totals
Count 11 8 10 29
Total Percent | el 17% 13% 16% 45%
Count 13 11 11 35
Total Percent  Male 20% 17% 17% 55%
Count 24 19 21 64
Total Percent  “\Il Groups 38% 30% 33%

Figure 4-4 plots individual treatment versus baseline control-loss conflict rates, with a
safety-neutral line bisecting the figure. While two points show a clear disbenefit, due to
high treatment-period high conflict rates, the remaining points suggest no obvious safety
benefit or safety disbenefit.

Control-loss conflicts were analyzed using a repeated-measures ANOVA study with con-
trol-loss conflict rates as the dependent variables. The analysis in Table 4-13 shows two
significant findings: an association between age and conflict rates and an interaction be-
tween period and age in their association with conflict rates. The data does not show a
significant association between period and control-loss rates.
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Figure 4-4. Control Loss Conflict Rates During Baseline and Treatment Periods

Table 4-13. Control-Loss Conflicts ANOVA Results

SS DOF MS F p

Intercept 2908.6 12908.6 95.0 <0.001
Gender 5.7 1 57 0.2 0.668
AgeGroup 336.1 2 168.1 55 0.007
Gender*AgeGroup 7.5 2 3.7 01 0.885
Error 1776.5 58 30.6

Period 0.2 1 02 01 0812
Period*Gender 0.1 1 01 00 0.855
Period*AgeGroup 26.5 2 133 32 0.047
Period*Gender*AgeGroup 1.1 2 06 0.1 0.870
Error 239.1 58 41

Over the baseline and treatment periods, younger participants had a mean rate of 6.9 con-
flicts per 100 km, middle-aged and older participants had respective rates of 4.4, and 3.1
conflicts per 100 km. Each rate was statistically distinct from the other two. This finding
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indicates that younger participants tended to take curves at higher speeds and older par-
ticipants at slower speeds, an expected result.

Figure 4-5 shows the interaction between age and period in explaining control-loss con-
flict rates. Overall, younger participants actually increased their conflict rate from the
baseline period to the treatment period, whereas middle-aged and older participants
slightly decreased their rates.

Period*AgeGroup; LS Means
Current effect: F(2, 58)=3.2183, p=.04727
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
10

[F—w_

Control loss conflicts per 100 km
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Figure 4-5. Control-Loss Conflict Rates by Age and Period

A separate contrast analysis of control-loss conflict rates by age group showed that
younger participants increased their conflict rate by 1.21 conflicts per 100 km from the
baseline to the treatment period (F(1,50) = 4.06, p = 0.049). A combined middle-aged and
older participant group showed no significant change in their rate from the baseline to the
treatment period.

4.3.2. Conflict Severity

In addition to the change in control-loss conflict rate, the change in conflict severity from
the baseline to the treatment period was also analyzed. Participants who had sufficient
VDT and control-loss conflicts, summarized in Table 4-12, composed the pool for con-
flict severity analysis. The dependent variable is the mean of the maximum lateral accel-
eration while in a control-loss conflict. Table 4-14 contains the ANOVA results.
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Table 4-14. Control-Loss Conflict Severity ANOVA Results

SS DOF MS F p

Intercept HO42 1116453257479 <0.001
Gender 0.23 1 0.23 6.47 0.014
AgeGroup 0.19 2 0.10 2.66  0.078
Gender*AgeGroup 0.36 2 0.18 5.02 0.010
Error 2.07 58 0.04

Period 0.00 1 0.00 0.13 0.725
Period*Gender 0.01 1 0.01 0.55  0.462
Period*AgeGroup 0.03 2 001 0.61  0.549
Period*Gender*AgeGroup 0.02 2 001 0.37  0.689
Error 1.27 58 0.02

The ANOVA shows a significant association between gender and conflict severity and an
interaction between gender and age group in their association with conflict severity. For
gender, females’ average lateral acceleration was 3.01 m/ s? and males averaged 3.09
m/s®. Although this difference is significant, its influence on safety is minor.

The ANOVA conflict severity study also shows a significant age and gender interaction,
as shown in Figure 4-6. The data show that middle-aged males had the most severe con-
flicts (mean: 3.19 m/ s?), middle-aged females had the least severe (mean: 2.95 m/ s°),
and gender had no effect on conflict severity for younger and older participants. Indeed,
the difference in conflict severity for middle-aged participants appears primarily respon-
sible for the association between gender and conflict severity and the interaction between
age and gender. A separate contrast analysis revealed no association between gender and
conflict severity for younger and older participants, but did reveal an association for mid-
dle-aged participants.
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Gender*AgeGroup; Unweighted Means
Current effect: F(2, 58)=5.0216, p=.00974
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 4-6. Control-Loss Conflict Severity Age and Gender Interaction

The analyses in Sections 4.3.1 and 4.3.2 show no control-loss-related safety benefit asso-
ciated with the treatment period, meaning neither conflict exposure nor conflict severity
decreased when the RDCW issued alerts to the participants. As part of a comprehensive
system evaluation and search for possible safety benefits, we also analyzed control-loss
conflict exposure by road type, light level, population density, and speed. These results

are presented in Sections 4.3.3 through 4.3.5.

4.3.3. Road Type

The same algorithm that assigned an urban or rural code to the FOT data also assigned a
freeway or non-freeway road-type code to each sample. Freeways have dividers and
posted speeds of 55 mph or greater. Control-loss conflict rates were then analyzed using a
repeated-measures ANOVA with road type as the explanatory variable and period as the
usual independent variable. Participants were screened for this analysis: by conflict
counts of one or more in each of the four combinations of road type and period, and by
minimum VDT, with at least 30 km in each of these four categories. Table 4-15 lists par-
ticipants meeting VDT and non-zero conflict requirements. The resulting participant pool

contains 52 of the original 78 participants.
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Table 4-15 Participant Pools for Road Type Analysis

Gender Young Middle OIld Totals

Count Female 10 7 6 23

Percent 19% 13% 12% 44%

Count Male 12 10 7 29

Percent 23% 19% 13% 56%

Count All 2 17 13 52
Groups

Percent 42% 33% 25%

The larger participant count allowed a repeated-measures ANOVA study with both gen-
der and age as explanatory variables and period as the independent variable. Table 4-16
presents the results of this study. Both age and road type have significant associations
with the conflict frequency. The age effect is the same effect that has been observed
throughout this section, with younger participants having the highest rates and older par-
ticipants having the lowest rates. The actual respective means for increasing age group
are: 5.15, 4.45, and 3.38 control-loss conflicts per 100 km.

Table 4-16 Control-Loss Conflict ANOVA Results for Road Type

SS DOF MS F p
Intercept 3665.4 1 3665.4  255.2 <0.001
{1}Gender 1.1 1 1.1 0.1 0.787
{2}AgeGroup 101.9 2 51.0 35 0.037
Gender*AgeGroup 155 2 7.7 0.5 0.588
Error 660.7 46 144
{3}Period 6.5 1 65 1.4 0.251
Period*Gender 3.0 1 3.0 0.6 0.437
Period*AgeGroup 16.8 2 8.4 1.7 0.187
Period*Gender*AgeGroup 5.1 2 2.6 0.5 0.592
Error 222.3 46 4.8
{4}Road 109.7 1 109.7 11.9 0.001
Road*Gender 1.1 1 1.1 0.1 0.728
Road*AgeGroup 4.3 2 2.1 0.2 0.795
Road*Gender*AgeGroup 0.5 2 0.2 0.0 0.975
Error 425.3 46 9.2
Period*Road 0.1 1 0.1 0.0 0.858
Period*Road*Gender 0.5 1 0.5 0.1 0.709
Period*Road*AgeGroup 9.8 2 4.9 15 0.228
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SS DOF MS F p
3*4*1*2 2.5 2 1.3 0.4 0.676
Error 147.2 46 3.2

The association between road type and conflict frequency is understandable: non-
freeways have sharper curves than freeways and present more opportunities for control-
loss conflicts. The conflict rate on freeways, 3.6 per 100 km, is approximately 30 percent
lower than the conflict rate on non-freeways, 5.1 per 100 km.

4.3.4. Lighting Level

Control-loss conflicts were also analyzed by lighting conditions. To be included in this
analysis, participants needed at least one control-loss conflict and more than 30 km VDT
in each combination of light level (day, night) and period (baseline, treatment). The re-
sulting participant pool, less than half of the original 78 participants, is presented in Table
4-17

Table 4-17 Participant Pools for Light Level Analysis

Gender Young Middle OIld Totals

Count 9 1 2 12
Female

Percent 26% 3% 6% 34%

Count 13 7 3 23
Male

Percent 37% 20% 9% 66%

Count All 22 8 5 35

Percent Groups 63% 23% 14%

Because of the low number of participants in the middle-aged and older age groups, age
was not included as an explanatory variable in the repeated-measures ANOVA study. In
this case the study had two repeated measures: period and light level, and each eligible
participant provided four samples. The results of the study show there was no significant
association in this analysis.

4.3.5. Speed Bin

To ensure that driving data used in control-loss conflict analysis had sufficient exposure
and sufficient conflicts, we set a minimum VDT threshold of 30 km in a given speed bin
and required participants to have at least one conflict in each period in a given speed bin.
Table 4-18 presents the participant pools for speed bin analyses over, respectively, the 25
to 35, 35 to 45, 45 to 55, and greater than 55 mph speed bins. In each bin, males are over-
represented (57 to 59%). Middle-aged participants consistently provide approximately 30
percent of the pool, and younger participants tend to be overrepresented.
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Table 4-18 Participant Pools for Speed-Bin Analyses

Gender Young Middle OIld Totals
25 to 35 mph
Count Female 9 4 5 18
Percent 21% 10% 12%  43%
Count Male 12 8 4 24
Percent 29% 19% 10% 57%
Count Al 21 12 9
roups
Percent 50% 29% 21%
35 to 45 mph
Count Female 10 6 7 23
Percent 18% 11% 13% 41%
Count Male 13 11 9 33
Percent 23% 20% 16% 59%
Count All 23 17 16 56
Groups
Percent 41% 30% 29%
45 to 55 mph
Count Female 5 7 9 21
Percent 10% 14% 18% 42%
Count Male 9 7 13 29
Percent 18% 14% 26% 58%
Count— All 14 14 2 50
Groups
Percent 28% 28% 44%
Greater Than 55 mph
Count Female 10 7 6 23
Percent 19% 13% 11% 43%
Count Male 12 9 9 30
Percent 23% 17% 17% 57%
Count Al 22 16 15 53
roups
Percent 42% 30% 28%

In both the 25 to 35 and 35 to 45 mph speed bins, the ANOVA study revealed no signifi-
cant association between the independent variables of age, gender, and period and the
dependent variable of control-loss conflict rate. In the 45 to 55 mph speed bin, the analy-
sis revealed a significant association between age and conflict frequency, F(2,44) = 4.7, p
= 0.014. Younger participants had a mean conflict rate (11.2 per 100 km) over twice that
of middle-aged (5.0) and older participants (4.6). Separate contrast analyses indicated: (1)
middle-aged and older participants had the same conflict rate and (2) younger participants
had a higher conflict rate than a combined group of middle-aged and older participants.
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For the greater than 55 mph speed bin, the ANOVA results in Table 4-19 revealed two
significant associations: age and conflict rate and an interaction between period and age
and conflict rate. Younger, middle-aged, and older participants had respective mean rates
of 4.67, 3.50, and 2.69 conflicts per 100 km. A separate contrast analysis showed that the
only significant difference was that between the younger and older participants.

Table 4-19. Control-Loss Conflict ANOVA Results for

Greater Than 55 mph Speed Bin

SS DOF MS F p

Intercept 1305.7 11305.7 1284 <1E-6
Gender 3.6 1 36 04 0556
AgeGroup 73.0 2 365 36 0.036
Gender*AgeGroup 35.2 2 176 1.7 0.188
Error 478.1 47 10.2

Period 0.3 1 03 01 0.782
Period*Gender 0.1 1 0.1 0.0 0.860
Period*AgeGroup 28.9 2 145 41 0.023
Period*Gender*AgeGroup 5.7 2 28 08 0453
Error 166.1 47 3.5

Figure 4-7 shows the interaction between age and period and the control-loss conflict
rate. Younger participants tended to have more conflicts during the treatment period, per-
haps because they felt they could approach curves more aggressively with the system ac-
tivated. Middle-aged and older participants tended to have fewer conflicts during the
treatment period. A post-hoc analysis of the younger participants’ data shows that the dif-
ference in their mean conflict rate from the baseline to treatment period is significant.
The same analysis for middle-aged and older participants shows that the differences in
their rates are not significant.
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PERIOD*AgeGroup; Unweighted Means
Current effect: F(2, 47)=4.0910, p=.02302
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 4-7. Control Loss Conflict Rate by Age and Period for 55+ mph Speed Bin

4.4 CRASH ESTIMATES

The crash estimation model we use follows the safety benefits approach originally pro-
posed by (Najm & Burgett, 1997) and more recently described in (Najm, 2003). The an-
nual number of road-departure crashes RDCW will prevent quantifies the RDCW safety
benefit. This safety benefit is the product of current crashes and the RDCW safety effec-
tiveness:

C,=C,, *SE,
where C, is the number of road-departure crashes avoided with RDCW, C, is the an-

nual number of relevant road-departure crashes, and SE is the RDCW safety effective-
ness. The second term in (1) can be expressed using a ratio of crash probabilities:

sg=1-Pu(©)
Puo (C)

where p,, (C) is the normalized (by VDT) probability of a target road-departure crashes
with RDCW assistance, i.e., RDCW treatment, and p,,(C) is the normalized probability
of a target road-departure crashes without RDCW assistance.

The limited scale of the RDCW FOT compels us to determine the safety effectiveness
term in (1) indirectly (Najm, 2003). Whereas a large-scale FOT could be expected to
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yield a sufficient number of crashes to empirically estimate both crash probabilities in the
above equation, the RDCW FOT did include any actual road-departure crashes. An alter-
native approach to estimating safety effectiveness will be employed, one that uses the
driving conflicts and conditional crash probabilities.

An analysis of the GES crash database provides the principal road-departure pre-crash
scenarios. Table 4-1 lists these scenarios and also highlights the target scenarios the
RDCW may affect. The safety effectiveness in (4-1) can be calculated by determining the
RDCW safety effectiveness over two scenarios: merging going-straight and departing
road edge with negotiating a curve and departing road edge, and by negotiating a curve
and lost control pre-crash. For each of these scenarios the safety effectiveness is the
product of the conditional probability of a conflict given a crash and the safety effective-
ness of the device within this scenario:

SE= Y P (S,1C) X SE(S,), (4-2)

i=1,2
where p,, (S, | C) is the conditional probability of a conflict of type i given a crash with-
out the RDCW (i.e., from current crash statistics) and SE(S,) is the safety effectiveness
of the RDCW in pre-crash scenario type i. This latter term also entails a conditional prob-
ability:
SE(S,) =1- P, (CIS) y Py (S) ’ (4-3)
Puo (CISi)  Pwo(S))
where p,, (C|S,) is the probability of a road-departure crash with the RDCW given that a
conflict of type i has occurred, p,,(C|S;) is the same quantity without the RDCW,
p,, (S;) is the normalized probability with an RDCW of a conflict of type i, and p,,(S;)
is the same quantity without the RDCW.

Still following (Najm, 2003), we can readily determine the conditional crash probability
in (4-2) using existing crash statistics. The first ratio in (4-3) is the crash prevention ra-
tio (CPR) that quantities the RDCW influence on the conditional road-departure crash
probability. A crash prevention ratio of 0.5 indicates that the RDCW reduces the crash
probability of this crash type by 50 percent. The second ratio in (3) is the exposure ratio,
which quantifies the extent to which the RDCW affects the normalized probability of be-
ing in a conflict of type i. An exposure ratio of 0.5 indicates that the RDCW reduces the
probability of being in a conflict of this type by 50 percent.

As the safety effectiveness values in (4-3) approach unity, the RDCW safety effective-
ness approaches its maximum theoretical value. As either the CPR or the exposure ratio
decreases in (3), the safety effectiveness will increase, with a maximum of unity. Con-
versely, if the CPR exceeds unity, indicating that the RDCW increased the conditional
crash probability, or if the exposure ratio exceeds unity, indicating the RDCW increased
conflict frequency, the safety effectiveness will approach zero or even be less than zero,
indicating a safety disbenefit.
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4.4.1. Road-Departure Crashes

We extend the conflict rate and conflict severity results from Section 4.2.5 to estimate the
departure-related safety benefit of the RDCW by analyzing how the RDCW can influence
the departure crash statistics listed in Table 4-1 (261,000 going straight and departed road
edge crashes and 116,000 negotiating a curve and departed road edge crashes).

We use equations (4-1) — (4-3) to develop this estimate. In the current context, the sub-
script i =1 in equations (4-2) and (4-3) refers to the departed-road-edge critical event,
which includes vehicle movements of both going straight and negotiating a curve. Since
we are analyzing only crashes with a departed-road-edge critical event, we no longer

need this subscript. In addition, rather than expressing the crash count in a given pre-
crash scenario as the product of C . x p,, (S, | C), which is the result expressed in equa-

tions (4-1) and (4-2), we will simply use the crash count corresponding to a specific criti-
cal event (departed road edge) and speed bin. To distinguish the latter, we add a new sub-
script j to equation (4-3) that refers to the speed bin, and express (3) as:

pw (C|SJ ) X pw (S])

pwo (Clsj) pwo (S]) ’

where j is an index for the speed bin and the conflict category is the departed-road-edge,
with vehicle movements of both going straight and negotiating a curve.

SE(S,) =1-

Exposure Ratio

The exposure ratio in equation (4-4) is considered first. A significant association between
period and conflict rate was found in the 55+ mph speed bin only. The logarithm of the
ratio of conflict rates, which determines the exposure ratio in (4), is also significant. The
logarithm of the ratio, rather than the ratio itself, was analyzed because this transforma-
tion was necessary to achieve normality. The logarithm of the ratio of observed conflict
rates, shown in Figure 4-8, is a model for normally distributed data. The 95 percent con-
fidence interval for the logarithm of the ratio is (-0.836, -0.074). The inverse log of this
interval, (0.433, 0.929), is the corresponding 95 percent confidence interval of the expo-
sure ratio of the 55+ mph speed bin.
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Figure 4-8. Observed Conflict Rates for 55+ mph Speed Bin (Log of Treat-
ment/Baseline)

Crash Prevention Ratio

The CPR in Equation 4-3 is the ratio of two probabilities, the conditional crash probabil-
ity during the treatment period, p,,(C|S;) , divided by the same probability during the

baseline period, p,,(C|S;). While the severity of the departure conflicts influences these

probabilities and there is data indicating that departure conflicts were less severe during
treatment period (Table 4-7), there is insufficient data to determine a credible estimate of
the CPR.

To determine the CPR, many independent road-departure conflicts are needed, for both
the baseline and the treatment periods. In addition, accurate estimates of the AMR are
required for each conflict, so that the severity of a given conflict can be accurately
gauged. Table 4-7 demonstrates that the RDCW FOT data includes only a limited number
of cases in which departure conflicts are available for both baseline and treatment periods
and different speed bins. These case quantities, 10, 10, and 9 for 35 to 45 mph, 45 to 55
mph, and 55+ mph speed bins, are insufficient to project conditional crash probabilities
that would be applicable to a broad class of drivers.
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The analysis suggests that the conditional crash probability with the RDCW enabled, i.e.,
during the treatment period, is likely to be lower than the conditional crash probability
during the baseline period. But the actual FOT data does not support a statistically credi-
ble prediction of the conditional crash probability and, by extension, the CPR. Thus the
CPR in Equation 4-3 will be set at unity for all speed bins.

Crash Reduction

A model for predicting the number of crashes the RDCW will prevent has been formu-
lated in equations (4-1)—(4-4), and numerous parameters for this model have been identi-
fied. To predict the reduction in departure crashes using RDCW, the crash data in Table
4-1 must be stratified into speed bins. Table 4-20 lists crash data in Table 4-1 by speed-
bin. The table contains crash estimation parameters for only the critical event the RDCW
will likely affect, Departed Road, and includes two speed bins.

Table 4-20. Road-Departure Model Parameters for Benefits Estimation

Critical event Bin Number of Exposure Ra- CPR
Crashes tio

Departed road 35t055 125,000 1 1
Departed road >55 132,000 0.433-0.929 1

The number of crashes column in Table 4-20 equals C,, % p,,,(S; | C), in equations (4-1)

and (4-2). The exposure ratio and CPR parameterize (3). The resulting quantity of road-
departure crashes avoided with departed road edge as the critical event equals the follow-
ing sum:

125,000% (1-1x1) +132,000x (1-1x[0.433,0.929]).

This results in an estimated 9,372 to 74,844 fewer road-departure crashes each year.

This crash estimate assumes 100 percent device deployment and 100 percent device
availability, so it is strictly an approximation of the counts that can be expected in prac-
tice. A more nuanced version of this estimate would require a stratification of crash data
and conflict rates by availability, i.e., the conditions under which the RDCW’s LDW was
available and the conditions when it was not available. For example, the FOT data show
that LDW availability decreases during the rain, particularly at night. If driver perform-
ance with the RDCW improves under these conditions (even though the device is not
alerting), the unavailability of the LDW would be mitigated. For the current study, a rec-
onciliation of crash-database statistics and FOT data by availability under different condi-
tions would need to be based on very small samples. This reconciliation would thus in-
troduce additional assumptions and uncertainty into the analysis. At a basic level, the 55
percent overall LDW availability presented in Table 3-3 (Section 3-1, System Availabil-
ity) reduces the crash estimates presented above to 0.55 * [9732,74844] = 5,155 to
41,164 crashes avoided per year.
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The authors wish to emphasize that this range and the range provided in the preceding
paragraph are only estimates. They are based on the integration of crash data, system
availability, and an observed reduction in road-departure conflicts not crashes during the
treatment period of the FOT, when the RDCW issued audible and haptic alerts to the par-
ticipants. The estimates, obtained from a limited sample of 34 of 76 subjects, indicate a
positive safety benefit with RDCW use. A much larger study —or actual deployment—
would be needed to determine that a system with the RDCW’s capabilities resulted in an
actual crash reduction. One final point: although the estimate is based on the performance
of 34 of 76 subjects, it is this group of drivers who had conflicts and, we argue, this group
represents the larger population of drivers who are more likely to have road-departure
crashes. Thus, it would be incorrect to scale back the projected benefits because not all
the participants in the FOT were used to estimate them.

4.4.2. Control-loss Crashes

A change in the crash forecast requires a change in the conflict exposure or conflict se-
verity. Conflict exposure refers to the ratio of treatment to baseline period conflict rate.
Conflict severity refers to the ratio of the treatment to baseline period conditional crash
probability. For the negotiating-a-curve-and-lost-control pre-crash scenario, the conflict
rates analyzed first in Section 4.3.1 and then by speed bin in Section 4.3.3 showed no
significant change with Period. The data do not show any safety benefit or safety dis-
benefit in the conflict exposure.

The conflict severity analyzed first in Section 4.3.1 and then by speed bin in Section 4.3.3
showed no significant change during the treatment period. As a change in conflict sever-
ity is required to change the CPR, we conclude that the FOT data do not show any safety
benefit or safety disbenefit in the CPR.

The FOT data do not show any change in control-loss conflict exposure or severity. Thus,
no change in the crash count associated with the negotiating-a-curve-and-lost-control pre-
crash scenario is forecast.

4.5 UNINTENDED < Driving categories considered for
CONSEQUENCES unintended consequences (detri-

mental changes in driving) included
curves, in-lane, lane changes, and

Driver performance was analyzed over the following turns.
event categories: curves, in-lane driving, lane changes, .

9 . g g e FOT data contained 38,000 curves,
and turns. These categories were selected because of the 53,000 in-lane segments, 23,000

possible influence of the RDCW on driving. Although lane changes, and 34,000 turns.
ANOVA was the appropriate approach to |dent|f3_/ . FOT data showed no unintended
differences in performance by age, gender, or period, consequences in any of these cate-
each event in the FOT data created its own sample for gories.

analysis. In general, the data was analyzed with a simple

ANOVA, rather than repeated-measures ANOVA. Performance measures associated
with the events were the focus, not the frequency of events. Turn-signal usage during lane
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changes analysis in Section 4.5.2 is an exception, where the percent of lane changes with
a turn signal is used as a measure. Since each participant provides this measure for both
the baseline and treatment periods, it is a repeated measure.

45.1. Curves

Two measures were used to assess driver performance and potential unintended conse-
quences on curves: the mean lateral acceleration over the curve and the minimum accel-
eration (maximum deceleration) approaching or in the curve. Each measure relates to
safety. Mean lateral acceleration describes how a participant negotiates the entire curve.
Maximum deceleration is associated with a single instant that occurs while the participant
IS approaching or negotiating the curve. Larger values of the maximum deceleration
(lower values of the actual acceleration) indicate more aggressive braking, either prior to
or in the curve.

Mean Lateral Acceleration

The ANOVA results in Table 4-21 reveal numerous significant effects, but no pro-
nounced difference between baseline- and treatment-period data. Furthermore, the differ-
ences in magnitudes accounting for the significance are small. This suggests that al-
though the effects are significant, they are not safety significant.

Table 4-21. ANOVA Results for Lateral Acceleration on Curves

SS DOF MS F p
Intercept 10666. 1 10666.0 6354 <0.001
0 3.6

Gender 9.1 1 9.1 540 <0.001
AgeGroup 20.0 2 10.0 59.5 <0.001
Period 0.0 1 0.0 0.2 0.6719
Gender*AgeGroup 2.0 2 1.0 6.1 0.0023
Gender*Period 15 1 15 8.8 0.0031
AgeGroup*Period 0.3 2 0.2 1.0 0.3597
Gender*AgeGroup*Period 13 2 0.6 3.8 0.0228
Error 6339.3 37767 0.2

The ANOVA results in Table 4-21 show five significant effects, gender, age group, an
interaction between gender and age group, and interaction between gender and period,
and an interaction between gender, age group, and period. For gender, females’ average
acceleration on curves, 0.55 m/s?, was slightly lower than that of males, 0.58 m/s®. For
age group, younger participants had the highest mean lateral acceleration, 0.59 m/s?, fol-
lowed by middle-aged participants, 0.57 m/s?, and older participants, 0.53 m/s®. Again,
although these differences are significant, they are not safety significant.

