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ABSTRACT

In 2001, the National Highway Traffic Safety Administration (NHTSA) opened a public docket
requesting comments from the public regarding headlamp glare. Most responses received have
been complaints. NHTSA initiated research to address these complaints and to determine causes
and effects of headlamp glare. In 2005, Congress authorized NHTSA to "conduct a study on the
risks associated with glare to oncoming drivers, including increased risks to drivers on 2-lane
highways, increased risks to drivers over the age of 50, and the overall effects of glare on driver
performance" including "recommendations regarding measures to reduce the risks associated
with glare to oncoming drivers." This report summarizes research on headlamp performance,
visibility, glare, and safety conducted to address the issues identified by Congress and by
NHTSA through review of public comments. These research activities included a state-of-
knowledge report; a pilot study using naturalistic methods to assess relationships among glare,
driving behavior, and crash risk; analyses to compare the effects of headlamp characteristics on
visibility and glare; preliminary assessments of headlamp illumination and aim on real-world
lighting conditions; a review of visual needs regarding visibility and glare and metrics for
characterizing them; a field experiment to characterize recovery of older drivers following
exposure to headlamp illumination; and demonstration of a prototype safety-based adaptive
forward-lighting system with potential to reduce glare while maintaining visibility, by decreasing
intensity toward nearby drivers.
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I. EXECUTIVE SUMMARY
Introduction

In 2001, NHTSA opened a public docket requesting comments from the public regarding
headlamp glare, in response to informal concerns it had received focusing on glare from high-
intensity discharge (HID) headlamps and from trucks and sports/utility vehicles (SUVs). The
more than 5,000 responses that have been received to date largely consist of complaints
regarding glare and NHTSA initiated research to address these complaints and to determine
causes and effects of headlamp glare (Bullough et al., 2003; Singh and Perel, 2004; Akashi et al.,
2005, 2008; Jenness et al., 2008).

By headlamp glare, several different responses to bright lights can be meant. Disability glare is a
reduction in visibility caused by scattered light from a light source in the field of view that acts
as a contrast-reducing "veil" over the visual scene. Discomfort glare is the annoying or painful
sensation that can accompany the presence of a bright light in the field of view. Finally, glare
recovery is the period of time following the presence of a bright light, during which visibility is
temporarily reduced. Each type of glare can have different effects on drivers.

In 2005, the U.S. Congress passed and President Bush signed the "Safe, Accountable, Flexible,
Efficient Transportation Equity Act: A Legacy for Users" (SAFETEA-LU) bill, authorizing the
U.S. Department of Transportation (DOT) to implement programs for ground transportation.
Section 2015 of SAFETEA-LU authorized DOT to "conduct a study on the risks associated with
glare to oncoming drivers, including increased risks to drivers on 2-lane highways, increased
risks to drivers over the age of 50, and the overall effects of glare on driver performance"”
including "any recommendations regarding measures to reduce the risks associated with glare to
oncoming drivers."

The present report, in conjunction with three accompanying reports (NHTSA, 2007; Akashi et
al., 2008; Bullough et al., 2008) summarizes the research on headlamp performance, visibility,
glare, and safety conducted through NHTSA to address the various issues identified by Congress
in SAFETEA-LU and by NHTSA through its study of headlamp glare in response to public
comments. These activities included:

e A state-of-knowledge report summarizing knowledge about the issues identified in
SAFETEA-LU by Congress and the concerns of the driving public;

e A pilot study using naturalistic driving methods to assess the links among headlamp glare,
driving behavior, and crash risk;

e Analyses to compare the relative effects of different headlamp characteristics on visibility
and glare to oncoming drivers along two-lane highways;

e Preliminary assessments of headlamp illumination and aim characteristics on real-world
vehicle samples;

e A review of visual needs regarding visibility and glare while driving at night, and metrics for
characterizing those visual needs;

e A field experiment to characterize visual performance of older drivers following exposure to
headlamp illumination; and



e Development and evaluation of a prototype safety-based adaptive forward-lighting system
(SAFS) with the potential to reduce glare while maintaining visibility by decreasing
headlamp intensity toward nearby drivers.

In this chapter of the report, the logic behind the specific research tasks above and their
relationships to the information requested by Congress in SAFETEA-LU, and to the comments
received by NHTSA's public docket on glare, are described. Because there is a broad range of
issues related to headlamp glare (NHTSA, 2007), the approach taken in these studies was to
cover a range of these issues in breadth.

Organization of This Report

The current section of this report, entitled "Introduction and Summary," serves as an executive
summary for all of the studies that were conducted to address Congress's requests regarding the
study of headlamp glare and driving performance. The research approach is described, as well as
a summary of the methods, results, and implications of the findings of each research task. Some
of the research tasks were preliminary or exploratory in nature, using novel research methods; in
such cases, the conclusions from the research should be taken as tentative or suggestive pending
independent validation.

Some of the research tasks are described in detail in separate reports accompanying the present
report; these include the state-of-knowledge report delivered to Congress in 2007 (NHTSA,
2007); sensitivity analyses of the impacts of headlamp characteristics on glare and visibility on
two-lane highways (Akashi et al., 2008); and the documentation of the development, evaluation
and demonstration of the SAFS prototype (Bullough et al., 2008). The remaining tasks are
described in individual subsequent chapters of the present report.

Logic of the Research Studies

As mentioned above, the research tasks were selected to address a series of questions that follow
from the Congressional directive to study headlamp glare in SAFETEA-LU and that address the
concerns described by the public in their comments to NHTSA. Three groups of research studies
were performed to address the following issues:

e Headlamp glare and safety — Can headlamp glare be linked to crash risk?

e Causes of headlamp glare — What factors influence the likelihood of causing headlamp
glare?

e Countermeasures for headlamp glare — How can headlamp glare be reduced or avoided, and
visibility be maintained?

Figure I-1 illustrates these three general topic areas as three rows in a matrix; each matrix cell
contains a question and a shaded portion that refers to one of the tasks carried out through the
present research program. The two columns of the matrix in Figure I-1 represent, from left to
right, increasing levels of specificity in addressing the three topic areas listed above. For
example, in the second row, the sensitivity analyses and real-world headlamp illumination pilot
survey are conducted to identify, in a "big picture" manner, which characteristics of headlamps



are predictive of glare, whereas the preliminary survey of headlamp aim was performed to obtain
specific data on the distribution of headlamp aim properties (since previous research [NHTSA,
2007] suggested that this factor was relatively important in predicting glare).

What do we know about Can headlamp glare

headlamp glare and he linked to crash

driving performance? risk?

Congressional Report Risk and Driving
Behavior Pilot Study

What factors affect What is the distribution
headlamp glare? of headlamp aim on
new and in-use
vehicles?
Sensitivity Analysis Headlamp Aim Survey
Real-World
Measurement Pilot Study
What are drivers’ What lighting
requirements regarding approaches could
visibility and glare? How mitigate glare?
are they measured?
Glare Recovery Study
Su‘;v;}r ff Visual Needs Advanced Forward-
and Metrics Lighting System
FPrototype
|
Figure I-1. Matrix of research questions addressed by NHTSA's forward lighting research
program.

Each of the information areas in the matrix in Figure I-1 (the three topic areas listed above, for
two levels of specificity) are addressed in the present chapter of this report by:

e Converting the issue from Figure I-1 into a research question;

e Describing the relationship between that question and the Congressional information request
in SAFETEA-LU;

¢ Providing a brief, non-technical summary of the methods used to address the question and
the key findings of each study; and

e Presenting a short answer to the research question.

Following the summary of each of the research tasks using the structure outlined above, the
implications and recommendations of the overall research study findings are presented.