The lateral acceleration by age group and gender plot in Figure 4-9 shows both the gen-
der effect (males took curves faster than females) and age effect (as age increased, drivers
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took curves more slowly). The plot also shows a curious increase in lateral acceleration
for middle-aged males, which is responsible for the interaction between gender and age.
This same anomaly is observed in Figure 4-6, where middle-aged males had more severe
control-loss conflicts than their female counterparts. Thus for both average and peak lat-
eral acceleration, middle-aged males took curves faster than middle-aged females.

Current effect: F(2,37767)=6.0709, p=.00231
Vertical bars denote 0.95 confidence intervals

0.64

0.62 ¢

0.60

0.58
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Mean lateral acceleration (m/s"2)
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Young Middle old =7— Female
-0 - Male
AgeGroup

Figure 4-9. Lateral Acceleration by Age Group and Gender

The ANOVA data in Table 4-21 also shows an interaction between gender and period.
Females tended to take curves more slowly during the treatment period (0.56 m/s? versus
0.54 m/s?), whereas males tended to take curves more quickly during the treatment period
(0.58 m/s® versus 0.59 m/s?). The differences in these levels, although sufficiently large
to result in a significant interaction, are very small.

Figure 4-10 plots lateral acceleration and shows the significant interaction of age group,
period, and gender. Device activation during the treatment period did not influence lat-
eral acceleration for younger participants or for older males. Activation correlates to an
increase in lateral acceleration for middle-aged males and a decrease for middle-aged and
older females. This figure also illustrates the overall higher values of lateral acceleration
for males, the general decrease in lateral acceleration with age, and the increase for mid-
dle-aged males.
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Current effect: F(2,37767)=3.7831, p=.02276

Vertical bars denote 0.95 confidence intervals
0.64

062 | 11 {
7
7

0.60 | 1t e

0.58

0.56

054+

052t

Mean lateral acceleration (m/s”2)

0.50

048t

0.46

Baseline  Treatment Baseline Treatment Baseline Treatment == Female

~0- Male

Young Middle Old

Figure 4-10. Lateral Acceleration by Age Group, Period, and Gender

The analysis in this section shows two period-related effects with the mean lateral accel-
eration as the outcome measure. The first is an interaction between gender and period.
The second is an interaction between age, gender, and period, illustrated in Figure 4-10.
Although these interactions show some significant increases in the lateral acceleration,
the magnitudes of these changes have essentially no safety significance. The mean lateral
acceleration values are modest during the baseline period and their increases (when there
is an increase) are miniscule, less than 0.05 m/s>. We thus conclude that for this measure
the RDCW created no unintended consequence.

Peak Deceleration

The ANOVA results in Table 4-22 indicate numerous significant effects, but no pro-
nounced difference between baseline- and treatment-period data.
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Table 4-22. ANOVA Results for Curve-Related Deceleration

SS DOF MS F p

Intercept 19853.5 1 198535 32151.4 <0.001
Gender 16.5 1 16.5 26.8 <0.001
AgeGroup 70.1 2 35.0 56.7 <0.001
Period 0.3 1 0.3 0.4 0.519
Gender*AgeGroup 17.3 2 8.7 14.0 <0.001
Gender*Period 0.7 1 0.7 11 0.285
AgeGroup*Period 4.1 2 2.0 3.3 0.037
Gender*AgeGroup*Period 0.9 2 0.5 0.8 0.471
Error 23321.2 37767 0.6

The ANOVA study indicates that the following variables had a significant association
with the peak deceleration drivers applied while approaching curves or while in curves:
gender, age, an interaction between gender and age, and an interaction between age and
period.

Females tended to brake harder than males while approaching or in curves, with an aver-
age peak deceleration of 0.80 m/s? versus 0.75 m/s? for males. This result supports the
lateral acceleration analysis, in which males tended to take curves faster than females.
This section shows that females braked harder when approaching curves, which decreases
their speed and thereby decreases their lateral acceleration in the curve.

Younger participants braked the hardest, with an average peak deceleration of 0.83 m/s?,
followed by older participants, 0.76 m/s®, and middle-aged participants, 0.73 m/s. Statis-
tically, each of the age group means is distinct from the others. Here, however, the data
does not support the lateral acceleration analysis. That analysis showed younger partici-
pants took curves the fastest, but the current analysis indicates they braked the hardest.
The combined results suggest that younger participants approached curves at higher
speeds and braked hard, but still negotiated curves at a higher speed than the other age
groups.

Figure 4-11 illustrates the interaction between age group and gender with the peak decel-
eration as the dependent variable. Younger and middle-aged participants tended to apply
the same deceleration levels around curves, with younger participants at a higher level
than the middle-aged participants. Older males continued this downward trend of decel-
eration levels with increasing age, but older females did not. Older females braked at
nearly the same levels as younger participants. Figure 4-9 showed older females had the
lowest level of lateral acceleration in curves, and the data here indicates they braked
nearly as hard as the younger participants to achieve these low levels.

4-35




Safety Benefits

0.88

0.86

084t

082t

Peak deceleration (m/s"2)

0.70

0.68 ¢

0.66

Gender*AgeGroup; LS Means
Current effect: F(2, 37767)=14.029, p <0.001
Vertical bars denote 0.95 confidence intervals

0.80

0.78

0.76

0.74 }

0.72

Young Middle Old

Figure 4-11. Deceleration by Age Group and Gender
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Figure 4-12 illustrates the interaction between age and period, again with peak decelera-
tion as the dependent variable. The data shows that younger participants increased their
deceleration from the baseline to the treatment period, while the other groups did not
change their braking. A separate contrast analysis shows that only younger participants
had a significant difference in their braking levels.

The data in Figure 4-12 is the sole period-related effect in this section. Although the
younger participants did increase their deceleration during the treatment period, the mag-
nitude of the increase is very small. As this is the only period-related effect for peak de-
celeration and its change is minor, we conclude that for this measure the RDCW created
no negative unintended consequence.
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AgeGroup*Period; LS Means
Current effect: F(2, 37767)=3.3043, p=.03674
Vertical bars denote 0.95 confidence intervals
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Figure 4-12. Deceleration by Period and Age Group
4.5.2. In-lane Driving

As part of the safety benefits analysis, in-lane events, epochs (contiguous time blocks) in
which participants stayed completely within the lane boundaries, were identified. For
each of these events the mean lane offset and the standard deviation of this offset were
tabulated. Lane offset is a fundamental lane-keeping performance measure. The standard
deviation of lane offset measures the variability of lane position. A larger standard devia-
tion indicates increased meandering within the lane boundaries.

Lane Offset

The lane offset ANOVA analyses reveal that all variables (gender, age, period) and their
interactions have a significant association with the lane offset. This finding is not surpris-
ing, because the sample used in this analysis included nearly 54,000 in-lane events. The
large number of samples made it more likely that minor differences between the means
would be significant. For reporting purposes, only the effects that include period will be
discussed.

Lane offset, which is positive to the right of lane center, increased from -0.06 m to -0.04

m from the baseline to the treatment period, a change of 0.79 inch closer to the lane cen-
terline. Table 4-23 summarizes the results for the gender by period interaction and the
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age by period interaction. During the treatment period females improved their lane offset

more than males, and younger participants improved more than middle-aged participants.

Again, the improvements are minor. The important finding here is that there was no nega-
tive unintended consequence.

Table 4-23 Change in Mean Lane Offset by Gender and Age Group

Group Baseline Treatment Change in
offset (m) offset (m) inches

Females -.07 -.04 1.2 closer to cen-
ter

Males -.06 -.04 0.8 closer to cen-
ter

Young -.07 -.02 2.0 closer to cen-
ter

Middle -.09 -.08 0.4 closer to cen-
ter

Old -.03 -.03 none

Figure 4-13 plots the significant interaction among age group, period, and gender and
their influence on lane offset. The figure illustrates the influence of the RDCW on the
various subgroups. Younger participants improved their lane position by almost 5 cm (2
inches). Middle-aged participants not only had the largest baseline-period lane offset, but
this offset remained essentially the same during the active period. Older females im-
proved their offset by approximately 2 cm, whereas older males stayed in the lane center
during both periods.
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Current effect: F(2, 52531)=3.7342, p=.02390
Vertical bars denote 0.95 confidence intervals
0.02

0.00 : : }\\\\ %

-0.02

-0.04

Mean Offset (m)

-0.06 |

-0.08 |

Baseline Treatment Baseline Treatment Baseline Treatment

-0.10

—— Female
-0- Male

Young Middle old

Figure 4-13. Lane Offset by Age Group, Gender, and Period
Lane Offset Standard Deviation

Lane offset standard deviation provides a second performance measure for in-lane driv-
ing. This quantity was determined by calculating the standard deviation for each in-lane
event and then treating this quantity as a distinct measure. The duration of an in-lane
event was not used to weigh the standard deviation. As a result, the quantity analyzed
here is the unweighted standard deviation of each in-lane event, a surrogate for the actual
standard deviation of all in-lane driving.

An ANOVA study was performed with the usual independent variables of gender, age
group, and period. The study revealed that all the variables and interactions, with the ex-
ception of an age group and period interaction, had a significant association with the
LOSD. For reporting purposes, only the effects that include period will be discussed.
The LOSD improved from the baseline to the treatment period, changing from 0.22 m to
0.21 m, indicating that participants held their lane position more steadily during the
treatment period. The difference in LOSD, however, is very small. Both females and
males improved their LOSD from the baseline to the treatment period. Females changed
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from 0.22 m to 0.21 m, and males from 0.23 m to 0.21 m. Figure 4-14 plots the LOSD by
age, gender, and period, illustrating the interaction among these variables. Every sub-
group, e.g., younger females, decreased their LOSD from the baseline to the treatment
period, but the subgroups were not uniform in their decrease, which accounts for the sig-
nificant interaction. The magnitude of the improvement is small, and the magnitude of
the differences is still smaller. The essential finding for this section is that the data shows
no negative unintended consequence with RDCW activation in the treatment period.

Current effect: F(2, 52531)=6.9526, p=.00096
Vertical bars denote 0.95 confidence intervals
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Figure 4-14. Lane Offset Standard Deviation by Age Group, Gender, and Period
4.5.3. Lane Changes
Signaling lane changes is an important part of driving. To assess the influence of the
RDCW on turn-signal usage, participant turn signal use during the baseline and the
treatment periods was analyzed. Lane changes were identified using a vehicle movement

identification algorithm (Ayres & Wilson, 2003), supplemented by RDCW lane-change
information.
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Table 4-24 lists the number of baseline and treatment period lane changes by participant
age group and gender. Of the approximately 23,000 lane changes analyzed, younger par-
ticipants made 41.9 percent of the changes, middle-aged participants 34.5 percent, and
older participants the remaining 23.6 percent. The baseline period is overrepresented in
that 43.3 percent of the lane changes occurred during a period that occupied roughly 38
percent of the participants’ use of the vehicle.

Table 4-24. Lane Change Analysis Pool

Age Group Gender Baseline Treatment Row Totals
Count 2206 2059 4265
Female
Percent 9.59% 8.96% 18.55%
Younger
Count 2508 2854 5362
Male
Percent 10.91% 12.41% 23.32%
Count Total 4714 4913 9627
Percent 20.50% 21.37% 41.87%
Count 1406 1992 3398
Female
Percent ) 6.12% 8.66% 14.78%
Middle-aged
Count 1658 2882 4540
Male
Percent 7.21% 12.53% 19.75%
Count Total 3064 4874 7938
Percent 13.33% 21.20% 34.53%
Count 1143 1408 2551
Female
Percent 4.97% 6.12% 11.10%
Older
Count 1027 1849 2876
Male
Percent 4.47% 8.04% 12.51%
Count Total 2170 3257 5427
Percent 9.44% 14.17% 23.60%
Count Column Total 9948 13044 22992
Percent 43.27% 56.73%

During each period the percent of lane changes in which the driver used a turn signal was
determined. This variable served as a repeated measure for an ANOVA study, which in-
cluded age group and gender as the usual explanatory variables. The analysis in Table
4-25 reveals several significant effects, all with neutral or positive safety implications.

Table 4-25. ANOVA Results for Turn Signal Use

ss DOF MS F p

Intercept 646499.2 1 646499.2 1441.9 <0.001
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SS DOF MS F p
Gender 1448.2 1 1448.2 3.2 0.077
AgeGroup 2531.6 2 1265.8 2.8 0.066
Gender*AgeGroup 1862.1 2 931.0 2.1 0.133
Error 31386.6 70 448.4
Period 2166.9 1 2166.9 15.5 <0.001
Period*Gender 759.9 1 759.9 54 0.023
Period*Agegroup 545.4 2 272.7 1.9 0.150
Period*Gender*Agegroup 1036.4 2 518.2 3.7 0.030
Error 9804.7 70 140.1

The significant effects include period, an interaction between period and gender, and an
interaction between period, gender, and age. For period, the percent of lane changes with

a turn signal increased from 61.5 (baseline) to 69.0 (treatment).

Figure 4-15 illustrates the period and gender interaction in explaining turn signal use.
Males show a much larger improvement in their percent turn-signal use than females,
56.2 to 68.2 for males and 66.8 to 69.9 for females. Females, however, already had a high
turn-signal use during the baseline period, so it is not surprising that they improved less

than males.
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Figure 4-15. Percent of Lane Changes With Turn Signal by Period and Gender

Figure 4-16 illustrates the interaction between period, age, and gender in explaining turn-
signal use. Middle-aged and especially older males showed the most improvement in
turn-signal use, but they also had the lowest initial (baseline) rates. Younger and middle-
aged participants did not change their turn-signal use patterns, but they had high initial
rates. The trends in Figure 4-15 and Figure 4-16 suggest that the RDCW motivated driv-
ers with low baseline levels of turn signal use to increase their use, a trend more pro-
nounced among males than females.
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Figure 4-16. Percent of Lane Changes With Turn Signal by Period,
Age, and Gender

45.4. Turns

Driver performance on turns was analyzed to determine if RDCW use introduced any un-
intended consequences in this aspect of driving. An ANOVA study was performed with
age group, gender, and period as the explanatory variables, and mean and peak lateral
acceleration as the dependent variables. Table 4-26 lists FOT turns by period, gender, and
age group. There were 34,213 turns during the entire FOT, and these turns make up the

sample set for the analyses in this section.

Table 4-26. FOT Turns by Period, Gender, and Age Group

Period Gender Young Middle old Row To-
tals
) Female 2966 2111 2185 7262
Baseline
Male 3336 2517 2192 8045
6302 4628 4377 15307
Total
18.42% 13.53% 12.79% 44.74%
Treatment Female 3076 2583 2834 8493
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Period Gender Young Middle old Row To-
tals
Male 3975 3450 2988 10413
7051 6033 5822 18906
Total
20.61% 17.63% 17.02% 55.26%
Column Total 13353 10661 10199 34213
39.03% 31.16% 29.81%

Mean Lateral Acceleration

An ANOVA study with the mean lateral acceleration as the dependent variable identified
the following significant effects and interactions:

Gender;

Age;

Period; and
Gender and period.

MPwnhE

For gender, females averaged 0.63 m/s* versus 0.65 m/s* for males (a trivial difference).
For age group, younger participants averaged 0.68 m/s®, versus 0.66 m/s? for middle-aged
participants and 0.59 m/s? for older participants. For period, the average lateral accelera-
tion on a turn increased from 0.64 to 0.65 m/s? from the baseline to the treatment period,
a statistically-significant but not safety-significant difference. The gender and period in-
teraction showed that females maintained a constant average lateral acceleration across
periods, 9.63 m/s®, whereas males increased their lateral acceleration from 0.64 m/s® to
0.66 m/s”.

Peak Lateral Acceleration

The ANOVA study with peak lateral acceleration as the dependent variable identified
numerous significant effects and interactions. The significant interaction of age, gender,
and period is shown first, as this helps explain the other effects and interactions. Figure
4-17 plots the interaction of gender, age group, and period in explaining peak lateral ac-
celeration.
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Current effect: F(2, 34201)=8.8826, p=.00014
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Figure 4-17. Peak Lateral Acceleration by Age Group, Gender, and Period

For gender, males averaged a higher peak lateral acceleration, 2.67 m/s?, than females,
2.60 m/s%. The higher values from younger males and increased values during the treat-
ment period for other males account for the gender difference. The data in Figure 4-17
shows a clear decrease in peak lateral acceleration with increasing age. The actual means
by younger, middle, and older age groups are: 2.84, 2.67, and 2.39 m/s>. The peak lateral
acceleration increased slightly from 2.61 m/s® to 2.66 m/s®. Although middle-aged and
older females decreased their lateral acceleration from the baseline to the treatment pe-
riod, the other groups increased their values. The small increase from the baseline to the
treatment period is not safety significant.

4.5.5. Summary

Analyses of FOT data reveal no negative unintended consequences associated with
RDCW use. Although data was analyzed in relation to period, age, and gender, the main
concern was identifying if there is a negative change in performance from the baseline to
the treatment period. No such negative changes of any consequence were identified; in
fact, the changes were primarily positive.

On curves the data show no change in the mean lateral acceleration
with period, nor any change in the peak deceleration with period.

4-46




Safety Benefits

For lane keeping, the data show a modest improvement in lane offset
with period, approximately 2 cm, and a modest decrease in the stan-
dard deviation of the offset with period.

Signaling during lane changes improved with period from 61.5 to 69
percent of the lane changes accompanied by a turn signal.

On turns the peak lateral acceleration increased slightly from the base-
line to the treatment period, approximately 0.05 m/s®. The mean lateral
acceleration also increased, but again, the magnitude was very small,
approximately 0.01 m/s®.

4.6 CONCLUSIONS

This chapter describes the safety benefits associated with using the RDCW. These bene-
fits were determined by methodically and comprehensively analyzing the FOT data. We
began by enumerating the most common road-departure pre-crash scenarios and identify-
ing those that the RDCW would most likely affect. These scenarios comprised:

1. going straight and departed road edge;

2. negotiating a curve and departed road edge; and

3. negotiating a curve and lost control.
FOT data was then analyzed to determine the frequency and severity of conflicts corre-
sponding to these pre-crash scenarios. The first two scenarios were grouped into a single
departed-road-edge conflict category. Conflict frequency was analyzed under a variety of
conditions to determine if the RDCW activation (the treatment period) was associated
with any significant changes in driver performance. In addition, the conflict frequency
and severity for specific speed ranges and crash statistics provided data to predict
changes in crash counts that could occur with widespread RDCW deployment. Finally,

we analyzed FOT data to determine if there were any unintended consequences associ-
ated with RDCW activation.

4.6.1. Road-Departure Conflicts

An analysis of over 900 road-departure conflicts revealed:
1. The baseline conflict rate of 1.76 per 100 km decreased by 31 percent during the
treatment period.

2. The baseline daytime-departure-conflict rate of 1.97 per 100 km decreased by 40
percent during the treatment period.

3. At speeds greater than 55 mph, the baseline-departure-conflict rate of 2.64 per
100 km decreased by 44 percent during the treatment period.

A video analysis of 2,500 imminent LDW alerts revealed:

1. The odds of an alert being a true positive for a distracted driver were 1.73 times
the odds for a non-distracted driver.
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2. The odds of an alert being a true positive for an inattentive driver were 5.25
times the odds for an attentive driver.

4.6.2. Control Loss Conflicts

An analysis of over 3,300 control-loss conflicts revealed:
1. Neither the baseline conflict rate nor conflict severity changed during the treat-
ment period.

2. Conflict rate varied with age: younger, middle-aged, and older drivers had rates
of 6.9, 4.4, and 3.1 conflicts per 100 km.

3. Participants had more conflicts on non-freeways than freeways, 5.1 versus 3.6
conflicts per 100 km.

4.6.3. Crash Estimates

An analysis of conflict rates and conflict severity during the baseline and treatment peri-
ods and an integration of this analysis with crash statistics revealed:

1. At speeds greater than 55 mph, the RDCW-equipped light vehicles are predicted
to have 7 to 57 percent fewer departure conflicts per 100 km than standard vehi-
cles.

2. With full RDCW deployment and full availability, the projected annual reduc-
tion is approximately 9,400-74,800 road-departure crashes.

3. With full deployment and the 56 percent LDW subsystem availability observed
in the FOT data, the projected annual reduction is 5,200 to 41,200 crashes.

4.6.4. Unintended Consequences

An analysis of participant driving data in curves, lane changes, and turns, and contiguous
blocks within the lane markers revealed no non-trivial unintended consequences in the
FOT data. Some of the significant effects found in the FOT data include:

1. Although gender and age both predicted mean and maximum lateral acceleration
on curves, neither of these measures changed during the treatment period

2. The baseline mean lane offset, -0.065 meter, improved by 0.02 m during the
treatment period.

3. The mean baseline percentage of signaled lane changes, 61.5, improved to 69
percent during the treatment period.

4. The baseline peak lateral acceleration during a curve, 2.61 m/s?, showed a slight
increase to 2.65 m/s* during the treatment period.
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5. DRIVER ACCEPTANCE

The goal of the RDCW is to reduce the number of
run-off-the-road crashes. The successful adoption of HIGHLIGHTS
the RDCW depends on drivers’ ability to understand
and operate it appropriately and on whether they liked,
used, and were interested in purchasing it. The ration-
ale is that if drivers accept the RDCW, they will be
more inclined to use it.

e RDCW settings and availability in-
dicators are easy to use.

e Participants stated the RDCW in-
creased safety, because it fostered
increased turn-signal use, reduced
lane drift, and improved alertness.

The independent evaluation gathered information o iea: S e B EGaLE

from the pre-drive questionnaire, post-drive survey, the RDCW and would pay an aver-
post-drive debriefing sessions and focus groups, age of $725.

which gave insights into driver acceptance of the - Oler et e mene Tl
RDCW. The data includes socioeconomic than younger participants to pur-

information, driving experience, post-drive survey and chase such a system.
debriefing responses, and, if they elected to attend one

of the four focus group meetings, perceptions about
use of the RDCW. These driver acceptance measurements estimate participants’ interest
in eventual purchase and use of the RDCW.

This chapter describes the independent evaluation of driver acceptance of the RDCW.
Section 5.1 describes driver acceptance objectives and data collection and analysis. Sec-
tion 5.2 discusses FOT participants and their driving behavior. Sections 5.3, 5.4, and 5.5
present data analysis results and discussion of, respectively, the RDCW, the LDW (sub-
system), and the CSW (subsystem). Section 5.6 provides conclusions.’

5.1 FRAMEWORK

The RDCW driver acceptance framework proposed in the independent evaluation plan
(Wilson et al., February 2002) and the data analysis plan (Yang et al., November 2004),
has the following objectives:

1. Ease of use examines participants’ understanding of RDCW operation, whether
participants feel comfortable with the interface and can adapt to, and understand
how to, use the RDCW.

2. Learning documents whether participants thought they were able to learn how to
become competent users of the RDCW and how long it took them to learn how
to operate it.

3. Driver performance captures any alterations in driving behavior as a conse-
quence of using the RDCW.

4. Perceived value provides information about the participants’ rating of the safety
of the RDCW, its impact on their driving skill, and their ability to accommodate
its alerts.

> Appendix D provides information about the conceptual origin of the driver acceptance framework.
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5. Advocacy measures participants’ expressed willingness to endorse and buy the
RDCW.

Figure 5-1 illustrates driver acceptance objectives and subobjectives.®

Driver Acceptance

(" Ease of Use ] [ Learning ] [Driver Performance] (" Perceived Value ] [ Advocacy J
N\ .
Demands on Driver 4 Ease of Learning 4 Awareness h 4 Safety h (Interest in Purchas-
- - - - - ing
- @ J J
Understanding of Time to Learn Driving Style Ad- h Driving Skill Amount Willing to
Warnings L | justments || || Pay
J . . J . J .
Usability Trip Patterns (Tolerance of Warn- ) Willingness to
| L | L | ings L Endorse
- @/ 4 A J
Use Patterns

Figure 5-1. Relationship Between Driver Acceptance Objectives and Subobjectives

5.2 FOT DRIVER CHARACTERISTICS

Eighty-seven drivers originally participated in the RDCW FOT’, but 9 were excluded
from the analysis pool.® This section presents statistics on the remaining 78 participants.

¢ Appendix D provides definitions of the subobjectives.

" Appendix E describes the methodology used to acquire the RDCW FOT driver acceptance data and the
quantitative analyses.

¢ Nine participants’ data was eliminated from the analyses for the following reasons: (1) struck a deer and
crashed the FOT vehicle, (2) FOT vehicle had low LDW availability due to calibration losses, (3) pulled
out starter motor fuse and denied doing it, (4) withdrew from the FOT without completing the post-drive
survey, (5) drove too few miles during the first and the fourth week, (6) lived outside the mapped area, (7)
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5.2.1. Profile of FOT Participants

The participants represent three age groups: 26

younger participants (20 to 30 years old), 26 middle-

aged participants (40 to 50 years old), and 26 older * Seventy-eight participants, equally
balanced by gender and three age

groups provided FOT data.

participants (60 to 70 years old). Each age group had
13 male and 13 female participants. All participants

live in adjacent counties in southeastern Michigan. * Mean participant FOT driving statis-
tics: 116 trips, 1,708 km, 32 hours.

Table 5-1 summarizes demographics for the 78 * Mean participant FOT alerts per

participants. Older participants had more driving 100 km:

experience but had the lowest estimated vehicles miles o LDW cautionary and imminent:

traveled (VMT). Ten older participants were 7.5and 3.9;

unemployed (retired or homemakers). All of the 0 CSW cautionary and imminent:

middle-aged participants were employed and reported
the largest estimated VMT. Ten younger participants

3.3 and 1.0.

were unemployed (homemakers or students). Eighty-
of the participants had at least some college education.