Subsequent chapters of the present report will summarize in technical detail the execution,
results, analyses, and discussion of the following research tasks:

¢ Risk and Driving Behavior Pilot Study (Chapter II)
e Preliminary Survey of Real-World Headlamp Illumination (Chapter I11)
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e Preliminary Survey of Headlamp Aim (Chapter V)
e Survey of Driver Visual Needs and Metrics (Chapter V)
e Field Study of Visual Recovery Following Exposure to Glare (Chapter VI)

Each of these subsequent chapters is designed to be read more or less as a stand-alone document;
much like the accompanying technical reports that are associated with the present research
program on vehicle forward lighting and glare. They are included as chapters within the present
report rather than as separate documents because of the often novel or exploratory research
methods used that might limit the interpretation of the resulting findings. Nonetheless, all of the
research activities that are described either in this report, or in separate reports, have reduced
uncertainties regarding the causes, effects, and countermeasures for nighttime glare from vehicle
headlamps.

Q: What is the State of Knowledge Regarding Headlamp Glare?

Many of the comments received by NHTSA regarding headlamp glare, as described above, were
complaints regarding the high intensity from headlamps, particularly from "bluer" colored
headlamps (largely assumed to be HID headlamps) and from light trucks and SUVs. Previous
research (Bullough et al., 2003) has demonstrated that when producing an equal light level at
one's eyes, HID headlamps are more uncomfortable than halogen headlamps, although the degree
to which they reduce visibility is equal.

The overall purpose of the section of SAFETEA-LU addressed by the present report was to study
the risks associated with glare to oncoming drivers, with focus on increased risks along two-lane
highways, increased risks for older drivers, and overall effects on driving performance. As the
research studies were in preparation, NHTSA delivered an initial report to Congress (NHTSA,
2007) addressing these issues.

In short, headlamp glare reduces visibility by creating a "veil" of scattered light over the visual
scene inside the eye. Glare is more critical on two-lane than on multi-lane highways, because the
generally lower light levels on two-lane highways increases the effect of the scattered light in the
eye, because there is less separation between oncoming vehicles and a driver's line of sight, and
because two-lane roads are less likely to have markings that improve lane-keeping. Glare reduces
visibility more for older (>50 years) drivers because the eyes of older drivers contain more dead
cells that increase the amount of scattered light compared to younger drivers, resulting in a
brighter "veil" over the scene. Glare also increases discomfort to drivers, which might be related
to poorer steering control, lane-keeping, and speed control. Despite the very clear evidence
relating glare to reduced visibility, there is little direct evidence linking glare to increased crash
risk. This is because unlike drug or alcohol use, there is usually no way to determine precisely
whether or how glare might have contributed to a crash. Yet some police reports of crashes do
mention glare as a potential cause of crashes, and it is not unreasonable to expect that the
reductions in visibility caused by headlamp glare increase crash risk.

A: NHTSA's initial report to Congress (2007) summarizes these issues in a question-and-answer
format, describing the primary gaps in information that prevent clearer associations between
headlamp glare and crash risk.



Q: (How) Can Headlamp Glare Be Linked to Crash Risk?

The instruction from Congress regarding headlamp glare in SAFETEA-LU requests information
on the risks of glare. Obviously, if headlamp glare and the complaints that NHTSA has received
about it are merely an inconvenience rather than a real safety issue, the entire issue of headlamp
glare might not be worth studying. As described in the initial report to Congress (NHTSA, 2007),
indirect evidence can be found to link glare to crashes. There is little doubt that glare reduces
visibility, and reduced visibility, albeit in a context unrelated to glare, appears to be related to the
risk of crashes involving pedestrians along rural roadways (Sullivan and Flannagan, 2002).