Table 5-1. Participant Demographic Information

Demographic Variable: Group Value
Younger 24.7

Mean Age in Years Middle-Aged 453
Older 64.5
Younger 8.5

o Middle-Aged 29.5

Mean Driving Years

Older 46.8

No Response

Younger

Mean Annual Mileage Driven Middle-Aged
(Self-Reported) Older

No Response
Median Annual Mileage Driven =~ *****
Employed
Employment Status: Retired/Home/Student
No Response

Highest Education Completed: High School

1 Participant
16,581
18,500
13,479

6 Participants
15,000
72.2%

27.8%

6 Participants

14.1%

had a CSW outage and data packets were lost, (8) had a DAS malfunction, and (9) drove only 27 miles

during the fourth week.
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Demographic Variable: Group Value
College 70.5%
Post-College 15.4%
Yes 54.1%

Wear Glasses: No 45.9%
No Response 4 Participants
Yes 16.4%

Wear Contact Lenses: No 83.6%
No Response 17 Participants

5.2.2. Driving Activity

During the first six days (the “disabled” or “baseline” period), the RDCW operates in the
background and will not alert the driver, even if one is required. During the final 20 days
(the “enabled” or “treatment” period), the RDCW operates in the foreground and will
alert a driver when one is required. To accommodate test schedules, not all 78 partici-
pants drove the RDCW-equipped FOT vehicle for 26 days. Seven participants drove for
27 days (Participants 28, 29, 34, 62, 63, 64, and 83), and 6 participants drove for 25 days
(Participants 72, 73, 75, 78, 82, and 87). Table 5-2 summarizes driving statistics for the
78 participants using data from the onboard data acquisition system (DAS). These sum-
mary statistics show distance and hours traveled during the FOT.?

Table 5-2. FOT Driving Summary Statistics

Age- Total Trips Mean Trips Total Dis- Mean Distance Total Hours Mean Hours
Gender P Per Driver tance (km)  Per Driver Per Driver
Younger 1,743 134.1 2341837 180141 447,63 34.43

Female

m‘l‘:ger‘ 1,746 134.3 27,203.37 2,092.57 491.47 37.81
Middle-Aged ) 54, 103.2 2244754  1,726.73 302.83 30.22

Female

m;‘fg'e'Aged 1,557 119.8 2507050  1,028.50 452.78 34.83
OlderFe- 1,283 98.7 14,951.75  1,150.13 322.80 24.83

% Because the realism of FOT driving can be questioned, UMTRI asked participants during the third focus
group if they thought they drove differently with the FOT vehicle when their driving data was recorded.
Answers were mixed. Some said they drove more cautiously because they did not want to receive an LDW
alert and it was not their car and they didn’t want anything to happen to it. Conversely, a younger man said
he drove the FOT vehicle more aggressively because it had better acceleration than his car.
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Age- Total Trios Mean Trips Total Dis- Mean Distance Total Hours Mean Hours
Gender P Per Driver tance (km)  Per Driver Per Driver
Older Male 1,358 104.5 20,120.44 1,547.73 355.93 27.38

Total 9,028 kel 133,211.98 flalaiae 2,463.45 falakaiae

Mean kel 115.7 kel 1,707.85 kel 31.58

As the age group increased from younger to older, the number of trips, distance driven,
and hours of driving decreased. For each age group, male participants made more trips,
drove further, and drove longer than female participants. Appendix E compares partici-
pant driving to national data from the National Household Travel Survey. Appendices G
and H provide additional participant data.

The total number of trips varied widely by participant. At the low end, Participant 33, a
younger female, had 36 trips. At the high end, Participant 34, also a younger female, had
258 trips, 7 times as many trips as Participant 33. Some other notable variation in the trip
data includes:

e The average number of trips per day ranged from 1.4 to 9.4, a factor of seven;

e Participant VDT ranged from 280 to 2051 miles;

e Average daily distance ranged from 10.9 to 79.0 miles;

e Total participant FOT hours ranged from 9.5 to 50.4, with an average of 32; and
e Average daily driving ranged from 24 to 114 minutes, with an average of 72.

5.2.3. LDW and CSW Alerts

This section discusses the incidence of LDW and CSW alerts issued to participants dur-
ing the baseline and treatment periods. A nested repeated-measures ANOVA was per-
formed with alert rate as the dependent variable, gender and age as the between-groups
variables, and period, alert type (CSW, LDW), and alert level (cautionary, imminent) as
nested within-subject variables. For the latter, alert level is nested within alert type (each
alert type has two levels), and alert type is nested within each period. The ANOVA
yielded numerous statistically significant associations between alert rate and the afore-
mentioned independent variables, comprising:

1. Gender, males had more alerts than females (F(1, 70)=4.48, p=.038, 3.54 versus
2.69 alerts per 100 km);

2. Period, alert rates decreased from baseline to treatment period (F(1, 70)=19.5p <
0.001, 3.51 to 2.72 alerts per 100 km);

3. Gender and Period interaction, from the baseline to the treatment period, males’
alert rates decreased more than females, by 1.20 (males) and 0.38 (females), F(1,
70)=5.12, p=.027. Males, as indicated, had higher overall rates.

4. Alert type, there were more LDW alerts than CSW alerts, 3.90 versus 2.32, F(1,
70)=27.1, p < 0.001.
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5. Alert level, there were more cautionary alerts than imminent alerts, 3.80 versus

2.43, F(1,70) = 34.8, p < 0.001.

6. Alert type and alert level interaction, the alert rates shown in Figure 5-2 indicate

Alerts per 100 km

that FOT participants elicited approximately the same number of LDW cautionary
and imminent alerts, but almost 3.5 times as many cautionary CSW alerts as im-
minent CSW alerts. The difference between LDW and CSW alerts at the immi-
nent level explains both why there were more overall LDW alerts and why there
were more cautionary than imminent alerts.

CSWLDW*CAUTIMMI; LS Means
Current effect: F(1, 70)=36.598, p < 0.001
Vertical bars denote 0.95 confidence intervals
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Figure 5-2 Alert Rates Versus Type and Level

7. Period and Alert type interaction, from the baseline to the treatment period,
LDW alert rates decreased by 1.91 alerts per 100 km, and CSW alert rates in-
creased by 0.33, F(1,70) = 47.1, p < 0.001.

8. Period and Alert level interaction, from the baseline to the treatment period, cau-
tionary alert rates decreased by 1.50 alerts per 100 km, and imminent alert rates
decreased by 0.08, F(1,70) = 15.6, p < 0.001.

9. Period, Alert type, and Alert level interaction, the alert rates shown in Figure
5-3 explain the previous two interactions. CSW alert rates at both levels increased
slightly (but statistically significantly) from the baseline to the treatment period. A
separate contrast analysis showed that LDW cautionary alert rates decreased sig-
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Alerts per 100 km

nificantly from the baseline to the treatment period, but the imminent alert rates
did not.

PERIOD*CSWLDW*CAUTIMMI; LS Means
Current effect: F(1, 70)=24.846, p < 0.001
Vertical bars denote 0.95 confidence intervals

=0~ Cautionary

Baseline Treatment Baseline Treatment X
~r- Imminent

csw LDW

Figure 5-3 Alert Rates by Type, Period, and Level

10. Alert type, Alert level, and Age interact, the CSW alert rates on the left side of
Figure 5-4 illustrate an age effect with CSW alert rates and an interaction between
CSW alert levels and age. Conversely, the LDW alert rates on the right side show
no significant effects. The alert rates are the same across age groups and across
alert levels. Nor do age and alert level interact in explaining LDW alert rates.
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CSWLDW*CAUTIMMI*Age; LS Means
Current effect: F(2, 70)=4.6238, p=.01300
Vertical bars denote 0.95 confidence intervals
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Figure 5-4 Alert Type, Age Group, and Alert Level Interaction

The findings presented in this section will be useful in understanding participants’ re-
sponses to survey questions. Analyses of these responses make up the majority of this
chapter. Appendix D provides more detailed information on CSW and LDW alerts.

5.3 RDCW

This section describes driver acceptance of the RDCW based
on post-drive survey responses, debriefing comments, and
focus group comments.

5.3.1. Ease of Use

Table J-1 lists, by subobjective, the descriptive statistics for
responses to the RDCW ease of use post-drive survey
questions. The mean scores show that FOT participants
considered the RDCW easy to use in terms of demand on

FOT participants rated RDCW
ease-of-use positively.

The RDCW did not distract partici-
pants.

Participants found the display loca-
tion convenient and the RDCW op-
eration easy to understand.

Most participants liked the RDCW
and thought it would increase driv-
ing safety.

Two-thirds of the participants said
they would pay $800 for the RDCW.

driver, understanding of warning, and usability subobjectives. The modal response
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confirms that most FOT participants rated the RDCW as easy to use.

Participants’ responses to questions about the sensitivity settings (Questions 10 and 13)
show that participants tended to leave the sensitivity at one setting. The modal response
to these two questions is “1” (i.e., strongly disagree), which indicates that participants
made few, if any, adjustments to the sensitivity setting. If they do adjust the sensitivity
settings, they were most likely to do because of traffic conditions or fatigue.

An analysis of the survey responses in Table J-1 revealed three statistically significant
results at the 0.05 level. The mean survey scores for Question 27, | was not distracted by
RDCW system components (e.g., alerts, displays or controls), were 5.15, 5.50 and 6.23
for younger, middle-aged, and older participants, (F(2, 75) = 3.72, p = 0.0288). A sepa-
rate contrast analysis indicated that the older participants’ rating was significantly higher
than the younger participants’ rating. Thus, most participants were not distracted by the
RDCW, and older participants indicated the least distraction

The mean scores for Question 13, | frequently adjusted the CSW sensitivity setting dur-
ing my drive, were 3.77, 2.64, and 2.57 (younger, middle-aged, and older), F(2, 71) =
3.74, p = 0.0286. A separate contrast analysis indicated that the younger participants were
more likely than other participants to adjust the CSW sensitivity setting. The mean scores
for Question 10, the LDW equivalent of Question 13, were 3.96, 2.84, and 2.96 (younger,
middle-aged, and older), F(2, 73) = 3.30, p = 0.0425. As with the CSW, younger partici-
pants were more likely to adjust the LDW sensitivity setting. Participants’ responses to
Questions 10 and 13 complemented results of Question 27. Middle-aged and older par-
ticipants were less likely to adjust the LDW and CSW sensitivity settings, which may
contribute to their agreeing that the RDCW was not distracting. Overall, participants
tended to make few changes to the sensitivity settings

In summary, the survey responses indicate that FOT participants found the RDCW easy
to use. They were not distracted by it, were able to work with the sensitivity settings, dis-
tinguished between the LDW and CSW alerts, understood the meaning of the warnings,
and identified the urgency of warnings. They rated the display location as convenient
and easy to become familiar with, RDCW operation as easy to understand, and sensitivity
adjustment switches as easy to locate and use.

Post-Drive Survey Comments

During their debriefings, some participants volunteered additional comments to their
post-drive survey responses or wrote comments on their survey forms. These comments
help clarify the post-drive survey responses. The following discussion is drawn from
post-drive survey items that generated multiple comments.*

Auditory Warnings. Participants said they thought it was easy to distinguish between the
auditory warnings. They could tell the difference between the LDW alert, a simulated
rumble strip, and a CSW auditory alert, a voice saying “curve, curve.” Some participants

19 The cutoff for review was 15 or more comments per post-drive survey item.
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said they were confused and others said they received many false warnings. Specific
problems include repeated false warnings on the same road, CSW alerts in the absence of
a curve, and a need to receive a few warnings to understand their meaning. Participants
liked the auditory warning because it claimed their attention, even though many also de-
scribed passengers’ reactions to the alerts as somewhat annoying.

Vibration Warnings. Most participants readily distinguished these warnings and preferred
them to the auditory warnings. A few participants, however, said they lost their ability to
distinguish the direction of the seat vibration warning after driving for a long time. One
participant confused the seat vibration with cell phone vibration. Another participant
asked if the vibration was severe, “is it because | was on a curve or because of a drift to
the left?” indicating a lack of understanding of the significance of seat vibration warnings
even after completing the FOT.

Visual Warnings. Participants wanted the visual warnings to stay on longer. However,
most participants did not pay attention to, or look at, the visual warnings, and those who
did thought they “clearly indicated the warning condition.”

RDCW Display Location. Most participants did not like the RDCW display location be-
cause the steering wheel was in their way. They did not look at the visual display often

because they had to take their eyes away from the road. One participant said, “When the
lights went off on the visual display, | almost never looked at them because there was no
need to. | looked at the visual display to see if the lights were on for system availability.”

LDW and CSW Information. Participants located LDW and CSW information easily on
the display, but they viewed this information as advisory and did not rely on it. Most
could easily distinguish the visual LDW alerts from the CSW alerts, but there were a
small number who had difficulty distinguishing between them. A younger woman said
she had difficulty making this distinction. An older man said it was hard to see the infor-
mation.

Sensitivity Switches. The sensitivity switches were easy to adjust, but participants said
they did not adjust them often. One participant said she “increased the sensitivity level
when driving in unfamiliar places.” Another participant said “I didn’t do a lot of experi-
menting because | didn’t notice much difference when I did change the sensitivities.”
Another said he did not adjust the sensitivity much because “I have short arms and the
controls were hard to reach.” Some participants adjusted the sensitivity settings often,
while others did not. Some experienced a difference according to the levels, while others
did not. They adjust the sensitivity when they receive false warnings triggered by con-
struction zones and in response to traffic, weather conditions, or fatigue.

RDCW Component Modifications. When asked to suggest changes or modifications to

the RDCW subsystems, participants said that the visual display was the least helpful and
it should be placed in a heads-up position so they would not have to take their eyes off of
the road. The auditory warnings worked well. Most participants thought that the seat vi-
bration warning was the most helpful, but it could use more levels of intensity. All three
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warnings should stay on until the problem is corrected. For example, the vibration should
stay on until the speed or drifting is corrected. At times, participants had difficulty de-
termining if they were being warned about lane departure or approaching a curve too fast.
Some wanted an additional warning for exceeding the speed limit.

Focus Group Comments on RDCW Ease of Use

In the focus group discussions, almost all the participants affirmed that they felt comfort-
able having the RDCW in the vehicle. A middle-aged woman who felt uncomfortable
attributed it to “getting [a] shock from somewhere” (referring to a haptic warning) and
being unable to identify a source for the warning, leading her to assess it as a false alarm.
Two middle-aged women had neutral opinions of the RDCW. The first participant liked
the LDW, but was not able to “trust” the CSW, so overall the RDCW was not seen as
“beneficial.” The second viewed RDCW “as something to get used to.”

In probing what “feeling comfortable” with the RDCW meant, participants said it helped
them to maintain, or return, their attention to the road. They described distraction due to
passengers, mental preoccupations, cell phone use, or fatigue, and viewed the RDCW as
having helped them return their attention back to the road.

Participants cited having more information as another reason to feel more comfortable
with the RDCW. Some participants categorized the added information from the RDCW
as “feedback” and said “you don’t usually get feedback from your car as to how you are
actually doing in driving conditions.” Participants also indicated that the system made it
possible to learn more about their driving. For example, one older woman said she
learned that she pulled to the left more than she realized.

Participants became used to the RDCW. They said that when they drove home in their
own vehicle, having completed their FOT, they remembered thinking as they were doing
a particular maneuver, “the system will warn me” but then realized that they no longer
had the RDCW. A middle-aged woman said that she went through an adjustment to get
used to not having the RDCW.

Participants were asked what they thought about how the information was conveyed. In-
terpreting this topic as referring to the warning modalities, participants said they concen-
trated on the road and, by the time they looked at the visual display, the warning had
ended. Several wanted the visual warning to illuminate for a longer duration. At times
they were not sure what the auditory warning was for unless it said, “curve.” Participants
said that they could feel the seat vibrating and one added “but I couldn’t always tell
which side or if it was in the middle and what it was for.”

5.3.2. Learning
Table J-2 provides the descriptive statistics for responses to the RDCW ease of learning

post-drive survey questions. Almost all the participants thought the RDCW was easy to
become familiar with and had a good understanding of how it works. The mean re-
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sponses given to RDCW Questions 25 and 26 are almost identical, 6.4 and 6.5, respec-
tively. Participants who felt that it was easy to become familiar with the RDCW also de-
veloped a good understanding of how the RDCW worked. Statistical analyses of these
responses revealed no association between age and the responses, nor one between gen-
der and the responses.

Focus Group Comments About RDCW Learning

When asked if the RDCW was intuitive to use, most participants said it is self-
explanatory, straightforward, and user friendly. They estimated they needed one hour to
one day to understand the alerts. A participant who rated its intuitiveness as neutral said
he reviewed the instruction manual for a refresher and had to travel far to make the avail-
ability icons for the LDW and CSW subsystems illuminate. He had availability problems,
reducing his ability to rate RDCW on intuitiveness. Two respondents who did not rate the
RDCW as intuitive said they watched the instructional video repeatedly to remember how
it worked. One respondent said he tended to shift position while driving for long dura-
tions so his leg was placed alongside the door for relief rather than on the driver’s seat; as
a result he did not receive the haptic warnings as intended.

When asked how easy it was to remember what each warning meant, only the older men
and women offered comments. An older woman said she drove alone most of the time,
wanted more audio warnings, and had difficulty understanding the seat vibration warn-
ing. An older man suggested moving the CSW seat vibration to the back of the seat to
make it more distinct. Another older man said he received alerts but was unsure if they
were LDW or CSW when there was no reason for them. He said UMTRI (the FOT con-
ductor) told him that the warning came from driving under an overpass. An older woman
said she always understood what the auditory warning was for, but was not sure what the
seat vibration meant.

5.3.3. Driver Performance

The driver performance objective has three subobjectives: awareness, driving style ad-
justments, and trip patterns. Table J-3 lists the descriptive statistics for first two subobjec-
tives. Participants indicated that the RDCW made them more aware of the position of
their vehicle on the road and of the upcoming curves. Most participants did not rely on
the RDCW to operate their vehicles safely. Statistical analysis revealed no significant as-
sociations between age group and responses.

The trip patterns subobjective used DAS trip data to understand driver performance with
RDCW, focusing on participants’ number of trips, total hours, and total distance. In each
these cases, the data revealed a statistically significant association between age and the
corresponding measure. The mean number of total trips, by age group, was 134.2, 111.5,
and 101.6 (younger, middle-aged, and older), F(2, 75) = 3.71, p = 0.0291. A separate
contrast analysis showed younger participants having significantly more trips than older
participants. The mean number of total hours, 36.1, 32.5, and 26.1 (younger, middle-
aged, and older), F(2, 75) = 6.92, p = 0.0017, showed younger and middle-aged partici-
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pants having significantly more hours than older participants. The same pattern held for
participants’ mean total distance in kilometers, 1947.0, 1827,6, and 1348.9 (younger,
middle-aged, and older), F(2, 75) = 5.69, p = 0.0050, with younger and middle-aged par-
ticipants having significantly more distance than older participants. Although younger
and middle-aged participants drove more, they did not rely on the RDCW more than the
older participants, as the responses to Question 28 in Table J-3 indicate. Use of the
RDCW made participants more aware of their vehicle position on the road and of upcom-
ing curves, but they did not rely on it.

Focus Group Comments about Driver Performance

A focus group participant said that using the RDCW had an impact on driving her own
vehicle. The driver performance consequence was captured because the focus groups
were conducted after participants completed their FOT participation. This driver com-
mented:

“When 1 took the survey after | dropped the vehicle off, one of the ques-
tions was “did you kind of rely on the system in your driving?’ And I said,
no, I didn’t think I did. It was a good system, but I don’t think | used it to
help me in my driving. It wasn’t until after | was driving home the next
day and I was doing something in the car, and | was going off the road,
and I was thinking, this is going to warn me, but I didn’t have the system.
If I took that questionnaire again, | would change my answer. | had a little
bit of an adjustment to get used to not having RDCW.”

5.3.4. Perceived Value

Perceived value is the fourth objective in the RDCW driver acceptance framework. Table
J-4 lists the descriptive statistics for responses to the RDCW perceived value survey
questions. Most FOT participants had positive perceptions of the RDCW and thought the
RDCW would increase driving safety. An analysis of the survey response data did not
show a statistically significant association between responses and age group.

The debriefing comments showed that participants thought that the RDCW improved
driving safety because it increased turn-signal use, reduced lane drifts, and improved their
alertness on long distance drives, but they did not rely on it, recognizing that it would not
always be available.

Focus Group Comments about Perceived Value of RDCW

Three quarters of the focus group participants said they felt safer using the RDCW, with
the most frequent reason being they were more alert. Comments included:
“(RDCW) made me think I was paying more attention than usual.”

“(RDCW) kept me more attentive to my surroundings.”
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“| felt safe in the vehicle. | reached down to do something but | was approach-
ing orange barrels along the side and all of sudden I was out of my lane...It let
you know how easily you become distracted from the road by looking down.”

Some participants said that the RDCW taught them more about their driving. “(RDCW)
made me notice the drift thing...that | ride my lane to one side ...”

A minority of focus group participants who were neutral about the safety provided by the
RDCW indicated that the system assisted driving but did not improve safety. One driver
based his reaction on his CSW experience. “I never felt it was working. | got more false
readings than | ever did positive readings.”

5.3.5. Advocacy

The advocacy objective has three subobjectives: interest in purchasing, amount willing to
pay, and willingness to endorse. Two post-drive survey questions related to interest in
purchasing the RDCW and two to the amount willing to pay for RDCW. Table J-5 lists
the descriptive statistics for the responses to these RDCW survey questions.

Almost three-quarters, 73 percent, of participants said they might purchase new cars in
the next two years (Question 33). Almost two-thirds, 64 percent, expressed interest in ac-
quiring the RDCW in a new car (Question 34). Fourteen percent did not answer RDCW
Question 36 that asked the maximum amount they would pay for the RDCW.** For the
remaining 67 people who answered, the mean amount they are willing to pay to acquire
the RDCW is $729. The amounts range from $4,000 to 10 percent saying that they would
pay nothing. At a given price of $800, almost half, 47 percent, would consider purchasing
the RDCW, and one quarter had a neutral opinion. As for statistical analyses, there was
no association between age and interest in purchasing a vehicle with the RDCW as an
option (Question 34).

Van der Laan and colleagues developed a scale to assess acceptance of new technology
(van der Laan et al., 1997). The following driver acceptance scale, made up of nine pairs
of contrasting words, assesses perceptions of RDCW. Respondents checked 1 of 5
squares to rate the RDCW on each pair of words. A score of -2, -1, 0, 1, or 2 was as-
signed to each of five squares. Table 5-3 lists the word pairs.

Table 5-3 Driver Acceptance Scale Word Pairs

Useful 2 1 0 -1 -2 | Useless

Pleasant | 2 1 0 -1 -2 | Unpleasant

Bad | -2 -1 0 1 2 | Good

1 One of 7 participants was not able to answer because they buy used cars, have not purchased a vehicle in
many years, or estimate vehicle cost by the monthly payment. They said the following: “I haven’t bought a
new car in more than 10 years and am uncertain about what accessories cost.” “I have to drive used cars.”
“The extras are only a couple dollars more per month. The bottom line is $3 to $4 more per month on a
payment. If RDCW cost $4-5 more per month, it would be worth it.”
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Nice -1 -2 | Annoying
Effective

Irritating | -2 1

1 -2 | Superfluous
1 2 | Likeable
-2 | Worthless

Assisting | 2 1

1 2 Desirable
1 -2 | Sleep-Inducing

Undesirable | -2 1

Ol O0O|lO0O|O|O
1
[

Raising Alertness | 2 1

Van der Laan et al. validated the responses to these nine pairs of words into two scales:
usefulness and satisfaction. The responses to rows beginning with useful, bad, effective,
assisting, and worthless construct the usefulness scale. The responses to rows beginning
with pleasant, nice, irritating, and undesirable construct the satisfaction scale. Table J-6
shows the descriptive statistics for the RDCW scores on the driver acceptance scale. The
mean usefulness score is 1.2, compared to a mean satisfaction score of 0.6.

An analysis of participants’ responses to the usefulness scale revealed no significant as-
sociation between age and this measure. In contrast, the satisfaction score increased with
age, F(2, 75) = 3.37, p = 0.0397, with mean ratings of 0.30, 0.59, and 0.90 (younger,
middle-aged, and older). Indeed, 84 percent of the older participants had positive satisfac-
tion scores, compared to 69 and 54 percent of the middle-aged and younger participants,
respectively. A separate contrast analysis showed a significant difference between the
satisfaction ratings of older and younger participants

RDCW Purchase Intent

The “weighted box” method was used to estimate the percentage of participants willing
to purchase the RDCW and to forecast acceptance.*> RDCW Question 34, self-reported
purchase intent, provided the data. Urban and Hauser (1993) translate subjective scale
responses into purchase predictions or an estimate of future purchase. Market researchers
use the weighted box method because positive correlations have been found between
stated purchase intentions and purchase behavior (Juster, 1966) (Morwitz & Schmittlein,
1992). Participants responded to Question 34 as follows: 1=definitely would not consider
(6%), 2 (6%), 3 (2%), 4 might or might not consider (21%), 5 (18%), 6 (20%), and 7
definitely would consider (27%). The weighted box method predicts that 41 percent of
the FOT participants would purchase the RDCW.

12 The procedure to calculate purchase prediction, given intent level and probabilities of actual purchase,

is the probability of purchase for given intent level multiplied by the number of respondents at that intent
level. In this case, 90 percent of “definites,” 40 percent of “probables,” and 10 percent of “mights” were
summed. Marketers multiply this result by the expected “awareness-availability” percentage to predict what
percent of the population will make an actual purchase. The awareness-availability percentage refers to the
population segment that is both aware of the product and finds it available. The awareness-availability per-
centage value for RDCW was not available for calculations as it is proprietary. Therefore, by default, 100
percent availability and awareness of the system was assumed.

5-15




Driver Acceptance

When asked for the primary reason for their answer to Question 34, most participants
said they thought the RDCW would increase safety and they would purchase if it was not
too expensive. Some participants would rather buy the LDW because it was more helpful
than the CSW. Sample comments included:

“Safety - even with the false warnings, RDCW made me more aware.”

“Could use some help to improve the safety of my driving because of my
age.”

“Would be helpful with passing or drifting to the middle but less helpful on
curves.”

“If you were driving in an unfamiliar place, the curve warning, in particular,
would be useful.”

“I use my cell phone while driving and LDW was useful because it made me
keep my eyes on the road.”

“| felt safer driving at night.