As part of the present research program, a pilot study was carried out to determine the feasibility
of linking headlamp glare to crash risk using naturalistic driving data collection methods
(described in Chapter II of the present report). The logic is based on a series of hypotheses and
inferences constructed in the form of a logical syllogism: first, that drivers exhibit different
behavioral responses when driving in locations that have inherently high crash risk than they do
when they are driving in locations with inherently low crash risk. The second hypothesis is that
the same drivers will exhibit some of the same behaviors when they are exposed to oncoming
headlamp illumination that they did when they were driving in high-risk locations. The inference
that could be derived if these hypotheses were confirmed is that oncoming headlamp
illumination is associated with increased risk.

The field experiment was performed using ten subjects driving an instrumented vehicle through
two intersections of two-lane State highways, sometimes driving straight through the
intersections and sometimes making left-turn maneuvers. Through global positioning satellite
(GPS) technology and by tying into the vehicle's on-board computer, data regarding vehicle
speed, throttle, and braking could be measured and stored by a data logger. The data logger also
recorded light levels facing out through the windshield and light levels near drivers' eyes,
measured using head-worn sensors that subjects wore while performing the experiment. The
head-worn device also contained an accelerometer so that it could record head movements.

The hypotheses were tested using multiple linear regression models relating driver responses and
behaviors to the risk levels and light levels experienced during each experimental session.
Because of the exploratory character of the pilot study, a statistical significance probability
criterion of 0.1 was used. Both the variability in throttle position and the overall amount of head
movement were associated with higher risk and with the level of oncoming headlamp
illumination, lending credibility to the hypotheses. To independently test the second hypotheses,
a second field experiment was conducted along a rural roadway with confederate vehicles
presenting different levels of headlamp illumination to subjects. Neither throttle variability nor
overall head movement were statistically significantly associated with oncoming light level,
although the direction of the effects were the same as in the previous experiment.

This pilot study was a preliminary look at whether driving behaviors and responses could be
linked to quantitative crash data at different locations and to light levels from oncoming
headlamps. The effects that were measured were generally weak in nature, as driving is an
activity with much inherent variability from moment to moment. Nonetheless, the results of this



modest pilot study are encouraging in that they suggest that subsequent experimental
investigations might confirm the hypotheses explored in the present pilot study.

A: Comparisons of driver behavior in locations differing in crash risk and under different levels
of oncoming headlamp illumination suggest that some of the same behaviors associated with
higher crash risk could be associated with oncoming headlamp illumination. If these findings

can be validated, they suggest that headlamp glare might be able to be linked to increased risk of
crashing, but a solid affirmative conclusion cannot yet be drawn.

Q: What Factors Affect Headlamp Glare?

The direction from Congress in SAFETEA-LU regarding headlamp glare requests the study of
its effects on two-lane highways, hopefully leading to recommendations for measures to reduce
the risks of glare in such situations. Additionally, many of the public comments that have been
received by NHTSA regarding headlamp glare have requested that NHTSA take action to reduce
headlamp glare for the driving public. In order to understand what countermeasures might be
most helpful at reducing the negative effects of glare (e.g., reduced visibility and increased
discomfort), a series of sensitivity analyses were conducted to determine what factors might
contribute to these negative effects (Akashi et al., 2008). A sample of headlamp beam patterns
representing different vehicle and lighting characteristics were selected for analysis:

Light Source: Halogen and high-intensity discharge (HID) headlamps

Mounting Height: Passenger car and light truck/sports utility vehicle (SUV) headlamps
Optics Type: Reflector-based headlamps and projector-based headlamps

Beam Pattern: Visual/optical aim left (VOL) and visual/optical aim right (VOR) headlamps
Aim: Correct aim, downward mis-aim (headlamps pointed slightly down) and upward mis-
aim (headlamps pointed slightly up)

The headlamps were analyzed using computer calculation and simulation tools to determine, for
an average driver, the detection distance to targets along a straight two-lane highway under
different headlamp types and aim conditions, the brightness of the contrast-reducing scatter in
the eye caused by different oncoming headlamp types, and the discomfort experienced by a
driver exposed to these different conditions.