“I think this system made me more alert about my driving and how often |
cross the line without putting my blinker on. | became a more conscientious

driver.”
“I have problems driving long distances. | have dozed off behind the wheel
while driving.”
54 LDW SUBSYSTEM e Participants rated the LDW ease-of-use
positively.
ThIS Se(_ItiOI’l deSCI’ibeS FOT pal‘tiCipantS’ ) . Participantg knew how to respond to an
perceptions of the LDW (subsystem). Post-drive LDW alert.

survey responses, debriefing comments, and focus
group results provided the source material to
evaluate the LDW.

Most participants stated the LDW made
them more aware of their lane position.

As an independent system, participants
would pay an average of $500 for the LDW.

5.4.1. Ease of Use

Table J-7 lists the descriptive statistics for responses to the LDW ease of use survey ques-
tions, by subobjective. The mean and modal responses to these survey questions (all “7”
or Strongly Agree) confirms that participants considered the LDW as easy to use. Partici-
pants did not find the LDW alerts distracting and knew what to do when warned.

A statistical analysis of the response to these questions revealed only a single statistically
significant finding: a relationship between age and the distraction of LDW auditory warn-
ings, Question 13, F(2, 73) = 5.77, p = 0.0047. The mean scores by age group were 4.96,
5.52, and 6.40 (younger, middle-aged, and older). A separate contrast analysis found that
older participants agreed more strongly than younger and middle-aged groups that the
warnings were not distracting. In percentage terms, all the older participants agreed that
the LDW auditory warning was not distracting compared to 75 and 58 percent of the
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middle-aged and younger participants. As for the seat vibration warnings, older partici-
pants were uniformly not distracted these, compared to 75 and 80 percent of the middle-
aged and younger participants.

Figure 5-5 contains two images of the RDCW visual display, which shows device avail-
ability and alert status. The left image shows a right cautionary LDW alert. The right im-
age shows a right imminent alert. The arrow direction corresponds to the direction of the
lane drift or departure.

LATERAL CURVE LATERAL CURVE
SPEED DRIFT SPEED

SO00NER SOONER SO0ONER SO0ONER

LATER LATER

Figure 5-5. RDCW Display Showing LDW Cautionary and Imminent Alerts

During their debriefings, participants said they did not find the LDW visual display dis-
tracting, in part because they did not use it much. The few participants who were dis-
tracted by the LDW display said they were distracted initially as part of learning how to
use it. When they knew how to interpret an LDW alert, they looked at the road and
glanced at the visual display for confirmation.

Participants said they are not distracted by the auditory LDW alerts. Several people char-
acterized the auditory warning as “a little startling” but it got their attention. They esti-
mated that the LDW auditory warnings are correct 80 to 90 percent of the time, contribut-
ing to its widespread acceptance. A few people said initially they were slightly distracted
by the LDW seat vibration, but became accustomed to it.

Participants commented on their passengers’ reactions to the auditory LDW alert. Reac-
tions ranged from affirming that the LDW alert is a good idea, to asking for an explana-
tion of the sound, expressing concern about the vehicle’s safety, triggering hilarity some-
times at the expense of the driver, and expressing annoyance.

Focus Group Comments on LDW Ease of Use

Participants liked the range of settings for the warning timing. Some participants selected
settings to support their physical state. For example, a middle-aged man said if he felt
fatigued, he made the timing more sensitive. An older man said he increased the LDW
sensitivity setting if the road had faint lines. A younger man turned the sensitivity to its
lowest setting because he wanted to touch the lines without setting it off. “I found that by
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keeping it down it did allow me a bit of leeway to just kind of briefly touch a line and
when it went off, it had a pretty good reason.” Some participants did not adjust the sensi-
tivity settings; others changed them but then returned to the default setting.

Participants experienced false LDW alerts but tolerated them. They received false-
positive LDW alerts due to the effect of weather on the road surface. Some participants
received LDW alerts in close succession, as many as 40 per hour, in heavy rain or snow.
Reflective surfaces due to wetness and following the cleared path behind a plow strad-
dling lane markings provoked multiple repetitive warnings, making these false warnings
particularly annoying. Some participants found the repetitive false LDW alerts so annoy-
ing they altered their route. A younger man became so annoyed that he left the road and
took side streets, and other participants recalled deliberately trying to stay in the center of
their lane.

Construction zones triggered false LDW alerts. Participants recalled that UMTRI staff
warned them that they might receive false LDW alerts in construction zones, which tem-
pered their annoyance. A middle-aged woman said, “It wasn’t really that annoying be-
cause | knew why it was happening.”

There were accounts of false LDW alerts even with turn-signal use or proper lane posi-
tion. Some participants realized that they moved their vehicle before they activated the
turn signal. Others said that they knew that they had used their turn signal and still re-
ceived a LDW alert. A middle-aged woman said this occurred while making left turns,
raising the possibility of confusing the CSW alert with the LDW alert. Several partici-
pants received false LDW alerts while driving in the middle of the lane and recalled
slowing their vehicle, checking their lane position, and checking their speed again, sug-
gesting confusion with a CSW alert. A middle-aged man said he deliberately crossed a
lane to make room for a bike and classed this alert as false because it was his deliberate
choice for safety reasons. He also mentioned that this occurred in the country with no
other vehicle around, suggesting he ignored turn-signal use in the absence of threats.

Participants accepted the false LDW alerts. A younger man said “it’s a prototype, there
are obviously going to be bugs in it.” A middle-aged woman said she paid more attention
to the road as a result of false alerts and a younger man reduced the LDW sensitivity to
its lowest setting.

One participant distinguished between unnecessary and false alerts. An older woman said
she received unnecessary, not false, alerts, when she drove two-lane roads and had to hug
the side: “I was on a two lane highway and | was hugging toward the right and | knew
that the side of the road was there and so it was an unnecessary alarm, not a false alarm,
and | was not really annoyed by it. *

Participants discussed whether there “were situations when you did not get an alert when
you felt one was required.” This was difficult to assess because it was contaminated by
LDW availability and participants varied in their awareness of it. Only a few participants
explicitly referred to LDW availability as a factor in missed alerts.
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In discussing LDW alerts, a younger man asked UMTRI to confirm his observation that
that it took LDW 4 to 5 seconds to relock on the lane markings. He described his regular
route to work, in which he had to quickly cross several lanes to reach his exit. He gener-
ally made this maneuver without activating the turn signal and believed the LDW was
unable to track his motion.

Other participants said that they did not get LDW alerts on the right side. An older
woman overcompensated by pulling to the right and thought that the LDW should have
give her an alert on the right side. An older man said that the LDW always worked in ref-
erence to the left lane but, if there was no white lane on the right, the LDW did not work.
In addition, participants asked if the LDW works on dirt or gravel roads.

5.4.2. Learning

Table J-8 lists the descriptive statistics for responses to the LDW-learning survey ques-
tions. Most participants rated the LDW easy to learn and had a good understanding of
how LDW worked shortly after starting to use it. Almost 85 percent of participants be-
came comfortable driving with LDW within two to three days. One FOT participant said
he never became comfortable with LDW operations (Participant 32, male, 29 years old).

There were no statistically significant differences in the responses to these post-drive sur-
vey items by age group. Almost all the participants rated the LDW as easy to learn.

Focus Group Comments on Learning

Although none of the focus group topics explicitly address learning, the transcript con-
tains comments describing participants’ experience learning to use the LDW. A colorful
example involves an older man who said that he assumed LDW did not work because he
never had an LDW alert. As a result, he drove faster to provoke an alert, including in a
school zone. He said “it (LDW) came on at 55 mph about the same time as the siren of
motorcycle cop, for a $125 ticket.” This anecdote shows that participants want to test
LDW to understand how it works. It also raises the question of how LDW alerts intersect
with speed. From this example, it is clear that some participants incorrectly believed that
speed triggered an LDW alert.

Focus group comments suggest some participants misinterpreted LDW alerts as CSW
alerts and vice versa. While discussing false LDW alerts, a middle-aged woman said she
received five false alerts and became annoyed after the third one. She thought they were
lateral-drift warnings and “when | came back and dropped off the car | found out they
were all curve warnings,” associated with passing an exit ramp. A younger man said he
took long drives in unfamiliar rural areas and he “thought it helped me a lot when | was
coming around curves and | slowed down when | felt it vibrate.” He said this in response
to a question asking whether the LDW will help keep participants from leaving their lane.
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5.4.3. Driver Performance

Table J-9 lists the descriptive statistics for responses to the LDW driver performance sur-
vey questions. Most participants said that the LDW made them more aware of the posi-
tion of their vehicle on the road. Participants were neutral regarding their reliance on the
LDW, Question 36, a finding consistent with their reliance on the RDCW. Participants
felt slightly comfortable carrying out additional tasks while using the LDW.

Survey data showed an association between only the age group and the level of comfort
in performing additional tasks, Question 42, F(2, 75)=5.36, p = 0.0067. With mean re-
sponse levels of 4.96, 3.35, and 4.54 (younger, middle-aged, and older), younger and
older participants felt more comfortable performing additional tasks using the LDW than
their middle-aged counterparts.

During the debriefings, participants said that using the LDW made them both more aware
of their car’s position on the road and more attentive to the road. Although they indicated
they did not rely on the LDW, their enhanced awareness of the road allowed them to feel

more relaxed and comfortable performing additional tasks.

Focus Group Comments on Driver Performance

During the focus groups participants discussed their responses to the LDW alerts and
how they affected their driving. Participants said they liked the seat vibration warning. A
middle-aged woman liked the cautionary LDW alert because she could respond quickly
without having to look down. A middle-aged man said he liked cautionary seat vibration
warnings because his passengers were unaware. An older man said that “seat vibration
forced me to look at my lane position,” and another older man said he was better able to
distinguish the orientation, right or left, from the seat vibration than from the auditory
tone. A younger man said he was startled by the seat vibration warning but in a good
way. He admitted that he was lost in the scenery or distracted but that, in that situation,
“startling is a very good thing.”

A middle-aged woman said that she would focus on staying in the lane for the next 5 to
10 minutes after she received the cautionary alert. A few participants had difficulty dis-
tinguishing between the cautionary LDW and the CSW alerts, which were issued by vi-
brating the left or right side of the seat (for LDW) or front of the seat (for CSW). An
older man said he could distinguish right and left for the LDW alert but, when the CSW
issued a haptic alert, he was not always able to distinguish it from the LDW alert.

Participants described their responses to imminent LDW alerts. They said they received
many false LDW alerts compared to a few “real” ones but very few were startled by the
imminent alert. A middle-aged man said he was startled by the imminent LDW alert
while trying to pass a tractor-trailer on a two-lane highway. He signaled and moved out
but received a LDW alert, aborted the maneuver, and returned to following the truck. He
said, “It panicked me so much that it senses another car down there that | don’t see.” A
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younger woman said she was startled by an imminent LDW alert when she was falling
asleep or “zoning out.”

After receiving an LDW alert, most people said they assumed they must be doing some-
thing wrong, checked their lane position and repositioned, if necessary. An older woman
said that after she checked her lane position she looked at the visual display but it disap-
peared too quickly. A few people said that they took their foot off the accelerator. Several
participants said they lowered the LDW sensitivity setting after an alert.

When asked if their response to the LDW changed with more experience, some said their
responses remained the same but many others described how their responses changed. A
middle-aged woman said she became more relaxed using LDW as she become more fa-
miliar with it. A younger man said that, with time, LDW did not go off as much because
he “made a conscious effort to use my turn signal when I change lanes.” Another younger
man said that it took him a week to get used to having LDW and to learn to hold a
“steady line in the middle” to hear fewer alerts.

Participants thought LDW alerts would prevent them from leaving their lane. The princi-
pal benefits of the LDW were to make participants pay attention and remind them to use
their turn signal. Participants acknowledged a carry-over of learning from the LDW. An
older woman said “I find myself using the blinkers driving my own car now and being
very careful about the lane.” Several people noticed LDW was missing when they re-
sumed driving their own vehicle. An older man said that “the first time you didn’t have it
(LDW) then suddenly you realize how much you used it.”

Participants volunteered that LDW provided additional benefits because it supported fa-
tigued or stressed participants. An older woman recounted that when driving home after
working all night she could have used LDW. “All of a sudden I felt myself almost going
to sleep for a minute but that vibration would have alerted me quickly.” A middle-aged
man mentioned his long drives to Florida and said that if LDW were available, it would
prevent him from getting too close to the edge of the road. A middle-aged woman said
that LDW makes you more attentive, and that, in itself, should prevent accidents.

Participants said they became more aware of how well other drivers keep to their lanes as
a result of using LDW. They noticed more when other drivers don’t stay in their lanes or
use their turn signals. An older woman said that she noticed that the “person in front of
me was driving over the line; being in the study made me notice that.”

Participants became habituated to using LDW and maintained their increased use of turn
signals. Several participants recalled that when they returned to their own vehicle they
expected to be alerted to lane departures. A middle-aged man said using LDW made him
a more courteous driver and more likely to signal lane changes even in his own car. An-
other participant said “LDW does affect your driving and make you more conscious and
more aware.” An older man said that he had thought his incidence of lane departures was
very low until he drove the FOT vehicle. Another older man said that he found out that “I
leave my lane a lot more than I thought I did.”
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5.4.4. Perceived Value

Table J-10 lists the descriptive statistics for responses to the LDW perceived value items.
The responses suggest that participants were not certain whether LDW alerts could effec-
tively prevent vehicle collisions, but believed the technology would increase driving
safety. The LDW made participants use turn signals more frequently when changing
lanes. Participants indicated it was somewhat useful to have the device in vehicles for
various traffic conditions, but not during adverse weather conditions. The frequency of
auditory and seat vibration warnings are not annoying. Some participants report that they
received unnecessary or false warnings but most said that their frequency of LDW alerts
is acceptable.

The responses to two related questions had statistically significant associations with the
age group. Question 35, regarding attentiveness to turn signals during lane changes, F(2,
75) = 4.42, p = 0.0153, had mean response values for younger, middle-aged, and older
participants of 5.88, 5.12, and 6.58. A separate contrast analysis showed that older par-
ticipants believed that LDW made them more attentive to use turn signals than middle-
aged participants. The analysis in Section 4.5.3, Lane Changes, supports the findings
from this survey question. Question 14, which asked participants about their lack of an-
noyance to LDW alerts, F(2, 72) = 5.79, p = 0.0047, had mean response values of 5.00,
5.13, and 6.33 (younger, middle-aged, and older). A contrast analysis showed that older
participants agreed more strongly than younger and middle-aged drivers that the fre-
quency of LDW auditory alerts was not annoying.

Question 30, which addressed the frequency of the LDW alerts, did not have a statisti-
cally significant association between the response and age or gender. The responses,
however, do show strong agreement across most participants regarding the LDW alert
frequency. The responses, plotted in Figure 5-6, show the vast majority of participants
(96% of the older and 88% of the middle-aged and younger participants) selected re-
sponses in the optimal range of 3 to 5.
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LDW Question 30: Overall, I received LDW warnings ...
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Figure 5-6. Distribution of Driver Responses to Regarding LDW Alert Frequency
by Age Group

The correlation between participants’ LDW alert counts and their opinion regarding alert
frequency was analyzed. We determined that the number of LDW alerts, both cautionary
and imminent, is not significantly related to participants’ subjective opinion of frequency
of LDW alerts.

Post-Drive Survey Comments

Although participants received many cautionary and imminent LDW alerts, they tolerated
the frequency. A participant said, “The warnings were good, they made me more aware
of using the turn signal but | was a bit annoyed by the fact that these warnings pointed out
my mistakes.” Another person said, “I am fine with the frequency of the warnings; the
system was supposed to increase my driving safety and safety of others, hence, | don’t
mind if I receive frequent warnings.”
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Participants described unnecessary or false LDW alerts. Sometimes they came to realize
the warning had a purpose despite their initial opinion. One participant initially described
an example of an unnecessary warning but amended it. “A couple of times, but they were
probably not false because | had crossed the line and | was doing it to pass a car and
didn’t use my turn signal because there was no one behind me.” Reasons for unnecessary
and false LDW alerts include road narrowing due to construction, trucks on both sides of
the vehicle, skid marks or old faded lane markings, proximity to the side boundary but
position not threatening; another vehicle entering lane; drifting onto, or close to, bounda-
ries with no traffic around, positioned in the middle of the lane; briefly close to a solid
line but not crossed; changing lanes with nothing nearby; and rainy conditions.

During debriefings, participants were uncertain whether the LDW would reduce colli-
sions because they said they did not have any close calls. One participant recalled occa-
sions when he was about change lanes and LDW alerted him to cars in his blind spot.

LDW alerts made participants more conscious of turn-signal use. Being able to suppress
an LDW alert motivated their use of the turn signal. A participant said, “I think encourag-
ing people to use their turn signals is the biggest benefit of this system.” Another partici-
pant admitted, “I always have been lax on turn signals. | am probably better now. It is
better than having my wife telling me to use them.” Participants think that that LDW will
improve driving safety because it fosters alertness and encourages them to use their turn
signal. LDW alerts make participants more aware of road conditions as well as their own
driving.

After participants completed the post-drive survey, they reviewed video replays of se-
lected LDW cautionary and imminent alerts they received. Typically they viewed three
clips each of the LDW cautionary and imminent alerts. They rated each warning as "use-
ful™ (yes or no) and ranked the usefulness of each warning on a 5-point scale. (1=not at
all useful, 2=slightly useful, 3=somewhat useful, 4=fairly useful, 5=quite useful).

Figure 5-7 shows the screen used for video replay of selected LDW and CSW cautionary

and imminent alerts. The screen displays the map location of the alert, driver’s forward
view and face, status of the visual display, vehicle parameters, and the alerts received.
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Figure 5-7. Split Screen for Video Replay of Selected LDW and
CSW Cautionary and Imminent Alerts

With the dichotomous response (useful, not useful), participants rated 74 percent of the
cautionary and 76 percent of the imminent LDW alerts as useful. With the more nuanced
response, the 1-to-5 scale, participants’ responses were more distributed, although 50
percent of the cautionary and imminent alerts were rated as fairly or quite useful. At the
other end, 31 (33) percent of the cautionary (imminent) alerts were rated as not at all or
slightly useful.

Participants were asked the reason for rating an LDW cautionary alert as 1 or “not at all
useful.” The reasons are, in order of importance, turn signal not used, or changing lanes.
The most frequent reasons for rating an LDW cautionary alert “quite useful’” are drifting
from the lane, not using the turn signal, and driver inattention. Reasons for rating an im-
minent alert “not at all” useful are false warning and a deliberate lane change. The rea-
sons for rating an LDW imminent alert “quite useful” are drifting from the lane and
driver inattention.

Focus Group Comments about Perceived Value
Focus group participants discussed the usefulness and safety provided by the LDW and
described situations when LDW was useful. They value the LDW alert because it notified

them they were drifting from their lane, cars were drifting toward them, or they were in
their blind spot. An older man said, “I encountered a blind spot, being a big person in a
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small car, and the mirrors were not as effective as the two mirrors | got in my van... and,
at least on one occasion, there was a car in my blind spot and I didn’t see it.” A younger

woman said she received an LDW alert when someone was about to hit her and she said

she didn’t even see him because he was in her blind spot and coming into her lane.

Participants cited useful warnings around distraction, construction zones, a tendency to
overcorrect toward one side, and challenging road conditions. An older man said, “when-
ever | was slightly distracted talking on the cell phone or late at night, those were useful
LDW alerts.” A middle-aged woman said that when she drove in construction zones, the
LDW alerts were useful because she did not pay enough attention to how close she was to
the side. A middle-aged man said that the LDW alert was useful when he forgot to use his
turn signal in changing a lane the LDW alert caused him to check his mirror to ensure
there was no one in the receiving lane.

Some participants had difficulty differentiating between LDW and CSW alerts. A mid-
dle-aged woman said her speed was too fast for the area due to exit ramps. When told she
was referring to CSW alerts, she said her speed was so high that she would drift across
lanes, suggesting that the two types of warnings merged in her mind.

Participants said they felt safer driving with LDW, in part because they used their turn
signal more frequently. An older man said he was a safer driver because he “did not like
hearing the LDW so | was trying to avoid setting it off.” Other participants were safer
because they became more aware and less aggressive. An older woman said her sister
told her she had become a less aggressive driver. As a result, her sister also appreciates
LDW. A younger man said he became less aggressive using LDW and attributed it to re-
alizing that drivers, including him, “do dumb things.” He said, “You realize you are do-
ing things that you didn’t even know you did.”

Another younger man admitted that using LDW made him more aware of his surround-
ings but he also was concerned that “people could use the system as a crutch because now
they could drive a little faster.” This raises the possibility of risk compensation with
LDW use. A middle-aged woman suggested a similar thought by saying that when she
used the cell phone, took something out of her purse, or ate while driving, she felt she had
a “little bit more support” doing these activities.

When asked “if there were situations when you got an alert when you were not paying
enough attention,” many participants mentioned using a cell phone. A middle-aged
woman who uses her car for work said "I drive all day...and it (LDW) taught me a lot
about not to do that (talk on the cell phone) so much or at least to pay attention and I pull
over more now and stop” to make a cell phone call. Another older woman said that a
LDW alert made her want to pull over instead of trying to dial a number that was not
loaded on her phone. A middle-aged man said he gained self-awareness of his driving,
saying “I didn’t realize that, if | have my cell phone to my ear, | don’t use my signal to
change lanes.” His response was to tell himself “now you have to stay off the phone
when you are driving.” Comments show that cell phone use is important to many partici-
pants. An older woman estimated she spent 900 minutes a month on her cell phone.
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5.4.5. Advocacy

Table J-11 lists descriptive statistics for responses to measures of the advocacy objective.
Participant response to LDW Question 47 indicates that “cost aside” participants would
consider purchasing the LDW with a new vehicle. The mean amount for participants who
indicated how much they were willing to pay for the LDW (10 did not answer) was $500.
Eleven participants would pay $1,000 or more and 7 participants would pay $0. At a
price of $300, the tendency to purchase the LDW sub-system is similar to when cost is
not considered (LDW Question 50). Most participants would not have turned off the
LDW if an on/off switch had been provided.

Responses to only this last question (LDW Question 43), regarding turning the device on
and off, had a significant association with age, F(2, 75) = 6.39, p = 0.0027. The response
means by age groups were 3.65, 2.19, and 1.88 (younger, middle-aged, and older). A con-
trast analysis showed that had there been an on/off switch, younger participants would
have been more likely to turn off the LDW than middle-aged and older drivers.

Participant response to the Driver Acceptance Scale (van der Laan, Heino, & de Waard,
1997) was used to assess LDW acceptance (LDW Question 46). The mean usefulness
score was 1.4 (on a scale of -2 to 2) and the mean satisfaction score was 0.8. These
scores, shown as a scatter plot in Figure 5-8, indicate that almost all participants rated the
LDW positively.
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Figure 5-8. Driver Acceptance Scale Scores for LDW by “Usefulness” and
“Satisfaction” Quadrants
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Participants had positive opinions of the LDW and perceived it as easy to learn and use.
The LDW encouraged participants to use turn signals more when changing lanes. As a
result, participants thought this technology had the potential to improve their driving
safety and was useful. Almost all the participants liked the LDW, particularly the older
age group.

Estimating LDW Purchase Intent

Two methods were used to estimate the proportion of people who might purchase the
LDW. During the focus groups, participants were asked, “would you buy an LDW and
their responses were recorded as “yes” or “no.” Eighty-six percent of the participants said
they would purchase the LDW; this number is higher than the results from a post-drive
survey question, but may be an artifact of the self-selection in focus group participation.
FOT participants were invited to participate in focus groups and one-third, 32 percent,
attended.

For comparison, the frequency distribution on the “purchase intent” post-drive survey
item, (LDW Question 47 of “cost aside, how likely are you to purchase LDW") shows
that 64 percent of the responses were in the 5 to 7 range, degrees of “would consider,” on
the 7-point Likert scale. The interest in the LDW expressed at the focus groups show it is
enduring and may have increased after participants returned to using their own vehicle
and realized they missed the LDW alerts.

The longitudinal data (FOT, surveys, focus groups) shows that participants generally
maintained their interest in purchasing the LDW. In the post drive survey, FOT partici-
pants were asked if, cost aside, they would like to purchase the LDW; participants return-
ing for a focus group were asked this question again. The time between their answers
ranged from the same day to 11 weeks, so it was possible to see if attitudes toward LDW
changed over time. When asked again if they would purchase LDW, 18 percent answered
differently than they did in the post-drive survey. Of those whose responses changed,
three-quarters moved from a “might or might not” consider purchasing a LDW to affirm-
ing that they would purchase LDW, and one-quarter shifted from a neutral to negative
opinion.

As in Section 5.3.5, the weighted-box method was used to estimate the percent of partici-
pants willing to purchase the LDW and to forecast acceptance. Intent is gauged by re-
sponses on a 7-point Likert response scale (1 = definitely not to 7 = definitely would) to
the survey item: “Cost aside, if you were purchasing a new vehicle, how likely would you
be to consider purchasing the CSW system?” Participants answered as follows: 1 = defi-
nitely would not consider (4%), 2 (8%), 3 (2%), 4 might or might not consider (23%), 5
(8%), 6 (26%), and 7 definitely would consider (29%). The weighted box rule resulted in
a prediction that 42 percent of the FOT participants would purchase the LDW.
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During debriefings when asked for the main reason for their response to the “purchase
intent” question, participants cited safety, enhanced driving alertness, reminder to use
turn signals as well as the need to improve the LDW accuracy by reducing false warnings
or late warnings and upgrade it for bad weather.

Focus Group Comments on Advocacy

Focus group participants agreed strongly that the LDW was useful and described how it
helped them to drive in challenging conditions. These ways include: “LDW is helpful to
have when driving home after working late”; “It ensures safer driving while using a cell
phone”; “I no longer talk on the cell phone while driving as a result of using LDW”;
“LDW helps keep my attention on the road since my mind wanders because | drive the
same roads repeatedly”; “LDW forces you to be alert, to use your turn signals because if
you don’t, it will beep at you”; “LDW makes you more aware of turn-signal use, even
though you think you use them frequently”; “LDW points out how much you don’t use
them”; “Increasing LDW sensitivity provides reassurance at night.”

The focus group transcript shows that some participants confused the LDW and CSW
and the meaning of cautionary and imminent alerts. For example, when asked what they
did after receiving an imminent LDW alert, a middle-aged woman said, “I thought it was
too loud and it didn’t need to say ‘curve.”” She assumed the voice saying “curve, curve”
was an imminent LDW alert.

There is evidence of confusion between the significance of cautionary and imminent
alerts. Participants tended to describe warnings in terms of their modality and intrusive-
ness instead. Participants appreciated the seat vibration because it was silent and did not
alert the passengers. A younger woman asked if the LDW could offer the option of se-
lecting either the auditory or the seat vibration alert, implying she viewed them as equiva-
lent warnings rather than as indicating cautionary and imminent conditions.

When asked if they would have turned the LDW off, only a few people said they would
have and only in adverse weather conditions when its operation was impaired. A middle-
aged woman said she would have turned the LDW off in a rainstorm because she didn’t
think it was working properly but would turn it on again. Other participants said they
would turn the LDW off in snow because it issued too many false alerts.

The auditory tone for an LDW imminent alert could be disruptive, particularly to passen-
gers. Some participants suggested reducing the LDW sensitivity to reduce its passenger
discomfort with the tone. Carpoolers need an “on-off” switch because members “mock
the system.” Other suggestions for the auditory alert include the use of different tones for
the right and left sides and to make it possible to silence the tone if there is a sleeping
passenger or a baby.

Focus group participants identified aspects of the LDW that need to be improved or
changed before it becomes a product; these include:

Reduce the incidence of false alerts by 75 percent.
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Improve availability - LDW is unavailable when there is salt on the roads
and road markings need to be bright and fresh to use LDW effectively.

Reduce the noise associated with the LDW computer because it interferes

with the radio.
Increase geographic availability.

Move the visual display toward the vehicle center. Consider putting the
visual display on a heads-up display because “that way your eyes are
much closer to the road instead of dropping all the way down to the

dashboard so it is in the same field of vision.”

Focus group participants would consider purchasing the LDW despite its false alerts.
They were positive toward the LDW and willing to overlook its problems. Some com-
ments were. “I think it is a fantastic system and there some things that need to be
tweaked...but I can see this as something that is very helpful to everyone, it could save
lives.” “With the bad experiences that I had, the good far outweighed the bad.”

5.5 CSW SUBSYSTEM

This section describes the FOT participants’ views of the
CSW. The post-drive survey responses, debriefing
comments, and focus group results provide the source
material to evaluate the CSW.

5.5.1. Ease of Use

Table J-12 lists the descriptive statistics for participant
responses to the CSW ease of use survey questions by
subobjective. The mean scores suggest that participants
evaluated the CSW as easy to use in terms of the demand
on driver, understanding of warning, and usability
subobjectives. The modal response to the CSW ease of
use survey questions (all “7” or Strongly Agree) confirms
that participants considered the CSW easy to use.
Participants did not think that CSW alerts were

distracting and they knew what to do when the alerts are issued.

Participants rated the CSW ease-
of-use positively.

Participants stated they knew how
to respond to a CSW alert, but
some evidence suggests they did
not understand CSW alerts.

Participants had mixed reactions
about the CSW improving their
awareness of upcoming curves.

Numerous participants stated the
CSW issued too many false alerts.

Most drivers who participated in
focus groups found the CSW useful
on unfamiliar roads.

Sixty-eight participants who re-
sponded would pay an average of
$400 for the CSW.

The responses to two questions in Table J-12 had a significant association with age.
Question 13, which concerned the distraction of the CSW alerts, had mean responses of
4.88, 5.58, and 6.27 (younger, middle-aged, and older), F(2, 73) = 4.85, p = 0.0105. A
contrast analysis showed that older participants agreed more strongly than younger par-
ticipants that the alerts were not distracting. Question 5 concerned the appropriate action
following a CSW visual warning. The mean scores were 5.77, 4.42, and 5.19 (younger,
middle-aged, and older), F(2, 73) = 3.26, p = 0.0440. A contrast analysis showed that
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younger participants felt more confident than middle-aged participants regarding the re-
sponse to a CSW visual warning.

During debriefings, several participants mentioned aspects of the CSW implementation
that bothered them. They disliked the use of the static arrow in the CSW visual display,
which does not change direction with the orientation of the curve. A participant said “it
boggled my mind when the curve was in the other direction.” Other participants said
they are unable to discriminate the direction of the seat vibration. Figure 5-9 illustrates
the CSW visual display: the left display shows the LDW cautionary alert and the right
display shows the CSW imminent alert. The arrow’s orientation is static and does not in-
dicate the curve’s direction.

LATERAL CURVE LATERAL CURVE
SPEED ORIFT SPEED

SOONER SO00NER SOONER SO0ONER

LATER LATER

Figure 5-9. RDCW Display Showing CSW Cautionary and Imminent Alerts

Participants mentioned that passengers react to the auditory CSW alert of a male voice
saying “curve, curve.” Reactions ranged from laughter, attempts to imitate the voice used
in the warning, being startled and annoyed, or to asking the driver to turn it off. They
find these warnings are annoying when trying to converse. Passenger reaction is signifi-
cant because their awareness of a warning issuance raises questions about the driver’s
control of the vehicle, causes passengers to assess their safety, and could undercut their
perception of the driver’s competence. The statistical tests run to determine if age group
influenced CSW learning shows no significant relationships.

Focus Group Comments on CSW Ease of Use

Many FOT participants categorized their driving in terms of “familiar” and “unfamiliar”
roads and emphasized that the CSW was useful on unfamiliar roads. The CSW prevented
drivers from approaching curves too fast only on unfamiliar roads. Many participants
drove regular routes and knew to decelerate for upcoming curves. Thus, they were
unlikely to receive CSW alerts on these routes. An older woman said “we are pretty well
programmed in how we approach curves in our familiar areas.” In contrast, they consider
a CSW alert useful when driving an unfamiliar road.
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Numerous participants said they did not have enough time to test the CSW and referred
to their insufficient experience in several ways. When the appropriateness of the CSW
alert timing was discussed, almost half of those responding said that they did not have
enough driving time to evaluate it. An older man said that most of his CSW alerts were
false so he could not judge the appropriateness of the timing. He also said that the roads
he drove were generally straight, so there were few opportunities for CSW alerts. A
younger woman said that she found it hard to assess CSW alerts because she didn’t know
what was right or wrong.

Several participants had no opinion about whether the CSW would prevent drivers from
approaching curves too fast because CSW is too “buggy” and unreliable. A middle-aged
woman said, “They need to get rid of all the false alarms with the exit ramps.” Another
middle-aged woman said, “I found it too unreliable so | would just not take it seriously.”
She added that she “did not have an opportunity to have a real warning.”

Participants had concerns about the CSW imminent alert timing. There were issues re-
lated to road geometry. An older man said that he would prefer to receive a CSW alert
before he enters a curve rather than when he was in the curve. There was also a concern
that drivers responding to CSW alerts issued too early could disturb the traffic flow and
thereby impair driving safety. A middle-aged man said that he set the CSW sensitivity at
its lowest setting because he thought the CSW imminent alert told him to “slow down so
early that you would impede the flow of the (freeway) traffic.” A younger man said that,
even though he set the sensitivity as low as possible, CSW told him “...way too early that
I’m going too fast even though | am applying the brake.” A minority of focus group par-
ticipants said the timing of CSW alerts was correct.

Participants recommended better integration of the CSW functionality with other automo-
tive features. For example, vehicle braking could extinguish a CSW alert. The use of
CSW and cruise control can be discordant. One cited a need for coordination between
cruise control activation and CSW alert issuance relative to the onset of a curve. An older
man said his cruise control practice does not synchronize with the CSW alerts. He does
not release cruise control until he starts up a ramp and lets the car coast as long as possi-
ble before braking.

5.5.2. Learning

Table J-13 lists responses to CSW survey questions measuring the learning objective.
Most participants thought it was easy to become familiar with the CSW. They developed
a good understanding of how the CSW worked shortly after they began to use it; more
than 80 percent said that they became comfortable driving with the CSW within 2 to 3
days. However, four participants or 5 percent (two younger men, a middle-aged woman,
and older man) said they never were comfortable driving with the CSW.
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Focus Group Comments on Learning

Although post-drive survey responses suggested that the CSW is easy to learn, focus
group comments suggested that many FOT participants found it challenging to learn. Par-
ticipants described the limits of their knowledge of CSW operation. A middle-aged
woman admitted that she did not understand how the CSW was supposed to work and, as
a result, wondered if some of the faults she attributed to the CSW were actually due to
her lack of knowledge. She said she “should have stopped and reread the literature that
was sent with the car, but did not have the time or take the time to do that. So | felt my
perception of CSW was my misunderstanding or being uneducated about it.” Two older
men had an extended discussion of how the CSW alerts trigger in relation to curve ge-
ometry. They wanted to clarify when a driver should receive the CSW alerts, prior to
curve entry or when already in it, and whether there should be multiple alerts for a se-
quence of curves.

Anecdotal evidence suggests that many participants did not understand how the CSW
functioned. For example, an older man asked the focus group leader to clarify the se-
quence between CSW alerts and vehicle response. A middle-aged woman recalled driv-
ing in a rural area and said that lines were not clear on the road surface (suggesting she
was confusing the LDW with the CSW). An older man’s comments suggested that he
was not able to distinguish between the LDW and CSW alerts. He said that, when he
drove a particular freeway, “CSW would think you are going to get off unless you turn
that turn signal on.” Several participants said that they needed time to learn the meaning
of the cautionary CSW alerts. An older woman said it took her several days to understand
the significance of the seat vibration as a cautionary CSW alert.

A number of participants said that they did not receive sufficient CSW imminent alerts to
comment. Variations in road geometry, routes traveled, and familiarity with roads all in-
fluenced how well participants learned to use the CSW. When asked if their responses to
CSW alerts changed with experience, participants described several techniques they de-
veloped for responding to the CSW alerts. Several middle-aged and younger men turned
CSW issuance into a game. One man would try to say “curve, curve” before the CSW
would. Another tried to make “one clean run all the way to work,” meaning that he did
not receive any CSW alerts, and he usually failed. Others said they learned to ignore
CSW alerts but still checked the road to identify a reason for the issuance. Finally, sev-
eral participants said that they checked the speedometer when they received a CSW alert.
One middle-aged man said that he wanted to make sure he “wasn’t going 55 or 60 on a
curve that he should have been doing 45.” This last response suggests that CSW alerts
caused participants to evaluate their driving performance against road conditions.

5.5.3. Driver Performance

Table J-14 lists post-drive survey responses to measuring CSW driver performance. Par-
ticipants rated the CSW as somewhat useful for information about upcoming curves.
This result needs to be examined together with responses about reliance on the CSW
(CSW Question 36). Participant scores show they tended to not rely on the CSW. The
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mean and modal responses as to whether participants feel comfortable carrying out addi-
tional tasks while driving have a neutral rating.

The responses to two questions in Table J-14 had a significant association with age.
Question 36, which concerned the reliance on the CSW, had mean responses tending to-
wards the negative, 3.23, 2.54, and 3.77 (younger, middle-aged, and older), F(2, 75) =
3.15, p = 0.0486. A contrast analysis showed that middle-aged participants disagreed
more strongly than older participants that they relied on this subsystem. Question 42
concerned the comfort while performing additional tasks. The mean scores tended to-
wards neutral, 4.54, 3.12, and 4.04 (younger, middle-aged, and older), F(2, 75) = 3.76, p
=0.0277. A contrast analysis showed that middle-aged participants felt less comfortable
performing additional tasks than younger participants. Participants thought the CSW was
somewhat useful in that it notified them about upcoming curves. They did not, however,
rely on it operate their vehicles safely, in particular the middle-aged group.

Debriefing comments clarify responses to the post-drive survey item asking about reli-
ance on the CSW. Participants said, “I thought the CSW alerts were not very consistent,
hence I did not depend on it,” “did not really rely on CSW but it was helpful,” “in my
own car | tend to go over the speed limit going into a curve and CSW made me slow
down,” and “after many false CSW alerts, | turn off to such warnings.”

Focus Group Comments on Driver Performance

When asked, “How many times a month do you approach a curve too fast?” responses
ranged from once or twice a month to daily. These responses revealed that some partici-
pants learned more about their driving from the CSW. A middle-aged man described
himself as a “lead foot” and attributed his incidence of CSW alerts to his tendency to
drive too fast. Another middle-aged man said that he would have answered that he never
approached a curve too fast but that the “car said | did.” Another middle-aged man said
that he approached a curve too fast every six months but based his estimate on the times
when he drove unfamiliar roads. An older woman said that she would have said she
never approached curves too fast but, when she received CSW alerts she realized she was
distracted by talking with passengers and that this happened even on familiar roads.

When asked what they typically did when they received an imminent CSW alert, almost
half of the focus group participants responding said they ignored it. Some people reacted
to imminent CSW alerts initially, but ignored them with time. They reduced their speed

in response to a cautionary CSW alert, particularly if the road was unfamiliar, but tended
to ignore the cautionary CSW alerts on familiar roads. Most people said that they would
release the accelerator but prefer not to use the brake. One quarter of those discussing
this topic said that they did not get enough CSW imminent alerts to be able to report what
they did in response. When asked if the CSW cautionary alert (seat vibration) affected
their speed as they approached a curve, almost all said that they reduced their speed in
response to a cautionary CSW alert, particularly if the road was unfamiliar.

When asked if they thought that the CSW would prevent them from approaching curves
too fast, most limited their positive response to unfamiliar roads. An older woman said
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“we are pretty well programmed in how we approach curves in our familiar areas.” An
older man said that CSW will prevent drivers from “approaching a curve they are familiar
with and don’t realize how much they have to slow down in that sort of situation.” One
third were not able to provide an opinion as to whether the CSW would prevent drivers
from approaching curves too fast because they said that the CSW was too “buggy” and
unreliable.

Several participants said that the CSW changed the way they drove. A middle-aged
woman became more aware and cautious on curves so as not to set off the CSW alert. An
older man said he became more aware of entrance ramps and ramp traffic. A younger
man said he avoided certain roads and lanes in roads so as not to trigger CSW alerts due
to “Michigan lefts.” (A Michigan left is an automobile traffic maneuver in which a U-
turn and a right turn replace a prohibited left turn. The term comes from the fact that the
arrangement is quite common along Michigan roads and highways and extremely rare
anywhere else in the United States.) A middle-aged man stopped using a particular very
short exit ramp with a sharp exit. People who altered their driving, as a result of using the
CSW, did so to avoid setting off a CSW alert.

5.5.4. Perceived Value

Table J-15 lists descriptive statistics on participants’ responses to the CSW post-drive
survey questions for the perceived value objectives. Participants have a neutral to positive
opinion that the CSW can issue alerts to effectively prevent vehicle collisions. They be-
came more aware of the need to slow down for curves using the CSW. The usefulness of
CSW alerts in stressful traffic or challenging weather conditions is neutral to slightly
positive. Participants are not annoyed by the CSW cautionary and imminent alerts and
have neutral to slightly negative opinions about unnecessary and false CSW alerts.

An analysis of the perceived-value survey questions revealed four significant associations
between the age group and responses. These associations, listed in Table 5-4, pertain to
CSW: seat-vibration alerts, unnecessary alerts, false alerts, and alert frequency. Separate
contrast analyses revealed:

e Older participants felt more strongly that the seat-vibration alerts were not annoy-
ing

e Middle-aged participants disagreed more strongly than older participants regard-
ing not receiving unnecessary alerts

e Younger and middle-aged participants disagreed strongly more than older partici-
pants regarding not receiving any false alerts

e Younger and middle-aged participants indicated that CSW alerts were slightly too
frequent, while older participants indicated they were slightly infrequent
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Table 5-4. Statistical Comparison of CSW Perceived Value Measures by Driver Age

Group
Sub- . Age Result from
Objective SUNEY QUESHRIT Group | Mean ANOVA
Safety

Question 21, The frequency with which | received CSW seat vibration warnings was not annoying.

1 (Strongly Disagree) — 7 (Strongly Agree) | Younger | 5.12
Middle-
4.96 F(2, 75) = 3.46, p
aged =0.0366
Older 6.19
Question 28, | did not receive any unnecessary CSW warnings.
1 (Strongly Disagree) — 7 (Strongly Agree) | Younger | 3.85
Middle- F(2,75)=4.87,p
aged 2.85 =0.0103
Older 4,73
Question 29, I did not receive any false CSW warnings.
1 (Strongly Disagree) — 7 (Strongly Agree) | Younger | 3.62
Middle- F(2,75)=3.22,p
aged 3.00 =0.0455
Older 4.62
Question 30, Overall, | received CSW warnings.. . . ...
1 (Too Frequently) — 7 (Too Infrequently) | Younger | 3.23
Middle- F(2, 75) =9.80, p
aged 3.65 =0.0002
Older 4.81

A separate analysis of the actual frequency of cautionary and imminent CSW alerts in
relation to participants’ opinions regarding CSW alert frequency was performed. The
number of CSW alerts relates to the opinion regarding alert frequency in a proportional
manner. That is, participants who received more cautionary or imminent CSW alerts in-
dicated they received CSW alerts too frequently.

With the dichotomous response (useful, not useful), participants rated 58 percent of the
cautionary and 49 percent of the imminent CSW alerts as useful (compared to 74% and
76% ratings for LDW alerts). With the 1 to 5 scale, participants’ rated only 27 (21) of the
cautionary (imminent) CSW alerts as fairly or quite useful (compared to 50% of the
LDW alerts). At the not-useful end, participants rated 55 (62) percent of the cautionary
(imminent) alerts were rated as not at all or slightly useful (compared to 31% and 33% of
the LDW alerts). The reasons for rating a CSW imminent alert “not at all useful” are, in
order of importance: false alert, speed not excessive, and not taking exit. The reasons for

5-36




Driver Acceptance

rating a CSW alert as “quite useful” were: driving too fast, made aware of upcoming
curve, and driver inattention. The reasons for rating a CSW alert as “not at all useful”
were: false alert, speed not excessive, and familiar with the road.

Post-Drive Survey Comments

During the debriefings, some participants said that the frequency of the auditory CSW
alerts was not annoying. Others said that they received too many auditory CSW alerts,
especially when entering freeways. Representative comments about the imminent CSW
alert included:
e The auditory warning was annoying and it was loud but it was not bad because, if
| were asleep, it would wake me up.
e The auditory sound stops everything in the car, i.e., conversations.
e The auditory warning distracted passengers.
e | drive by a lot of curves to work but I know the route well and the warnings were
not necessary.
e | would receive a warning after | had applied the brakes and was slowing down
for a curve, quite often.

Participants considered the CSW as a speed limit reminder and an indicator of the appro-
priate speed for driving in a curve. Representative comments showing how participants
substituted CSW for a speed limit reminder included:
e There were times | felt | wasn’t going too fast, but got a warning.
e Itis difficult to say that | was driving too fast. But for some drivers it would have
been too fast. (Note: This type of opinion has been encountered in other FOTS.)

Participants took exception with the road geometry where CSW was issued. Representa-
tive comments included:
e | got some unnecessary CSW alerts while driving on freeway due to passing exit
ramps and lane changes into turnaround lanes.
e On the freeway, CSW seemed to warn for every curve, even if it was a gentle,
normal curve with no danger.
e CSW warned on straight-aways, near overpasses, when | was moving out to pass.

Focus group participants’ experience with false CSW alerts reduced their comfort using
it. They received false CSW alerts on straight roads, driving over a bump in the road,
changing lanes, and on small curves. When they drove a regular route that included a
false-positive alert, they received it repeatedly.

Focus Group Comments about Perceived Value

When focus groups participants were asked “How often did you encounter situations
where you felt the CSW was useful,” most of the comments were positive. Participants
said that CSW is valuable when driving on unfamiliar roads or in more challenging con-
ditions such as snow. The few dissenting opinions were due to lack of success trying to
provoke a CSW alert or having had insufficient time to experience the operation of CSW.
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An older woman said she was unable to provoke a CSW alert even though she thought
her testing exceeded her “comfort level.” A middle-aged man said that CSW did not acti-
vate often and that he would like twice as much driving time to experience CSW. An-
other older man wanted more time to test CSW operation because he only drove familiar
roads during the FOT and wanted to see how CSW could help on less familiar roads.

One out of 8 of the focus group participants described situations when the CSW might
have prevented them from having an accident. A middle-aged man and a younger woman
described receiving a CSW alert when they drove on curves in snowy conditions. Al-
though they were driving familiar roads, they valued the alert because it made them drive
more slowly in the challenging road conditions.

When asked if CSW alerts were useful, most of those responding agreed and added that
CSW was useful when they drove unfamiliar roads. An older woman said CSW alerts
were useful when she was not paying attention to her driving.

When asked if they thought that CSW made them safer drivers, all of those responding
agreed. A younger man said, “I must admit as much as | hated it, it did make me a little
bit more conscious of speed and I did look at the speedometer a lot more often when it
went off.” A younger and an older woman both said that using CSW made them drive
less aggressively in curves.

Almost all the focus group participants found false-positive CSW alerts annoying. They
added that, with time, they became accustomed and their annoyance decreased. The fol-
lowing are examples of false-positive CSW alerts that focus group participants describe
as annoying. A younger man received false CSW alerts at the same spot on a freeway he
drove regularly. He didn’t consider it to be a curve but rather a “road correction with a
bridge across the top of it.” A younger woman received false CSW alerts repeatedly at
one location that she had to drive regularly. A middle-aged woman received repeated
false CSW alerts passing a wide ramp on a freeway. A middle-aged man received false
CSW alerts on a ramp between two freeways. He was leaving a ramp and entering a
freeway and needed to speed up but the CSW warned him to slow down. He thought that
the traffic flow was about 45 mph on these ramps and wanted to keep to the traffic flow.
Several participants mentioned false CSW alerts due to a road geometry known as a
Michigan left. These occurred when CSW picked up the turn lane.

Focus group participants were asked if they experienced missed alerts with the CSW. A
younger woman said she never received a CSW alert at an exit onto an interstate, which
she described as a “big curve” where “everyone goes fast.” Similarly an older man men-
tioned a hard curve off an interstate where he would have expected to receive an alert, but
did not.

The consequence of unmet expectations of a warning is that participants became uncer-
tain about CSW. When CSW did not work according to their expectations, they were
puzzled. This suggests that drivers need more tools to interpret how the CSW reads a
curve. The issue of CSW availability may have contributed to the incidence of missed
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alerts. Participants were probably unaware of the CSW availability status when they ex-
pected a CSW alert.

Focus group participants were asked if they received CSW alerts when they were not
paying enough attention to the road. Four women mentioned situations and their exam-
ples refer to driving with extra workload. One woman said she was trying to follow a lead
vehicle that was driving too fast. Another woman was driving in a construction zone on
an unfamiliar interstate. An older woman recalled a situation of night driving on a curvy
"parkway" and another woman said she was talking with her passenger.

5.5.5. Advocacy

The advocacy objective examines participants’ interest in the CSW by asking if they
would purchase a CSW, what they would pay to acquire it, would they recommend it to
others, and how would they rate it using standardized measures. Table J-16 lists the de-
scriptive statistics for responses to the CSW advocacy post-drive survey questions. In
addition, this section presents debriefing and focus group comments about advocacy of
CSW.

The results in Table J-16 reveal that aside from cost, participants have a mid-range or
neutral interest in considering purchasing the CSW with a new vehicle. At a price tag of
$500, participants have a neutral propensity to purchase the CSW. Ten participants, 13
percent, did not answer the survey question asking for the maximum amount they would
pay for the CSW. The remaining 68 were willing to pay a mean amount of $402 to ac-
quire a CSW. Nine participants, 13 percent, said that they would pay $1,000 or more for
the CSW. One quarter of the participants or 16 said they would pay $0 for CSW. A ma-
jority of participants indicated that they would not turn off the CSW if an on/off switch
were provided.

Data were analyzed to determine if the number of cautionary and imminent CSW alerts
was related to interest in purchasing the CSW. There was no statistically significant cor-
relation between the frequency of cautionary or imminent CSW alerts and participants’
interest in purchasing the CSW or paying $500 to obtain it. As with the LDW, responses
to only CSW Question 43, regarding turning the device on and off, had a significant as-
sociation with age, F(2, 75) = 4.22, p = 0.0183. The response means by age groups were
3.81, 2.65, and 2.19 (younger, middle-aged, and older). A contrast analysis showed that
younger participants were significantly more likely to have turned off the CSW, the same
finding observed with the LDW.

As with the LDW, participant response to the Driver Acceptance Scale (van der Laan,
Heino, & de Waard, 1997) was used to assess CSW acceptance (CSW Question 46). The
mean usefulness score was 0.89 (LDW was 1.4) and the mean satisfaction score was 0.41
(LDW was 0.8). These scores, shown as a scatter plot in Figure 5-10, illustrate a mixed
approval of the CSW. A separate statistical analysis revealed no association between age
and driver acceptance.
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Figure 5-10. Driver Acceptance Scale Scores for CSW by
Usefulness and Satisfaction

Estimating Purchase Intent

Two methods were used to estimate the proportion of people who might purchase the
LDW. During the focus groups, participants were asked if they would buy a CSW, and
their responses were recorded as yes or no. Sixty-one percent of the focus group partici-
pants said they would purchase a CSW; this estimate is similar to the results of a similar
question on the post-drive survey. The frequency distribution of responses to the CSW
Question 47 (“cost aside, how likely are you to purchase CSW”) shows that 47 percent of
the responses were in the 5-to-7 range on the 7-point Likert scale. Assigning half of the
responses on the CSW 47 neutral midpoint to the positive category makes this total ap-
proximately 60 percent.

Using the same participants, it is possible to see how robust participants’ interest in pur-
chasing the CSW is over time. In the post drive survey FOT participants were asked if,
cost aside, they would like to purchase the CSW. The gap of time between their answers
to this question and focus group participation ranged from the same day to 11 weeks so it
is possible to see if attitudes toward the CSW change with time. When asked in the focus
group if they would purchase the CSW, 17 percent answered differently and now said
they would purchase the CSW. Of those whose responses changed, 75 percent moved
from a “might or might not” consider such a purchase to affirming that they would pur-
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chase the CSW. Twenty-five percent went from “would not” consider purchasing the
CSW to “yes.”

As in Sections 5.3.5 and 5.4.5, the weighted-box method was used to estimate the percent
of participants willing to purchase the CSW and to forecast acceptance. We gauged buy-
ing intent using responses to a 7-point Likert response scale (1 = definitely not) to the
survey item: “Cost aside, if you were purchasing a new vehicle, how likely would you be
to consider purchasing the CSW? Participants responded as follows to CSW Question
47: 1=definitely would not consider (17%), 2 (7%), 3 (7%), 4 might or might not con-
sider (22%), 5 (12%), 6 (17%), and 7 definitely would consider (18%). The data indicate
that 30 percent of the FOT participants would purchase the CSW.

Post-Drive Survey Comments

During the debriefings, participants gave the primary reason for their response to CSW
Question 47, “Cost aside, if you were purchasing a new vehicle, how likely would you be
to consider purchasing the CSW?” Comments include the following. “Need CSW on un-
familiar roads,” “I like the idea of being warned in some unfamiliar situations and loca-
tions,” “The false CSW alerts need to be fixed,” “CSW enhances driving safety,” “I
would buy CSW if everything works properly,” “I fell asleep while driving,” “Too many
false warnings. “If false warnings were somehow corrected, | would definitely consider
buying,” “CSW needs to be more accurate,” and “CSW needs more accurate detection of
upcoming curves.” One participant said “I found few situations where | was unaware of
upcoming curves and | do not need it.” Several people mentioned their lack of experience
with CSW, such as "most of my driving is city driving,” “Did not use CSW enough to
assess,” and “I don’t feel as knowledgeable about CSW as | do with LDW.”

Focus Group Comments on Advocacy

Focus group participants were asked whether they would have turned off the CSW. Two-
thirds said they would not have turned it off. Participants who would not have turned off
the CSW often said they lowered the CSW sensitivity setting to reduce unnecessary
alerts. They want the CSW functionality because “in theory it seems like a good enough
idea to leave it on.” A middle-aged female said she would not turn off the CSW because
she didn’t think she had adequately tested that piece of the system because “my driving
didn’t cover a whole lot of curves.” This comment raises the issue of variation in driving
experiences and the need for sufficient time and varied conditions to become accustomed
to new features.

A younger man would have turned off the CSW because he received CSW alerts only
when he passed an exit ramp on the highway and when he got on and off freeways. A
younger woman wanted to turn off the CSW because she said there were “certain spots
where it went off like crazy” but she added that she would turn it on again eventually.

When asked if the CSW performed in the way they would expect it if they bought this
feature, only one person, a middle-aged man, agreed that the CSW performed in the way
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he would expect if he bought it. Many participants said that the CSW issued too many
false alarms. Others said the CSW needed to be more reliable and have “fewer false read-
ings.” A few participants suggested the CSW needed to “take more information into ac-
count” such as brake pressure and turn-signal use to predict better driver intention. A
younger man said the CSW became annoying when he received false CSW alerts but it
was helpful because it let him know when he entered a curve too fast. A middle-aged
man suggested the CSW might be good on rental cars because drivers of rental cars drive
on unfamiliar roads.

When focus group participants were asked what needs to be different before the CSW
becomes a product, many comments referred to the imminent alert and its use of a voice
saying “curve, curve”. Two younger women described their passengers’ reactions to the
voice alert. One said that “her kids loved it” and the other said it became a joke with her
passengers. Other suggestions include the following: use a female voice, do not say
“curve, curve,” intersperse “curve, curve” with another message saying “slow down”
every third issuance, and provide the option to select a preferred message.

When asked if they would buy the CSW, cost aside, 59 percent, said they would.
Younger participants said they would purchase the CSW but the middle-aged and older
participants had split opinions. They wanted the CSW to be more accurate, “fine tuned,”
and fix the false alerts. Other participants said the CSW is useful in unfamiliar areas.
Some participants’ assessments were limited due to insufficient opportunity to use the
CSW.

Participants who said they would not buy the CSW did so because of excessive false-
positive and missed alerts. An older man had situations when he thought it should have
alerted him and he tried to make the CSW *“go off and it didn’t go off.” A middle-aged
man said that if the CSW “doesn’t go off when you think it should, then when you need a
warning and it doesn’t go off when you’re approaching way too fast, that could be a
problem.” A middle-aged woman said that “after a while you start not paying attention to
it if you get too many false alarms.”

The most frequent suggestions to improve the CSW were to make it more accurate and to
eliminate false alerts. Other suggestions are to move the display to the center of the
dashboard and teach it to read speed signs.

5.6 CONCLUSIONS

The RDCW was intended to warn drivers of lateral drift, either into an adjacent lane or
off the road, and excessive speed for an upcoming curve. Participants accepted it because
they recognized that using it made them drive more safely. The LDW and, to a lesser ex-
tent, the CSW provide new information about driving performance in terms of lateral
road position and appropriateness of vehicle speed during curve handling. Participants
accept these subsystems because they consider the added information useful.

The following summary of the independent evaluation assessment of the driver accep-
tance of RDCW and its LDW and CSW subsystems is based on analyses of the partici-
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pants’ subjective opinions from survey responses, debriefing comments and focus group
input.

5.6.1. RDCW

The RDCW settings and availability indicators were easy to use. The display location
was convenient, system operation was easy to understand, sensitivity adjustment switches
were easy to locate and use, sensitivity settings were easy to understand, and the display
layout was easy to learn. Two-thirds of the participants found the directional haptic alerts
easy to understand. A minority of participants did not like the location and short duration
of the visual display. Younger participants adjusted the RDCW sensitivity settings more
than middle-aged and older participants. Participants understood how changes to the sen-
sitivity settings affected alerts, could distinguish between the LDW and CSW alerts, and
understood the alerts’ meanings.

Participants learned the RDCW operation quickly but some comments, at the conclusion
of the FOT, suggested that they did not understand the differences between the LDW and
CSW functionality. Furthermore, they understood the difference between seat vibration
and auditory tone, but some did not understand that the former corresponded to a cau-
tionary alert and the latter an imminent alert.

Despite being easy to learn to use, the LDW and CSW alerts, with two levels of gravity
and common modalities, confused some participants. Some participants did not discrimi-
nate between LDW and CSW alerts. Others did not make meaningful distinctions be-
tween the cautionary and imminent alerts. This raises the question of whether drivers us-
ing such a system need to know the reason for an alert or does its value rest in refocusing
their attention on the immediate road situation.

The RDCW evoked a “carryover” effect, based on comments of focus group participants
after completing their FOT participation. They tended to assume they had RDCW capa-
bility after leaving UMTRI in their personal vehicle. They experienced situations when,
expecting to receive a RDCW alert, realized they no longer had this feature.

Even though the RDCW made participants more aware of their vehicle position on the
road and upcoming road challenges, participants did not rely on the RDCW and assumed
responsibility for operating their vehicle. Participants thought that RDCW use would in-
crease their driving safety because it fostered increased turn-signal use, reduced lane
drift, and improved alertness.

Most participants wanted to acquire the RDCW and would pay an average of $725 for it.
Older participants were more likely than younger participants to purchase such a system.

5.6.2. LDW

The LDW was easy to use. Everyone, especially the older age group, recognized the ur-
gency of the alerts. The alerts were not distracting and participants knew what to do when
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the RDCW issues an LDW alert. Participants did not change the LDW sensitivity setting
often.

Although some participants said they received unnecessary or false LDW alerts, most
found the LDW alert frequency acceptable. Weather conditions, particularly rain, caused
LDW errors and repetitive alerts. LDW availability varied and may account for some
portion of the reported missed alerts because participants did not always consider the sys-
tem availability status.

The LDW was easy to learn. Participants reported more turn-signal use when they drove
their own vehicle after the test, evidence of a carry-over effect. At times, participants had
difficulty discriminating between LDW and CSW alerts, but did not find it annoying.
When participants mentioned that they checked their speed when receiving a LDW alert,
it suggests they confused the alerts, which may have contributed to some reports of false
alerts. It is important that participants distinguish between the alerts because speed is a
factor in triggering the CSW, but not the LDW. They needed to distinguish between the
alert categories to provide the appropriate remedy.

The LDW made participants more aware of their vehicle position, more relaxed when
driving, and more skilled in maintaining their position in the center of the lane. The LDW
encouraged more turn-signal use when changing lanes, even after completion of the FOT.

The LDW improved self-awareness of driving performance, based on comments about
noticing lane drifts during cell phone use. Some participants referred to the LDW as a de
facto “blind spot detector’ because it issued an imminent alert if an adjacent lane was oc-
cupied. The younger and older age groups said that they were more likely to perform ad-
ditional tasks when driving with the LDW. Participants, however, recognized that their
cell phone use affected their lane position and described accommaodations to their phone
use.

Participants appreciated the information provided by the LDW and thought it made them
safer drivers. The LDW improved driving safety because participants responded to its
feedback about their lateral road position and used their turn signal more often. Some
participants said that the LDW alerts pointed out their driving mistakes and led to
changes in driving practices.

The incidence of LDW alerts was not related to participants’ tolerance of their frequency.
Participants rated three-quarters of both their cautionary and imminent LDW alerts “use-
ful” because they learn about their lane drifts, lack of turn-signal use, and lack of atten-
tion. FOT participants had a positive reaction to the LDW. They rated the LDW as useful
and most of them, especially older participants, were satisfied with it. Participants
wanted to acquire the LDW to increase driving safety, enhance driving alertness, and as a
reminder to use the turn signal. They would like it to work better in poor weather and
would not turn it off if an on/off switch were provided. Participants were interested in
purchasing the LDW and would pay an average of $500 to acquire it.
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5.6.3. CSW

Participants found the CSW easy to use and knew what to do when they received an alert.
The alerts did not distract participants. Many said that because of infrequent curves they
did not have sufficient exposure to the CSW to have an informed opinion of it. A sizable
minority of FOT participants said they received too few alerts, particularly imminent
alerts, to be able assess the CSW. Finally, many focus group participants made comments
that revealed that they did not understand the CSW. Participants tested the CSW and, if
they had difficulty triggering an alert, become uncertain about its operation.

Participants discriminated between the CSW utility in relation to familiar and unfamiliar
curves. Participants appreciated CSW alerts on unfamiliar curves, when they were dis-
tracted, and when conditions made driving more challenging (i.e., snow, rain, night).
Participants said they did not need the CSW alerts on familiar curves because they drove
them regularly and knew how to handle them.

Passenger reactions to alerts affected participants. The auditory imminent alert, a voice
saying “curve, curve,” was found by some to be provocative and caused some passengers
to question their safety and mock the driver’s performance. An older man suggested that
the haptic alert should be placed in the passenger seat where his wife sits because "she
tells me what to do.” This humorous comment reveals an important component of driver
acceptance, which is how passengers react to the vehicle enhancement. If the passengers
find the enhancement amusing, silly, threatening, or not understandable, it can affect the
driver.

CSW implementation produced problematic situations when alerts were issued but par-
ticipants did not consider them appropriate. There were inconsistencies between partici-
pants’ opinions and the CSW’s judgment of a curve when the geometry was complex,
i.e., “S” and multiple curves. In addition, participants cited false alerts for Michigan lefts
and for ramps entering or exiting freeways. Participants did not like receiving CSW alerts
when they entered ramps or exit freeways because they feel a conflict between the CSW
advising deceleration while they needed to match the speed of traffic flow they were en-
tering.

There were issues with the CSW alert modalities. Some participants were annoyed by the
visual representation of the CSW, which did not match the direction of the curve generat-
ing the alert. A minority of participants had difficulty discriminating the directionality of
the seat vibration used for the cautionary alert due to heavy clothing or seating posture.

The CSW was easy to learn, and more than 80 percent of participants learned to use it
within two to three days. However, there is a distinction between learning to use the
CSW in the sense of operating it, and understanding how it works.

Participants rated the CSW as somewhat useful but did not rely on it to operate their ve-

hicles safely. The middle-aged group was least likely to say that they rely on the CSW.
Similarly, the middle-aged group was less likely to say they would perform additional
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tasks using the CSW. Half the participants said they ignored the CSW alerts: they reacted
initially and, with time, tended to ignore them. Younger participants received more cau-
tionary and imminent alerts than middle-aged and older participants.

CSW alerts made participants more aware of the need to slow down for curves. Some
participants said that receiving CSW alerts, even when false, reminded them to check the
suitability of their driving for the road conditions. The CSW helped participants observe
speed limits and assume appropriate speeds for upcoming curves. Participants had neu-
tral to positive opinions that the CSW will prevent crashes and rated the utility of these
alerts in stressful traffic or challenging weather conditions as neutral to slightly positive.

Overall, participants had negative opinions about unnecessary and false CSW alerts. The
incidence of false CSW alerts interfered with their ability to become comfortable using
the CSW. Younger and middle-aged participants were more likely to say they received
too many unnecessary and false CSW alerts, in keeping with their higher incidence of
CSW alerts. They were particularly annoyed by repeated false CSW alerts on regular
routes.

Based on a review of selected CSW alerts, participants classified three-fifths of the cau-
tionary CSW, and one-half of the imminent CSW, alerts as useful. They considered
CSW cautionary alert to be quite useful when they warn about driving too fast and on un-
familiar roads, and CSW imminent alerts quite useful for calling attention to an upcoming
curve. A middle-aged woman said, “In theory it seems like a good enough idea.” Overall,
participants would not turn off the CSW if an on/off switch were provided. Participants
had a neutral response to the idea of purchasing the CSW in a new vehicle. Slightly less
than one half, 47 percent, of the participants would consider purchasing the CSW and
would pay an average of $400 for it.
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6. CONCLUSIONS

This chapter highlights key findings related to the three
principal evaluation topics of system performance, driver
acceptance, and safety benefits. The chapter also presents
recommendations for a future RDCW, the additional data
needed for the related FOT, and enhancements to the
FOT experimental design and procedures.

6.1 FINDINGS
6.1.1. System Performance

System availability indicates if the subsystem is capable
of issuing an alert. FOT data show that road type and the
combination of lighting and precipitation influence LDW
(subsystem) availability. Table 6-1 summarizes the LDW
availability at speeds when the subsystem was capable of
alerting the driver. Road type strongly influenced

HIGHLIGHTS

Out of every 100 km, the LDW was
available 55 km and the CSW 95
km.

FOT participants rated most alert
characteristics positively.

The LDW improved lane keeping
and turn signal use.

The RDCW resulted in fewer road-
departure conflicts.

Assuming 100 percent device de-
ployment and the availability ob-
served during the FOT, an annual
decrease of 5,200 to 41,200 road-
departure crashes is forecast.

availability. The LDW availability on freeways, 76 percent, dropped to 36 percent on
non-freeways. Light and weather also strongly influenced availability. The daytime, dry
LDW availability, 56 percent, dropped to 4 percent during the rain at night. CSW avail-
ability was consistently high, 99 percent on freeways and 94 percent on non-freeways.

Table 6-1. LDW Availability Summary

Conditions Percent Available

Overall 55
Road type

Freeway 76

Non-freeway 36
Light and weather

Day and dry 56

Night and wet 4

One thousand three hundred kilometers of on-road characterization test-driving, when the
RDCW was supplemented with an independent measurement system (IMS), provided a
wealth of data to quantitatively evaluate RDCW performance. In comparing the AMR in
a shoulder, a key LDW measure, with the actual AMR, i.e., the one measured by the

IMS, we found that the LDW often overestimated the width of narrow shoulders and un-
derestimated the width of wide shoulders. A comparison of CSW and IMS estimates of
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the distance to an upcoming curve and the curve radius revealed differences, but no clear
trend, in these measures.

The characterization data indicates that inaccurate AMR estimates caused numerous
missed and false-positive alerts. When there were solid markers and the situation required
an alert, the LDW failed to issue an alert in approximately 1 of 8 cases. An overestimate
of the AMR likely caused the LDW to not issue an alert. When there were solid markers
and an alert was issued, approximately half were false positive, with corresponding TTCs
greater than 5 seconds, and approximately one-third had TTCs less than 1.5 seconds. The
large TTCs occurred because the LDW underestimated the AMR, and the small TTCs
occurred because the LDW overestimated the AMR.

The LDW side and forward radars enabled the RDCW to detect adjacent and forward ob-
jects and alert accordingly. When the test vehicle drifted toward an adjacent vehicle and
an alert was required, the RDCW issued an LDW alert in 4 of 5 cases. Even though a
malfunctioning radar during one test run was responsible for most of the missed alerts, 1
of 4 alerts was a false positive. The LDW detects stationary roadside objects, particularly
parked vehicles, well. In 9 of 10 cases, the RDCW issued an alert when the test vehicle
drifted toward a parked vehicle.

The FOT, with its pool of participants and its diverse roads and conditions provides a rich
set of data to analyze the RDCW LDW-alert performance. The FOT provided two orders
of magnitude more data, 130,000 km versus 1,300 km, than the characterization testing.
A manual video analysis of FOT alerts indicates that 1 in 3 alerts was a false positive.
Further analysis revealed that the weather conditions that influenced LDW availability
also influenced LDW performance. In particular, the FOT data show:

® The odds of an alert being a false positive for nighttime driving were
1.8 times the odds for daytime driving.

® The odds of an alert being a false-positive alert on wet surfaces were
3.0 times the odds on dry surfaces.

® The odds of an alert being a false positive when driving in the rain
were 3.6 times the odds when driving under dry conditions.

Construction zones, with barrels, barriers, and poor or no lane markings, degrade visual
conditions and make it difficult for the LDW to correctly sense its surroundings. Of the
alerts issued in construction zones, almost half were false positive. Inaccurate AMR esti-
mates caused most of the false-positive and missed alerts in construction zones.

Characterization testing provided a comprehensive set of RDCW and IMS data to analyze
CSW performance. When the test vehicle approached a curve at an excessive speed, the
system missed 1 of 4 alerts. When the system did alert, 93 percent of the alerts provided a
driver with sufficient time to brake and negotiate the curve safely. When the vehicle ap-
proached a curve or passed a ramp, 1 of 10 alerts was a false positive. Underestimates of
the distance to the curve or the curve radius caused the false positives, and overestimates
of the same measures caused the missed alerts.
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Participants rated the RDCW DV in their post-drive surveys. Eight-eight percent readily
interpreted the seat vibration alerts, 80 percent readily interpreted the LDW audible
alerts, and 86 percent readily interpreted the visual alerts. Participants rated the following
favorably: LDW and CSW alert timing, LDW and CSW missed-alert frequency, and
LDW false-positive alert frequency. The participants’ unfavorable responses to certain
survey items indicated that they recognized the LDW limitations in poor lighting and
road surface conditions, such as wet roads at night.

6.1.2. Driver Acceptance

Although FOT participants liked the RDCW and its subsystems, they were less enthusias-
tic about the CSW. They considered the LDW alerts to be more valuable than the CSW
alerts, and many participants indicated they adjusted their driving because of it. They
used turn signals more consistently, which contributed to a decrease in the LDW alert
rate during the treatment period. In addition, participants said the LDW helped them
monitor and learn about their driving and made them aware of vehicles in their blind
spots. Participants did not find the CSW alerts particularly valuable and were less likely
to change their driving because of the CSW.

Several focus group participants who returned to UMTRI some time after completing
their FOT driving said that they missed the RDCW when they resumed driving their own
vehicle. They recalled situations where they expected to receive one of the RDCW alerts,
and had to remind themselves that their own vehicle did not issue alerts.

Participants were more reserved in their praise for the CSW. They viewed it as a good
concept in theory, but one that, in practice, issued too many false alerts. Some partici-
pants could not provide reliable feedback about the CSW because they had insufficient
experience using it and needed more exposure to the subsystem. The FOT constraints re-
quired participants to restrict their driving to geographic areas mapped in the RDCW sys-
tem. This restriction may have limited both the variation in the roads and the participants’
exposure to unfamiliar roads.

Several factors contributed to the CSW driver-acceptance results. Participants distin-
guished between curves on familiar and unfamiliar roads. They did not feel the need for
CSW alerts for familiar curves because they knew how to approach and negotiate these
curves. When they received an alert on a familiar curve at a (for them) typical speed, they
found it unnecessary and annoying. In simple terms, the system seemed to be telling them
that something they had always done was now incorrect, even though they had no trouble
maintaining control on these curves. Some participants said that had they driven more on
unfamiliar roads, CSW alerts might have been more valuable to them. On the positive
side, participants appreciated CSW alerts when driving in bad weather and at night.

Participants approved of the RDCW implementation and found it easy to use. They liked
the haptic “modality” of the cautionary alerts, as opposed to audible modality of the im-
minent alerts, because they alerted only the driver and did not startle the passengers.
Unlike the cautionary alerts’ silent seat vibration, imminent alerts are issued over the ve-
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hicle’s sound system. The LDW alert simulates a rumble strip sound, and the CSW alert
is a male voice saying, “curve, curve.” Participants accepted the rumble strip sound, but
tended to dislike the CSW imminent alert.

Participants generally had positive experiences with the RDCW. They showed consider-
able interest in it, and are willing to spend approximately $750 to acquire one. When re-
viewing their alerts on video with an UMTRI researcher, they rated the majority of the
alerts, 75 percent of the LDW and 50 percent of the CSW, as useful.

6.1.3. Safety Benefits

Conflict rates and conflict severity were analyzed in two pre-crash scenarios:

1. Going straight or negotiating a curve and departed road edge
2. Negotiating a curve and lost control.

Changes in conflict rates and severity from the baseline period to the treatment period
result from the RDCW providing alerts; these changes determine the safety benefits. Be-
cause of their different alert functions, the LDW is relevant to conflicts in the first cate-
gory and the CSW to conflicts in the second. In the departed-road-edge category, the con-
flict rate decreased (from baseline to treatment period) at speeds greater than 55 mph.
Conflict severity decreased over the 35 to 45 mph speed range. The FOT data, however,
did not support a credible estimate of the condition crash probability (which is used to
estimate crash reduction) over this speed range. Thus, no change in crash counts due to a
reduction in conflict severity is forecast. The FOT data did not show any statistically sig-
nificant changes in conflict rate or severity in the second pre-crash scenario, negotiating a
curve and lost control. Extrapolating changes in conflict frequency to all domestic driv-
ers, we can predict a net annual crash reduction. If the RDCW were deployed in all light
vehicles and if the device were always available, an annual reduction of 9,400 to 74,800
crashes would result. If the device were fully deployed and available for 55 percent of the
VVDT—the availability observed in the FOT data—a reduction of 5,200 to 41,200 crashes
would result.

Driver performance analyses examined changes in driving in the following categories:
curves, in the lane, lane changes, and turns. An analysis of FOT data revealed neutral to
positive driver performance associated in each of these categories. FOT participants did
not take curves any slower (or faster) when the device was enabled. They did, however,
tend to drive closer to the lane center and meander less. For lane changes, we analyzed
turn-signal usage for both the baseline and treatment periods, treating the percent of lane
changes accompanied by a turn signal as the performance measure. The FOT data show a
significant improvement in turn-signal use when the RDCW was enabled, a positive out-
come. FOT participants appeared to take turns slightly faster, but the magnitude of the
change in lateral acceleration change is miniscule.

6.1.4. Summary

Analysis of FOT, system characterization, and survey data indicates that:




Conclusions

®=  The RDCW performed reasonably well
= Participants generally liked the RDCW and are willing to pay for it
= Driver appreciated the LDW alerts and responded to them

= At speeds above 55 mph participants crossed solid lane boundaries less
often with the RDCW

= When participants did cross solid lane boundaries, they came slightly
closer to departing the road at lower speeds with the RDCW and
stayed further from the road edge at higher speeds with the RDCW

= Subject to certain assumptions, RDCW deployment will result in an
annual reduction of 5,200 to 41,200 crashes.

These encouraging results associate a safety benefit with the RDCW and a willingness of
drivers to pay for it.

6.2 RECOMMENDATIONS

During the independent evaluation, we have become very familiar with the RDCW and
the FOT. We analyzed many data samples, collected performance data, examined subjec-
tive responses, and listened to focus groups. Our recommendations are divided into three
areas: future RDCW development, future FOTS, and future data analysis.

6.2.1. Future RDCW

While we recognize that some of these recommendations for improving the RDCW are
likely to be well known to system designers, we also recognize that some may be difficult
or impossible to achieve. Recommendations are based on comments from FOT partici-
pants and our own observations.

= Make the LDW available on a greater range of road types and condi-
tions. Improve performance on non-freeways, where at speeds greater
than 25 mph the system was only available 36 percent of the distance
traveled.

= Improve the AMR estimate. During the characterization testing the
RDCW frequently chose a default AMR based on road class, rather
than attempt to measure the actual AMR. Improvements in the AMR
estimate would decrease false-positive and missed alert rates and im-
prove alert timing.

= Improve the MLP accuracy. This recommendation is particularly rele-
vant near ramps and Michigan left U-turns.

® |ncrease the alert thresholds for repeat LDW and CSW alert locations,
or perhaps disable the alerting in certain areas. When traveling
through a construction zone, a driver may receive false-positive or nui-
sance alerts. If the system—perhaps with driver-supplied cues—could
recognize this area as a source of frequent or probable errors in issuing
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6.2.2.

alerts, the system could be disabled locally. Given that the current sys-
tem has a dedicated database for previously passed objects, a future
system could have a dedicated no-alert-zone database.

Selectively disable CSW alerting to reduce nuisance alerts. Passed exit
ramps and map errors produced numerous false positives in the FOT
and characterization test data. An NAZD could eliminate repeated
alerts at the same location. Furthermore, drivers who take familiar
curves at a speed the system believes is excessive could add these
locations to the NAZD. In rain or snow the system could override a
driver’s preference and issue alerts for high-speed familiar curves, but
not for exit ramps or map errors.

Disable the LDW at night in the rain. The RDCW issued many false-
positive LDW alerts in these conditions, particularly where there was
overhead lighting or oncoming traffic.

Eliminate mapping errors or allow drivers (or driving) to correct the
errors. Mapping errors near overpasses created a false curvature in the
road and produced false-positive CSW alerts. Drivers could add these
locations to the NAZD.

Experimental Design and FOT

We do not view any of these recommendations as essential, but do believe that they merit
consideration in the next FOT. Recommendations include:

Direct calibrated side cameras at the lane markers. The main limita-
tion in the FOT data was an inaccurate estimate of the AMR. Cali-
brated side cameras directed at the lane markers could provide re-
searchers with accurate lane-position and AMR estimation, while cali-
brated left and right side-forward cameras could provide accurate ad-
jacent vehicle or object detection and measurement.

Increase exposure time and diversity:

0 Recruit participants who have high annual mileage, or perhaps
include a subgroup with high annual mileage (another potential
explanatory variable). Validate prospective participants’ annual
mileage claims.

o Consider including participants who frequently vary their routes
Increase the FOT area and include areas with many curves
0 Increase the overall duration of the FOT experience: the FOT 6-

day baseline period and 19-day treatment period did not provide
sufficient conflicts for many participants.

Include participants older than 70. Driving improvement depends on a

driver’s perception of sensory inputs; therefore, it is important to in-

clude older drivers to determine if they can perceive the warning

modes.

(@]
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6.2.3. Analysis

Suggestions for analyzing future FOTs include:

= Detect repeated routes and determine how many alerts were issued at
the same location. Drivers who receive repeated alerts may like the
system less and be less inclined to heed its alerts.

= Determine if a combination of exposure (in VDT) and availability in-
fluence driver acceptance and changes in driving. Drivers who travel a
lot and have high LDW availability may like the system more and re-
spond better to alerts. If we can determine the factors that influence
both drivers accepting the device and heeding its warnings, we may
help accelerate deployment of the device

= Determine if there is an association between LDW or CSW alert rates,
driver acceptance and changes in driving.

= Determine the optimal alert rate versus driver acceptance and im-
provements in driver performance.
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APPENDIX A Road-Departure Crash Warning System

This appendix describes the RDCW, including its LDW and CSW subsystems and the
RDCW driver-vehicle interface. The appendix also includes a brief description of the
data acquisition system used in the FOT.

A-1. System Architecture

The RDCW provides lateral-drift and curve-speed warnings through its LDW and CSW
subsystems, which sense their surroundings and provide information to the RDCW Situ-
ational Awareness Module. The SAM integrates information from a variety of sensors
and issues an alert if required. Figure A-1 illustrates the RDCW architecture and the cen-
tral role of the SAM.

Forward Map
Camera Data
Lateral Drift Curve Speed
Warning Warning
Module Module
Side
A
Radars Situational .
Vehicle
Awareness |« Sensors
Module
Forward
Radars
- * - *
Driver Vehicle Data
Interface Acquisition
Module System

Figure A-1. RDCW Architecture

The LDW and CSW subsystems operate cooperatively, issuing alerts to the driver as one
combined collision avoidance system. A suite of sensors provide information to the
LDW, CSW, and SAM, including a:

Forward camera;
Digital map database;
Look-aside database;
GPS;
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e Side radar (left and right);

e Forward radar (left and right);
e Yaw rate gyro;

e Speedometer;

e Turn signal,

e Brake switch;

e Wiper switch; and

e Thermometer.

A-2. Lateral-Drift-Warning Subsystem

The RDCW LDW subsystem issues a lateral-drift warning when sensors and processors
indicate the vehicle is drifting toward a lane boundary or adjacent vehicle. The LDW ana-
lyzes up to 30 m of upcoming road with its forward camera and determines if the current
lateral drift and lane position are causing the vehicle to depart the road or collide with a
solid object such as an adjacent vehicle. The SafeTRAC technology (Assistware, 2006)
functions as the LDW foundation. RDCW developers added additional sensors to Safe-
TRAC so the system would have more situational information.

The LDW requires two conditions to issue alerts: speeds greater than 11.2 m/s (25 mph)
and detectable boundaries. At slower speeds or when the system cannot determine either
the left or right lane boundary, the LDW cannot issue an alert. Figure A-2 illustrates the
system display when the LDW cannot issue right-side alerts. The red circle highlights the
lack of right-side (alert) availability; it is not part of the actual display.

LATERAL CURVE
DRIET SPEED

SOUNER SOONER

Figure A-2. Dashboard Display Indicating No Right Side LDW Availability

The RDCW issues both cautionary and imminent LDW alerts, but tries to avoid issuing
nuisance alerts. If a vehicle drifts across a dashed line and does not detect a vehicle in the
adjacent lane, the system issues a cautionary alert. If the vehicle drifts across a solid or a
dashed boundary and detects a vehicle in the adjacent lane, the driver receives an immi-
nent alert. If a driver activates the turn signal or brake pedal, the system will not issue an
alert, regardless of the lane’s boundary type and adjacent objects. In these situations the
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system assumes the driver intends to change lanes and is aware of the surroundings, so it
does not issue what would likely be perceived as a nuisance alert.

The SafeTRAC unit includes a monochrome charge-coupled device camera and com-
bined processor-driver-vehicle-interface. RCDW developers added two side and two for-
ward radars to thoroughly assess the lateral drift threat. The RDCW has side radars
mounted in the front corners of the vehicle; these 24-GHz radars have a 120° field of
view. A limited range of 10 m enables them to sense only nearby adjacent objects along-
side and slightly ahead of the vehicle. Left and right forward radars supplement the side
radars and sense more distant objects. These 77-GHz forward-facing radars are also
mounted on the front corners of the vehicle where they have a narrower 8° FOV and a
range of 60 and 120 m for stationary and moving objects, respectively. The forward ra-
dars detect upcoming adjacent objects, which may affect the Available Maneuvering
Room. The AMR is the RDCW estimate of the distance beyond the lane marker at which
a road departure or collision will occur. A digital-map database containing information
about previously passed objects may modulate the AMR. This Look-Aside Database
stores the location of stationary objects sensed by the side radars. If these objects are de-
tected after multiple passes, the LADB registers them as a “fixed” object that locally re-
duces the AMR. If a fixed object is no longer sensed after multiple passes, e.g., a parked
vehicle is moved, the LADB no longer retains it.

The RDCW integrates sensor and LADB information and a sensitivity setting to deter-
mine if an LDW alert is required. The sensor data and processing provides estimates for
vehicle position in relation to the lane markings, predicted vehicle position, and current
and upcoming AMR. The RDCW uses this information and the driver-selected LDW
sensitivity setting to gauge alert need. Using a dashboard-mounted rocker switch, drivers
can select one of five sensitivity settings. The nominal setting is 3: a low sensitivity set-
ting of 1 instructs the RDCW to issue alerts later than it would issue them at the nominal
setting; a high setting of 5 instructs the RDCW to issue LDW alerts earlier than the
nominal setting.

A-3. Curve-Speed-Warning Subsystem

The RDCW CSW subsystem issues a curve-speed warning when its sensors and process-
ing indicate the vehicle is approaching a curve at an unsafe speed. The CSW is active
(available) only when vehicle speed exceeds 8.0 m/s (18 mph), the GPS is functioning,
and the digital map recognizes the road associated with the GPS location. Figure A-3
shows the system display with full LDW availability but not CSW availability (the red
circle is not part of the actual display).
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Figure A-3. Dashboard Display Indicating No CSW Availability

To determine alert need the CSW integrates digital maps, GPS position, vehicle speed
and lateral acceleration sensors, and environmental conditions. An advanced digital map
from NAVTEQ provides additional road detail and attributes such as number of lanes for
the area where the FOT was conducted. A GPS receiver provides location information,
and the RDCW supplements this with an inertial navigation system, which enables the
system to estimate vehicle location during brief GPS signal outages while passing under
overpasses or trees. The speed sensor and lateral accelerometer enable the RDCW to de-
termine its location relative to a nearby curve during GPS outages. As wet or icy roads
can sharply decrease the adhesion between tires and the road, the RDCW attempts to in-
fer road conditions from vehicle sensors. The RDCW measures outside temperature and
road moisture, using windshield wiper activation to estimate the latter. The RDCW uses a
combination of temperature and wiper settings to modulate alert need and timing. For ex-
ample, a certain speed may elicit an alert on a wet road, but not on a dry road. Similarly,
cold and wet conditions will result in more alerts and earlier alerts than warm and dry
conditions.

At a basic level the CSW subsystem uses vehicle speed and the upcoming road to check
alert need. As the upcoming road may have multiple paths, e.g., an upcoming exit ramp,
the CSW determines the vehicle’s Most Likely Path by first combining GPS location and
digital map information to determine the upcoming road geometry. It then integrates this
geometry, turn-signal activation (or lack of), lane boundary type(s), and the road class,
and determines the MLP. For example, the system will choose an exit ramp as the MLP
when the system identifies the vehicle is in the right lane and the turn signal is active.
Once the MLP is selected the CSW determines the distance to the next curve (if any) and
the maximum safe speed for the curve. A preset maximum lateral acceleration and esti-
mated road curvature determine the maximum safe speed. Environmental conditions—
low temperatures and windshield wiper use—decrease the maximum lateral acceleration.

The RDCW issues both cautionary and imminent CSW alerts. The CSW subsystem inte-
grates upcoming curve information (i.e., estimated radius), environmental conditions, ve-
hicle location, vehicle speed, an assumed driver reaction time, maximum lateral accelera-
tion, and the distance to the curves, and determines if a cautionary or imminent alert is
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required. The subsystem issues a cautionary alert when either only a moderate speed re-
duction is required to traverse the curve safely or the distance and time to the curve is
relatively large. The subsystem issues an imminent alert, which can follow cautionary
alerts for the same upcoming curve, when a significant speed reduction is required to ne-
gotiate a curve safely. Similar to the LDW subsystem, a sensitivity setting alters the CSW
alert type and timing. A low sensitivity setting results in later alerts, and a high sensitivity
setting results in earlier alerts. Unlike the LDW subsystem, neither braking nor turn-
signal application suppresses CSW alerts. RDCW designers want to warn drivers that
their approach to a curve (or exit ramp) is too fast, and even if they are already braking, it
is not sufficient.

A-4. DVI

Once the RDCW determines an alert is needed, it must communicate this to the driver
across visual, auditory, and haptic modes using visual icons in the instrument cluster,
simulated rumble strips through vehicle speakers, and seat vibration. Figure A-4 illus-
trates the visual icons associated with LDW left cautionary and imminent alerts. Right
alerts are identical, except for arrow direction. A color screen on the left side of the in-
strument cluster replacing a tachometer, displays these alerts to the driver. For cautionary
alerts to replicate a rumble strip, small motors embedded in the driver’s seat vibrate the
side of the seat corresponding to the alert side. LDW imminent alerts generate the visual
alert icon and three pairs of tones from vehicle speakers corresponding to the alert side.
Again, the intent is to replicate a rumble strip from the side of the vehicle causing the
alert. To make audio alerts easy to discern, the RDCW temporarily mutes the vehicle
sound system when it issues an audio alert.
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Figure A-4. LDW Left Cautionary and Left Imminent Alert Display Examples

Figure A-5 illustrates the visual icons associated with CSW cautionary and imminent
alerts. CSW alert modalities are similar to LDW modalities, with one minor difference.
Unlike the LDW, which indicates if the alert is from the left or the right side, CSW alerts
indicate only the presence of an upcoming curve, not its direction, communicating only
the need to decelerate. For cautionary alerts, the front of the seat vibrates, not to simulate
a rumble strip, but to warn the driver. CSW imminent alerts generate the visual alert icon
and an auditory warning of a voice saying, “Curve! Curve!” CSW auditory alerts also
temporarily mute the audio system.
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Figure A-5. CSW Cautionary and Imminent Alert Display Examples

A-5. DAS

A data acquisition system is essential to the FOT and the RDCW evaluation and collects
data from all the RDCW components and additional on-board cameras and sensors. The
DAS samples RDCW channels and many relevant vehicle system channels and records
most variables at a 10 Hz sampling rate, although some channels are only recorded when
they change or at the beginning and end of an ignition cycle.

In addition to numeric data, the DAS records video from a forward-facing camera and a
second camera in the vehicle cabin aimed at the driver’s face. The FOT conductor had to
strike a balance between recording essential FOT video information and not generating
excessive data storage requirements. The solution is to buffer forward and face video
continuously and store an 8-second block around alerts, from 5 seconds before to 3 sec-
onds after, and to sample forward video once every second and store these images.
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APPENDIX B Overview of On-Road System
Characterization Testing

An on-road system characterization test was conducted to measure RDCW performance
under a wide variety of atmosphere and real world road conditions. Testing took place on
public roads in the Ann Arbor, Ml area, with an additional Independent Measurement
System to provide ground truth.

We collected similar data during FOT subject driving but this data did not include de-
tailed measurements analysis from the IMS. Appendix B describes test scenarios and
guidelines to test each function of the LDW and CSW subsystems. Some tests were not
conducted due to lack of exposure or applicable conditions.

Overall Exposure

Figure B-1 illustrates the Detroit and Ann Arbor Michigan metropolitan area. The red
dots indicate the locations of the characterization testing. Testing focused on a diverse
route in the Ann Arbor area created by UMTRI for pilot vehicle testing. Participants
traveled the route several times under all lighting conditions to examine system perform-
ance under repeatable road conditions. Additional driving focused on exposing the
RDCW system to specific test scenarios not available on the test route, such as Michigan
lefts, construction, or urban freeway geometry.
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Table B-1 shows percentage and actual distance traveled by road class out of 1,278 km
total driven during the characterization test. Road class categories are derived from the
Navtech functional class variable (http://www.navteq.com/) which defines the road based
on general characteristics, such as volume, travel speed, and throughput. Approximately
62 percent of the distance driven during testing was on Class 1 or 2 roads that are consid-
ered freeways. Although the goal of the test was to focus on non-freeways, only ap-
proximately 37 percent of the test took place on these roads, according to the functional
class definition of non-freeway. The likely explanation for this was the long distances
between diverse non-freeway roads of interest and potential differences in the classifica-
tion of road type between Navtech functional class and the more strict definition of free-
ways as divided roads with a posted speed limit of 55 mph or greater used for crash data
analysis. Road Class 0 indicates that the RDCW could not identify which road the vehi-
cle was traveling on, so this distance was not counted in either road type.

Table B-1: Distance Traveled by Road Class for On-Road System Characterization

Test

Road Class
0 VDT (km) 20
Row Percent 2%
1 VDT (km) 353
Row Percent 28%
2 VDT (km) 438
Row Percent 34%
3 VDT (km) 171
Row Percent 13%
4 VDT (km) 239
Row Percent 19%
5 VDT (km) 58
Row Percent 5%
Total VDT (km) 1,278

As shown in Figure B-2, we divided the lighting conditions into day and night and further
divided day conditions into cloudy, low angle sunlight, and other sun, and included dis-
tances for each condition included. The purpose was to observe the possible effect of dif-
ficult lighting situations on the LDW subsystem performance. We also included rain con-
ditions for night and day, although no rain occurred during testing. For additional details
on atmosphere conditions refer to Table B-2.
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Figure B-2: On-Road System Characterization Test Atmosphere Conditions
Breakdown

Table B-2: Distance Traveled by Atmosphere Condition for On-Road System
Characterization Test

Atmospheric Conditions

Low Angle Sun \Iélgv-i—/ |(::ker?zent 111?)/?,
Other Sun \égv-i—/ I(Dkenr]gent 451%/?,
Day, Cloudy \égv-i—/ I(Dk(;?gem 32]6/?,
Night, Dry \Iélgv-i—/ I(Z‘k(er?gent 115?’/?)
Total VDT (km) 1278

We determined atmosphere conditions using both time of day and video from the test ve-
hicle’s cameras. For the test location and date, we used civil twilight time to find the be-
ginning and end of daylight. We defined low angle sunlight as the time two hours after
sunlight began and two hours before sunlight ended, when conditions were not cloudy.
Other sun conditions consisted of any daylight time not during low angle sun periods
when no clouds were present. To determine cloudy conditions we examined forward and
side video images for shadow lines beside the vehicle or nearby objects every two min-
utes. When we saw a shadow line we marked that part of the test as sun. If no shadow
was seen we marked the video as cloudy.

We monitored outside temperature. We selected 2 degrees Celsius as a cutoff point for

not conducting testing, since below this temperature the CSW subsystem uses different
alert timing to compensate for the possibility of ice. Approximately 20 percent of the
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test-driving occurred at or below 2 degrees, while 64 percent of the driving took place in
conditions above 2 degrees. The remaining 14 percent of driving was not known due to
unknown values from the temperature sensor.

We also evaluated wiper use as a percentage of total driving. In all categories wiper use
was 0 percent, except for when the temperature was greater than 2 degrees where it was 2
percent. Even though there was no rain during testing, during some CSW subsystem tests
drivers turned on windshield wipers temporarily to affect alert timing by artificially simu-
lating wet conditions.
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APPENDIX C RDCW Data Analysis Tool and Logger
Instruction Manual

Driver

Age Group 41
] old Throttle On o =
Age
2]
Gender
Male

start Date End Date
6/11/2004 762004

Summary

RDCW Total Episodes
Enabled 4

Length
18 min

A Trip Alerts i

Csw Cautionary
Imminent
LDW
Cautionary
Imminent

E Now Playing

Driver Trip

o010 0z7

Start Time End Time
17760 18550
Length

ao
Mobile Database 1.760685 -0.2471185 |08

FOT 010 027 W0l | . 1.545258 -0.2471185 |0,8589599
1.545258 -0.1893218 |0,8799999
111454
0.8274975 |-0,336/373 |0.8799999
06122707 |-0.3427119 |0.8799999
0:6274975 |-0.3008898 |0,8799999

Time 4 Speed AccelPedal LateralSpe Ayn
2119825 -0.30058898 |0.7199999

jDataSuurce: Mobile DB Database; RDCWFOT |User ID: Driver: #10 Trip: #27 | 4

Figure C-1: RDCW Multimedia Analysis Tool
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12 Microsoft Access - [warningW2 : Form] =13

File Edit View Insert Format Records Took Window Help = x|
By [ e - Bl M- H SRV & BRE BHEHYE A R B [
M ] inid_ aleitivpe time of alert mulipls alert wdow I amrleft I o marker left Idvy ac object left v amr right Idu lane marker right |dw acj object right
1} & [0 nghti -] [ 18170 [Trone J Tena_~ ] [2 2d fane in same diection | [#stiped J 10 nane 7| [ZadTanen same disciion ] [Tseld | [inane
tupe trafficway How umber of lanes  affic den: ambient light ambient weather speed limit [comments ]
|3mu\mane ;] ‘Zdw\ded [median strip or barier) ;”4 _| F light J ‘1 daphght _J JW o adverse: cor\J Iw .j,- _._] J a3 J
ielation to junction vehlocation  curvature  alianment pifile vehmansuver  diiver dishaction diiver eyemear diiver altertion  slett ran vid intentional video
[Z rorvinterchange: intessectionelated - [T stiight ‘3 stla\gJ |1 shaight Jjw level ]:Hane change - | [97inattertive or lost in thought_~ | [2 sunglasses | [Furknown <1 noswtwe_] ]2 no
ampaled  oswoverhea d cewmlp w alert eiily i1t lane or shoulder departure o constiuction 2one Idw locafion zone Idw inegular pavement markings Idw alert need
| j‘ ;” _v” J|3 weh oulside lane: >1/2 veh width _”1 nane ;’ ‘1 nat applicableJ‘W normial markings ‘_”1 definitely r\eedJ 1,.
Record: 14 4 457 b | M [ek] of zieS

Form View [ HUM

Figure C-2: RDCW Logger Form

Logger Variables

Event Information
Driver ID
Trip ID
RDCW enabled or disabled
0 = Disabled
1 = Enabled
Alert type
1 = LDW left imminent
2 = LDW right imminent
3 = CSW imminent
Alert time
Integer input
Multiple Alerts
0 =none
1 = LDW alert preceded this alert
2 = CSW cautionary alert preceded this alert
3 = CSW imminent alert preceded this alert

Ambient Conditions
Light Condition
1 = Daylight
2 = Dark
3 = Dark but artificially illuminated
4 = Dawn or dusk
9 = Unknown
Weather
1 = No adverse conditions
2 = Rain
3 = Sleet
4 = Snow
5 =Fog
6 = Rain & fog
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7 = Sleet & fog
8 = Other (smog, smoke, sand/dust, crosswind, hail)
9 = Unknown

Driver Characteristics
Alert Reaction Video
1 = Positive
2 = Negative
3 = No obvious reaction
4 = Unknown
Driver Attention
1 =0nroad
2 = Off road
3 = Unknown
Driver Distracted By
0 = Not distracted
1 = Looked but did not see
3 = By other occupants
4 = By moving object in vehicle
5 = While talking or listening to phone
6 = While dialing phone
10 = While using or reaching for other devices
11 = Sleepy or fell asleep
12 = QOutside person or object
13 = Eating or drinking
14 = Smoking related
15 = While reaching to/adjusting center console

16 = RDCW
17 = Reading
18 = Grooming

19 = Checking mirrors/blind spot
97 = Inattentive or lost in thought
98 = Other distraction or inattention
99 = Unable to determine

Eyewear
1 = Prescription glasses
2 = Sunglasses

3 = None
Intentional Video

1=Yes

2=No

3 = Uncertain

Road and Lane Characteristics
Curvature
1 = Left turn
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2 = Left curve

3 = Straight
4 = Right curve
5 = Right turn

Relation to junction
Non-interchange area
0 = Non-Junction
1 = Intersection
2 = Intersection-related
3 = Driveway, alley access, etc.
4 = Entrance/exit ramp
5 = Rail grade crossing
6 = On a bridge
7 = Crossover related
8 = Other, non-interchange
9 = Unknown, non-interchange
Interchange area
10 = Non-Junction
11 = Intersection
12 = Intersection-related
13 = Driveway, alley access, etc.
14 = Entrance/exit ramp
16 = On a bridge
17 = Crossover related
18 = Other location in interchange
19 = Unknown, Interchange area
99 = Unknown if Interchange
Trafficway Flow
0 = Not physically divided with center two-way left-turn lane (TWLTL)
1 = Not physically divided (2-way trafficway)
2 = Divided (median strips or barrier)
3 = One-way trafficway
9 = Unknown
Number of travel lanes

1=1

2=2

3=3

4=4

5=5

6=6

7=T7+

9 = unknown
Road alignment

1 = Straight

2a = Curve right
2b = Curve left
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9 = Unknown
Road profile

1= Level

2a = Grade up

2b = Grade down

3 = Hillcrest

8 = Sag

9 = Unknown
Road surface condition

1=Dry

2 =Wet

3 = Snow or slush

4 =|ce

5 = Sand, oil, dirt

8 = Other

9 = Unknown

Posted speed limit
Integer input

99 = Unknown
Level of service

1 =Light

2 = Medium

3 = Heavy
Road type

1 = Freeway or expressway

2 = Ramp

3 = Multilane

4 = Single-lane

5 = Other
Vehicle conditions
Location

1 = Straight

2 =1Incurve

3 = Curve entry
4 = Curve exit

5 = Unknown
Maneuver
1 =Curve

2 = Going straight

3 = Lane change

4 = Merge

5 = Passing

6 =Turn

7 = Turn onto exit ramp
8 = unknown
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Curve-Speed-Warning Video Information

CSW Road Characteristics
MLP versus true path

1 =Same
2 = Different
CSW Alert need

1 = Definitely needed

2 = Probably needed

3 = Not sure

4 = Probably not needed

5 = Definitely not needed
Ramp alert

0 = Not applicable

1 =0n an exit ramp

2 =0n an on ramp
Overhead structure present

0=No

1=Yes

Lateral-Drift-Warning Video Information

LDW Road and Lane Characteristics

AMR left
1 = Adjacent lane is in opposite direction
2 = Adjacent lane is in same direction
3 = No adjacent lane, available shoulder or mean: narrow (0-1 m)
4 = No adjacent lane, available shoulder or mean: medium (1-2 m)
5 = No adjacent lane, available shoulder or mean: wide (> 2 m)
Adjacent object left
0 = None
1 = Stationary vehicle
2 = Moving vehicle
3 = Jersey barrier
4 = Traffic barrel(s)
5 = Guardrail
6 = Sign or telephone pole
7 = Other
8 = Unknown
AMR right: see AMR left
Adjacent object: right see adjacent object left
Lane marker left
1 = Single solid
2 = Double solid
3 = Solid striped
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4 = Striped
5 = Double striped
6 = Striped solid
7 =None
Lane marker right: same as Lane marker left.
Severity in relation to lane or shoulder departure
1 = Vehicle remained in lane
2 = Vehicle departed lane by less than 1/2 vehicle width
3 = Vehicle departed lane by more than 1/2 vehicle width
4 = Vehicle changed lanes
Construction zone

1 =None
2 = Approaching
3=In

Location of construction zone
1 = Not applicable
2 =Left
3 = Right
4 = Left and right
Irregular pavement markings
1 = Normal markings
2 = Divergent markings for lane split
3 = Convergent markings for lane merge
4 = Other peculiar lane marking
LDW Alert need
1 = Definitely needed
2 = Probably needed
3 = Not sure
4 = Probably not needed
5 = Definitely not needed
Event
0=No
1=Yes
Comment
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Logger Instructions

Driver ID
Located in multiple locations including: left panel of “Now Playing” window, bottom of
MDAT (last line with data source), and within the MDAT data table. The driver ID can
also be found in the XML file name itself. Each video is labeled
FOT.driver#.trip#.episode#.RDCW
Trip ID
Found in the same locations as Driver ID.
RDCW
Indication of whether the RDCW system is enabled or disabled is found in the “Trip
Summary” panel on the left of the MDAT.
Alert Type
Play the video and watch the DVI. When the alert is issued note whether the imminent
alert was LDW left, LDW right, or CSW. In the case of multiple alerts log each alert
separately according to the rules defined for the multiple alert variable.
Alert Time
After viewing the video and noting the alert type scroll to the frame where the imminent
alert is issued. Looking at the data table in the viewer portion of the MDAT, note the
timestamp when the alert is issued.
Multiple Alerts
For an alert to qualify as a multiple alert situation it must meet one of the two following
criteria:

1. LDW alerts occur within 2 seconds of each other and have the same source and

involve the same maneuver.

2. CSW alerts occur within 10 seconds of each other and have the same source
Multiple alerts can occur in the same episode or in adjacent episodes.
Light Conditions
While viewing the video note the amount of ambient outside light. Headlight and tail
light use by other cars can help determine the amount of light available if necessary.
Tunnels or long underpasses should be marked with the lighting at the time of alert. Aurti-
ficial illumination includes any man made lighting. Dawn or dusk should be marked for
cases where it is clear lighting is transitioning between daylight and dark or vise versa.
Weather
Record atmospheric weather based on video observation and other cues such as wiper
use.
Alert Reaction Video
Note driver reaction to the alert when the system was enabled. Silent alerts issued during
the baseline period will not have a reaction. Identify basic cues for a negative reaction,
such as lowered eyebrows, a frown, squinted eyes, or other indication of frustration or
annoyance. Positive reactions tend to elicit a smile, a surprised facial expression, or a
sigh of relief. If a driver reacts pleasantly after purposely eliciting an alert, this is a posi-
tive reaction. If the reaction is unclear for any reason, choose unknown.
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Driver Attention
Note location of the drivers’ eyes for the 5 seconds prior to and during the alert. If the
driver appeared to be looking at locations other than the forward view for a particular in-
stance for 1.5 seconds or more choose “off road”, otherwise “on road”. “unknown” in-
cludes situations where it is unclear if the driver was looking at the forward scene or
elsewhere or where the drivers eyes are hidden by sunglasses or otherwise obscured.
Driver Distracted by
Watch the driver’s actions, eyes, and face during the episode and note any distractions
that occurred from the list. If more than one distraction exists, choose the distraction
with the greatest collision potential and list the other distractions in the comment field.
0 = Not Distracted - No obvious distraction
1 = Looked but did not see — The driver is paying attention to the driving scene
but does not appear to see the relevant vehicle or object
3 = By other occupants — Attention directed toward other passengers, recognized
by glances or talking when other passengers are visible
4 = By moving object in vehicle — Subject moves unknown object, the object is
not visible
5 = While talking/listening to phone — Phone or earpiece visible
6 = While dialing phone — Phone dialed and visible during episode
10 = While using/reaching for other devices — Driver visibly using unknown ob-
ject
11= Sleepy or fell asleep — Obvious signs of fatigue (yawn, long blinking, droopy
eyelids)
12 = Outside person or object — Attention directed at other areas other than perti-
nent road information (forward scene, mirrors, blind spot)
13 = Eating or drinking — Visible food, drink, or chewing
14 = Smoking related — Any visible smoking activity
15 = While reaching to adjust center console — Driver reaching toward center
console
16 = RDCW - Obviously viewing DVI or distracted by previous alert
17 = Reading — Attention focused on reading material in view
18 = Grooming — Any act of personal maintenance (itching, brushing, rubbing,
etc.)
19 = Checking mirrors/blind spot — Glancing at mirrors or blind spots, if not ob-
vious, choose “98 — Other distraction or inattention” for inside object or “12- Out-
side person/object” for outside objects
97 = Inattentive or lost in thought - A blank stare or obvious lack of focus on the
driving situation
98 = Other distraction or inattention — Any visible distraction which does not fit
previous categories
99 = Unable to determine — Video not available
Eyewear
During the video, note if the driver was wearing glasses or sunglasses.
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Intentional Video

Note any indications that the driver purposely triggered an alert. Indications of intention-
ally provoked alerts include a smile of satisfaction after the alert or unexplained swerving
accompanied by explanation to passenger.

Curvature

Record road curvature of the road the vehicle is traveling. A turn indicates a true turn
(changed to new road) at an intersection or junction.

Relation to Junction

An interchange is the area around a grade separation, which involves at least two traffic
ways as shown below. Included within its boundaries are all ramps which connect the
roads and each road entering or leaving the interchange to a point 30 m beyond the gore
or curb return at the outermost ramp connection for the road. An interchange differs from
an overpass/underpass because an option to change roads has to be presented. An inter-
change allows the driver to choose between the two levels of grade separation. Intersec-
tion related pertains to the road approaching or exiting the intersection. After determin-
ing whether the alert occurred during an interchange or non-interchange area, identify
any other characteristics of the road. Use unknown if unable to tell whether the alert oc-
curred in an interchange or non-interchange.

" T30 weians

Traffic Flow

At the moment of the alert, note the flow of traffic. A two-way-left-turn lane (TWLTL)
is used in both directions for left turns only, usually bounded by a solid-striped line. A
median is the area between two roads and excludes turn lanes.

Number of Travel Lanes

Count the number of lanes in the direction of travel at the instant of the alert. Count only
full lanes, where a lane split occurs, if the lane is not useable at the moment of alert do
not count it.

Road Alignment

At the moment of the alert, note the curvature of the road the car is traveling on. Even
slight curves should be coded as curves.
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Road Profile
At the moment of alert, note the pitch of the road. A hillcrest is the area at the peak of a
hill, whereas sag is the opposite, the lowest point, the transition from grade down to grade
up.
Road Surface Conditions
During the episode, note the conditions of the road.
Posted Speed Limit
While watching the video, look for road signs indicating a speed limit, if no road sign is
available, enter 99 for unknown.
Level of Service
This measure is based on a combination of vehicle speed for the road type and how
crowded the road is with other vehicles. The traffic density corresponds to what the
driver experiences.
Road Type
Observe number of lanes, lane markers, and if there is a median.
1 = Freeway or expressway — 2 or more lanes in the direction of travel, divided,
limited access
2 = Ramp - On-ramp or off-ramp
3 = Multilane — 2 or more lanes in each direction, open access
4 = Single lane — Single lane in each direction
5 = Other — Roads not meeting any of the above categories, explain in comments
Location
Vehicle location in relation to road curvature at the time of alert. Curve entry/exit are
transitions of road curvature.

straight

curve exit

Maneuver

The vehicle maneuver at the time of alert. Describe the maneuver that occurred in the
video, if more than one maneuver occurred choose the maneuver with the biggest impact
on the alert. Certain actions take precedence, for example, “Lane Change” will take
precedent over “going straight” or “curve.”
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CSW Alert (only code for CSW alerts)

MLP

Compare the actual vehicle path with the Most Likely Path shown in the planar view of
the MDAT, labeled ‘“MLP’. If vehicle goes straight while the MLP predicts a curve
choose “different,” otherwise if the values are in general agreement choose “same.”
Alert Need

Alert need considers whether the alert was required given the situation at the time of
alert. Situational measures include vehicle speed, lateral acceleration, road geometry,
vehicle location, and the true path versus system MLP. For an alert to be judged as
needed the driver must be approaching a curve and require deceleration to prevent a
moderate level of lateral acceleration during the curve. To a much lesser extent driver
attention can contribute to greater alert need if the driver was clearly not focused to the
road as an alert was issued. On the other hand, alert need is not influenced for alerts
when the driver appeared to be paying attention.

Ramp Alert

Indicate if the vehicle was traversing an on ramp or off ramp when the alert was issued.
If the entire video episode takes place while negotiating a ramp but the type is not dis-
cernable choose “on a on-ramp.”

Overhead

Indicate if the vehicle is under or approaching a significant overhead structure when the
alert is issued. A bridge, overpass, or tunnel constitutes a significant structure.

LDW Alert (only code for LDW alerts)

AMR Left\Right

For the alert direction and time determine if an adjacent lane exists and what type. If no
adjacent lane exists determine the amount of available shoulder present.

Adjacent Object Left\Right

Mark this category when objects occur in the direction of alert directly adjacent to the
vehicle travel lane. If more than one object exists choose the object that poses the great-
est threat.

Lane Maker Left\Right

Note the lane marker type for the alert direction that bounds the vehicle travel lane. Lane
markers are labeled with respect to the host vehicle. For example, a solid striped line
would indicate that there is no passing for the host vehicle.

Severity in Relation to Lane or Shoulder Departure

Determine if the vehicle departed the lane, partially, fully, or did not depart. Using the
forward video if the lane marker goes beyond half the screen for the forward video, than
it suggests the more than half the vehicle departed the lane.

Construction Zone

Indicate if the vehicle was in or approaching a construction zone when the alert was is-
sued. Traffic barrels, construction signs, or other irregularities help indicate a construc-
tion zone.

Location of Construction Zone

If a construction zone was present, indicate the side(s) of the construction zone(s).
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Irregular Pavement Markings

Choose the appropriate category of lane marking at the time of alert. An example of a
peculiar lane marking would include no lane markers or temporary construction lane
markings.

Alert Need

Alert need considers whether the alert was required given the situation at the time of
alert. Situational measures include vehicle speed, position in relation to the road, road
geometry, pavement markings, drift direction, and potential presence of an object in the
drift direction. To a much lesser extent driver attention can contribute to greater alert
need if the driver was clearly not focused to the road as an alert was issued. On the other
hand, alert need is not influenced for alerts when the driver appeared to be paying atten-
tion.

All Alerts
Event
If alert was highly useful to the driver and enabled them to avoid a severe situation put a
yes in the event field. Also indicate alerts where the system issued an alert due to highly
unusual circumstances. Normal system errors should not be noted here but only cases
where an alert was caused by conditions or a situation not seen previously. Also note if
the driver performed any highly unusual maneuvers or actions or had a particularly strong
positive or negative reaction to the alert or situation.
Comments
Here list any comments that will indicate anything odd or anything that could not
be captured by the basic logger.
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APPENDIX D Driver Acceptance Goals and Objectives

A 1997 NHTSA Report to Congress (NHTSA, 1997) stated that driver acceptance
should be understood in terms of ease of use, ease of learning, adaptation, and perception.
Building on NHTSA’s definition of driver acceptance, the RDCW Independent Evalua-
tion team created a framework to express the breadth and complexity of driver accep-
tance, identifying key aspects of driver acceptance. Collectively, these aspects of driver
acceptance should answer whether the RDCW satisfies drivers’ needs, requirements, and
expectations.

In the present context, driver acceptance refers to the compatibility between drivers’ un-
derstanding and expectations of RDCW operation, the degree to which drivers use
RDCW output to improve their vehicle handling and driving safety, the comfort and
safety drivers experience using RDCW, interest in acquiring RDCW, and perceptions of
system setup and adjustments as easy and intuitive. Formed from these elements, the heu-
ristic framework guided data collection and analysis.

The final driver acceptance framework modifies the preliminary driver acceptance
framework proposed (Wilson et al., February 2002) and was revised as a result of meet-
ings with, and input from, Volpe Center and NHTSA staff. The framework has five ob-
jectives. Each objective has several subobjectives, together forming a comprehensive
picture of drivers’ FOT experience using RDCW.

The Technology Acceptance Model developed by Davis and Bagozzi (Davis & Bagozzi,
1989; Davis, 1985) is widely used to understand user acceptance of computer technology
and is applied to driver acceptance. The TAM explains how users come to accept and use
a new technology. The TAM identified “perceived ease of use” and “perceived useful-
ness” as the important influences on technology acceptance. These categories were de-
rived from the technology acceptance model described in the work done by Davis (1993,
1989). The TAM is developed from the field of information systems and describes the
“relationships between system design features, perceived usefulness, perceived ease of
use, attitude toward using, and actual usage behavior” (Davis, 1993). The Driver Accep-
tance Scale, a scaling technique developed and tested in Europe to assess acceptance of
transportation (van der Laan, Heino, & de Waard, 1997) gives independent and conver-
gent support for the TAM concepts.

Using the TAM and the Driver Acceptance Scale as precursors, two objectives in the
RDCW Driver Acceptance Framework are designated “ease of use” and “perceived
value.” Ease of use focuses on drivers’ encounters with RDCW expressed as the usability
of its interface, individual variability in use patterns, and how understandable and intui-
tive drivers find the implementation. The perceived-value objective refers to whether
drivers think that using RDCW improved their safety, comfort and driving skill and their
tolerance of RDCW alarm issuance algorithms and the incidence of valid versus false
alarms.
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Because drivers need to learn as well as retain RDCW operational requirements, there
needs to be an assessment of how easy it is to learn to use. The ease-of-learning objective
documents how long it takes drivers to become competent RDCW users and whether
drivers consider it easy to recall how the RDCW operates. Research has shown that sim-
plified learning processes result in quicker acceptance of new technologies.(Kantowitz et
al., 1996)

The driving performance objective assesses whether RDCW use had an effect on driving
behavior, trip making, and vehicle use. It is intended to capture alterations in driving be-
havior, including risk compensation coincident with RDCW use. Driving performance
also incorporates behavioral adaptation, i.e., “those behaviors, which may occur follow-
ing the introduction of changes...which are not consistent with the initial purpose of the
change” (Organisation for Economic Cooperation and Development, 1990).

The fifth objective, advocacy, examines whether sustained exposure to, and use of, the
RDCW caused drivers to become interested in acquiring it. Advocacy is measured in sev-
eral ways including willingness to accept RDCW in a rental vehicle, interest in purchas-
ing the RDCW, level of trust felt for the RDCW capability, amount of money they would
spend to acquire the RDCW, and interest in endorsing the RDCW. As part of the advo-
cacy objective, analyses use the FOT data to estimate drivers’ interest in purchasing the
RDCW.

Van der Laan and colleagues (van der Laan et al., 1997) developed a procedure to assess
driver acceptance using subjective scales. After collecting scaled responses to advanced
telematics using data from both simulation and on the road studies, factor analyses
showed that the scaled responses formed two clusters described as usefulness and satis-
faction. Scale scores on these two factors provide a summary measure of driver accep-
tance. The van der Laan scale scores provide face validity for the other driver acceptance
measures.

Figure D-1 presents the five objectives used to examine driver acceptance of the RDCW.

Driver Accep-
tance

| ]
Ease of Use Learning Driver Perform- Perceived Value Advocacy
ance

Figure D-1. Primary Driver Acceptance Objectives for RDCW Evaluation
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The RDCW driver acceptance framework is similar to that of the Automotive Collision
Avoidance System. The ACAS driver acceptance framework also has five objectives:
ease of use, ease of learning, perceived value, advocacy, and driving performance. Four
of the five objectives in the RDCW driver acceptance framework are identical to the
ACAS framework; the ease-of-learning objective in the ACAS framework became one of
the two subobjectives (see Subsection 5.2.3) under the learning objective for the RDCW
framework. In addition, the ordering of the five objectives for the RDCW framework,
from left to right, represent a temporal effect of driver acceptance where the advocacy
objective is the final driver acceptance objective.

Ease of Use

There are four subobjectives for the ease-of-use objective:
= Demands on driver;

Understanding of warning;

Usability; and

= Use patterns.

Demands on Driver. Drivers must be able to parse the information provided by the
RDCW to permit appropriate vehicle handling and maintain a reasonable workload.
Ambiguous information or information that does not match drivers’ processing speed will
impede this process. Questions to be explored in this subobjective include:

= How is driver workload and stress level affected by responding to
RDCW?

= Do LDW and CSW warnings provide enough “environmental affor-

dance” (i.e., the format of the input provides all the information users

need to understand what it is and how to use it) to be understood

quickly?
|
Understanding Warnings. Drivers vary in cognitive processing and reaction to events.
RDCW gives drivers additional multi-sensory information that they must detect, validate,
process, and use to initiate a course of action. This subobjective examines whether driv-
ers can process and respond to the RDCW warnings quickly. Drivers improve their
chances to avoid potential conflicts when they can quickly interpret the meaning of the
warnings.

Usability. The RDCW should provide drivers with useful information to which drivers
are able to respond. This subobjective addresses issues related to the RDCW design, in-
cluding the information display panel and the sensitivity adjustment switches. Questions
from the post-drive survey that cover this subobjective include:

= Was the RDCW display panel located at a suitable location?

= What was driver feedback regarding the sensitive adjustment
switches?
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= Did FOT participants made any suggestions on the design of the
RDCW?

Use Pattern. This subobjective examines how drivers use the two RDCW subsystems:
LDW and CSW. Do drivers change the sensitivity setting for the LDW and CSW subsys-
tems? How often do drivers change the sensitivity setting and for what reasons?
Learning. Two subobjectives are under the learning objective: ease of learning and time
to learn.

Ease of Learning. Since the RDCW only issues warnings and does not control any por-
tion of the vehicle, one needs to understand how well drivers learn to integrate the
RDCW with vehicle handling. This subobjective examines how well drivers learn to use
the RDCW the way it is intended and if they reported any difficulty learning to operate
the RDCW.

Time to Learn. Drivers must learn the capabilities and limitations of the RDCW and
how to interpret and apply its warnings. How long does it take for a driver to feel com-
fortable with the operations of the RDCW? Driving has its own requirements and, with
the introduction of the RDCW, additional demands are placed on the drivers.

Driver Performance

Subobjectives Use of the RDCW can lead to changes in driving behavior as drivers come
to rely on it. Some drivers may become too accustomed to it and use it in unforeseen
ways. For example, if drivers become overly reliant on the RDCW, the driver could as-
sume riskier driving behavior such as driving at a higher speed on curving roads. Driving
changes are more likely to occur after a period of time. The introduction of a new device
can have a novelty effect during initial usage. With continuing use, the driver behavior
should stabilize. It is important to observe changes in driving behavior as consequences
of RDCW use.

There are three listed under the driver performance objective:
a. Awareness;
b. Driving style adjustments; and
c. Trip patterns.

Awareness. This refers to drivers’ ability to maintain the vigilance necessary to operate
the vehicle in a safe and efficient manner. It is important to know if the inclusion of the
RDCW changes drivers’ awareness while operating vehicles.

Driving Style Adjustments. This subobjective refers to changes in driving behavior fol-
lowing the introduction and exposure to the RDCW. There could be a range of responses
to the alerts provided by the RDCW. Some of the questions related to this subobjective
include:

= How do drivers integrate the RDCW usage into their everyday driv-
ing?
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= Do drivers use the RDCW in unintended ways?

Trip Patterns. This subobjective examines the trips taken by participants during the
FOT and how their travel may influence their perception of the RDCW. Data used to ex-
amine the trip patterns subobjective come from DAS.

Perceived Value. There are three subobjectives listed under the perceived value objec-
tive:

a. Safety;

b. Driving skill; and

c. Tolerance of warnings.

Safety. This subobjective measures whether drivers think the RDCW helps them to be-
come safer drivers and, if so, the areas of safety improvement. It is important to distin-
guish the safety benefit of a new vehicle technology from the perspective of drivers ver-
sus system developers.

Driving Skill. This subobjective investigates the influence of RDCW use on driver ac-
tivities. RDCW has the capability to make driving performance more consistent by re-
ducing variance in lane position and speed and may also enhance drivers’ attentiveness
while operating their vehicles. Some of the questions that are answered by this subobjec-
tive include:

= Did drivers use turn signals more frequently as a result of the LDW
subsystem?

= Did drivers tend to slow down more when approaching curves as a re-
sult of the CSW subsystem?

Did the RDCW improve study participants’ driving experience during various environ-
mental and traffic conditions?

Tolerance of Warnings. This subobjective looks at whether drivers perceived RDCW
warnings to be valuable. The probability of a driver observing the warnings and modify-
ing driving increases if the driver sees the warnings as valuable information sources. Re-
sponses to several post-FOT survey questions capture participants’ views about the warn-
ings:

= Whether they were annoyed with the frequency of the LDW/CSW
subsystem warnings.

= Whether they received any unnecessary or false warnings.

Advocacy. To be accepted, drivers need to think that the benefits of the RDCW outweigh
the costs. Advocacy examines whether sustained exposure to, and use of, the RDCW re-
sulted in drivers expressing an interest in acquiring, or endorsing the use of, the RDCW.
The subobjectives for advocacy are: interest in purchasing, amount willing to pay, and
willingness to endorse.
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Interest in Purchasing. Does sustained use of the RDCW result in drivers expressing an
interest in buying an RDCW-equipped vehicle? Drivers’ interest in buying the system is
a proxy for their valuation of the device. The post-FOT survey asked participants
whether they would purchase the RDCW device as an option.

Amount Willing to Pay. This subobjective further explores advocacy by asking partici-
pants how much they would be willing to pay to acquire the RDCW. This subobjective
provides an indication of the “value” of the RDCW from the driver’s perspective.

Willingness to Endorse. A driver may view the RDCW as beneficial, but may not be
willing to endorse its use to others. This subobjective examines the RDCW features that
influence drivers’ decisions to endorse the system.
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APPENDIX E Driver Acceptance Methodology

This section describes the methods implemented to gather the RDCW FOT data related to
driver acceptance, from recruiting FOT participants and data collection procedures to
types of data collected and data analysis techniques.

Sampling and Recruitment

UMTRI implemented the RDCW FOT and recruited suitable study participants, using the
following procedures:

= Obtained names and addresses of licensed drivers from the Michigan
Department of State, the driving license bureau. The request for
names was limited to drivers who resided in the adjacent counties in
the southeastern part of Michigan. These counties represent major
metropolitan and rural areas.

=  UMTRI mails postcards emblazoned with the University of Michigan
logo to potential participants announcing the RDCW FOT and asking
for participation. UMTRI estimates a 10- to 15-percent response rate
to the postcards.

= When a potential participant calls the toll-free number on the postcard,
an UMTRI research staffer conducts a telephone interview with the
potential participant to ask a number of questions including annual ve-
hicle mileage traveled and health status. At the end of the telephone
interview, the UMTRI staffer informs the potential participant whether
they have been selected for the RDCW FOT.

Based on prior experience in FOTs, UMTRI researchers estimated that the yield is ap-
proximately 10 responses from every 100 postcards mailed. Usually, 1 out of the 10
people who responded to the FOT postcard is a good match with the selection criteria of
VMT per year, age, gender, and health condition. The experimental design for the
RDCW FOT requires 78 study participants balanced by age and gender and equal cell
size. The participants are sorted into 6 cells, 13 per cell, with equal representation of age
and gender. There are 13 younger males and females (20 to 30 years old), 13 middle-
aged males and females (40 to 50 years old), and 13 older males females (60 to 70 years
old).

When selected, if a potential participant agrees to participate in the FOT after the tele-
phone interview, UMTRI staff schedules a date and time for the participant to come to
the UMTRI facility, attend a pre-FOT orientation and pick up the FOT vehicle. Ap-
proximately one week before the pre-FOT orientation, UMTRI mails a project informa-
tion package to participants. The package contains a project information letter, consent
form, pre-FOT questionnaire asking for demographic and driving pattern data, and direc-
tions to UMTRI. Participants are expected to review the information package and com-
plete all required forms before they arrive for the orientation.
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Data Collection and Process

Data for the driver acceptance analyses is gathered from the stages of the FOT: pre-FOT
orientation, during the FOT (26 days), post-FOT debriefing session, and focus group
meeting (if participants elected to attend one of the four meetings held at UMTRI during

FOT).

Pre-FOT Orientation. When a participant arrives at UMTRI to pick up the FOT vehicle,

project staff escort the participant to a meeting room equipped with computer, VCR play-
ers, and television monitor. The key activities during the pre-FOT orientation include:

UMTRI research staff member checks the driver’s license of the each
participant to verify the driver’s identity and provide contact informa-
tion with UMTRI during the FOT.

The participant returns the completed background, driving habit ques-
tionnaires, and consent form. UMTRI staff review the consent form
with the participant and ask for a signature.

The participant watches a 20-minute training video describing the
RDCW and the FOT vehicle.

The participant takes the 20-minute Useful Field of View test, a com-
puter-administered and scored test of visual attention. This test is used
to help predict the degree to which the participant can perform every-
day activities safely, such as driving a vehicle.

The UMTRI staff review with participant the FOT guidelines and an-
swer questions related to the FOT, such as how the driver should con-
tact UMTRI in case of a traffic accident, and the requirement that the
vehicle cannot be taken outside of the United States. .

The UMTRI staff member walks participants to the UMTRI facility
parking lot and assign RDCW test vehicles. UMTRI staff review the
vehicle with the participant to point out control buttons and equipment
related to the RDCW; explain that the RDCW may not be available at
all times depending on road conditions, driving speeds, and GPS cov-
erage; demonstrate the graphic displays of the RDCW; and point out
the locations of paperwork and cell phone in the vehicle. UMTRI staff
point out that the LDW and CSW subsystems will not activate until the
driving speed exceeds 25 and 18 mph, respectively.

A UMTRI staff person accompanies the participant on a 30-minute
demo drive using a pre-defined route, so the driver can become famil-
iar with vehicle operation and the RDCW. The participant gets to see,
hear, and feel the LDW and CSW warnings during the demo drive.
The UMTRI staff and participants return to the UMTRI facility after
the demo drive and the FOT vehicle is released to the participant for
the next 26 days.
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Data gathered from the background and driving habit questionnaires, including age, gen-
der, employment status, occupation, education level, years of driving, and annual miles
driven, is used in the driver acceptance analysis.

FOT. During the 26-day period when participants have the FOT vehicle, the data acqui-
sition system in the vehicle records information on the RDCW, vehicle operation and per-
formance, driver activity, and driving environment. Although the RDCW operation is
disabled during the first 6 days, the RDCW operates in the background. The DAS records
the same type and amount of information as during the 20 days when the RDCW is en-
abled.

At the completion of the FOT, when participants return the FOT vehicles to the UMTRI
facility, the RDCW project personnel checks the quality of the DAS data and transfers
the data to UMTRI’s mainframe computer dedicated to the RDCW project.

A portion of DAS information is used for the driver acceptance analysis, including vari-
ables such as trips taken, distance driven by participants during the FOT, and LDW and
CSW warnings issued.

Post-FOT Debriefing Session. Upon completion of the FOT, participants return the
FOT vehicles to UMTRI and spend approximately 2 hours at the facility to provide their
views of the RDCW.

One of the primary activities participants do during the post-FOT debriefing session is
complete the post-drive survey, which consists of three major and two minor sections
with a total of 146 questions:

= Manual Driving, 5 questions;

=  Qverall RDCW (LDW & CSW) Questionnaire and Evaluation, 37
questions;

= Lateral-Drift Warning Questionnaire and Evaluation, 50 questions;

= Curve-Speed Warning Questionnaire and Evaluation, 50 questions;
and

= Participant Handling, 4 questions.

The post-drive survey is designed to capture participants’ perceptions of RDCW and their
experience with the system. Most survey questions ask participants to provide responses
in the form of the Likert scale with “1” usually representing “strongly disagree” and “7,”
“strongly agree.” There are also open-ended questions where participants provide written
comments. A few survey questions ask participants to make one or more choices from a
list of alternatives.

After participants complete the post-drive survey, an UMTRI project staff conducts a
quality check of their responses and reviews the responses to selected questions 