In general, the analyses revealed that the HID headlamps studied, on average, tended to produce
longer detection distances than the halogen headlamps (although some halogen headlamps
produced longer detection distances than some HID headlamps). This finding is consistent with
the generally positive opinions that people who own vehicles with HID headlamps have about
this type of technology (Jenness et al., 2008). The headlamps with higher mounting heights (i.e.,
on trucks/SUVs) also tended to produce longer visibility distances than those with shorter
mounting heights (i.e., on passenger cars). There also tended to be a conflict between detection
distances and glare, in that the headlamps that provided longer detection distances tended to
result in more scattered light in the eyes of oncoming drivers and therefore, more discomfort.
Differences found between optics types and beam patterns were small, and not always consistent
in direction. Downward mis-aim of headlamps reduced detection distances, and upward mis-aim
of headlamps increased scattered light and discomfort to oncoming drivers. When headlamps



were mis-aimed, differences between some headlamp types decreased. This suggests, for
example, that upwardly mis-aimed halogen headlamps could have negative effects as large as
upwardly mis-aimed HID headlamps.

Because the sensitivity analyses described above involved experimental manipulation of the
variables such as lamp type, mounting height, and headlamp aim, the results of the study cannot
be directly applied to a real-world driving situation. In order to begin to understand how some
headlamp characteristics interact in the real world to influence oncoming headlamp illumination
that can produce glare, a novel measurement apparatus was developed and deployed along a
roadway intersection to measure the characteristics of illumination from oncoming vehicles'
headlamps (see Chapter III of the present report).

The apparatus consisted of a camera to capture an image of an oncoming vehicle headlamp, a
calibrated illuminance and chromaticity meter to measure light levels in the direction of a
hypothetical oncoming driver, two vertical arrays of photosensors to measure the relative vertical
illuminance profile from oncoming vehicle headlamps, and an infrared laser range-finder that
measured the distance to oncoming vehicles and signaled to the other equipment to perform
simultaneous measurements. All of the data for each vehicle were stored on a laptop computer
that executed custom software to perform measurements and store data autonomously.

Over 100 vehicles were measured during the pilot study data collection. By simultaneously
measuring the headlamp height, the height of the maximum vertical gradient in light level from
the headlamps, and the illuminance toward a hypothetical oncoming driver, it was possible to
determine, for the limited sample of vehicles measured, the distribution of headlamp mounting
heights, the distribution of estimated vertical aim angles (albeit imprecisely), and the distribution
of light levels that would be experienced by oncoming drivers. The factor most related to the
light level reaching the eyes of an oncoming driver was headlamp aim, and there was relatively
little influence of headlamp mounting height although there were relatively fewer headlamps
with mounting heights above 85 cm, thought to be more problematic for glare (headlamps are
permitted to have mounting heights between 56 and 137 cm). Because of the limited vehicle
sample, only a few of the 100+ headlamps used HID light sources. Despite the preliminary
nature of the measurements and the small sample size, the apparatus that was developed appears
to provide a useful and efficient technique for measuring real-world vehicle headlamp
illumination.

A: The results of the sensitivity analysis and the limited data from the real-world headlamp
measurement pilot study suggest that several factors influence glare, including mounting height
and light source type, but that maintaining proper headlamp aim is probably the factor that is
most strongly and consistently related to glare.

Q: What is the Distribution of Headlamp Aim on In-Use and New Vehicles?

As described above, the direction from Congress in SAFETEA-LU regarding headlamp glare is
to identify recommendations for reducing the effects of glare, and the driving public would
appear to desire reductions in glare as well. Evidence from the sensitivity analyses that were
conducted (Akashi et al., 2008) as well as from the real-world measurement of oncoming



headlamp illumination (Chapter III) suggests that headlamp aim is an important factor related to
glare and visibility when driving at night. Previously published research also reinforces the
importance of this factor in influencing both glare and visibility (Perel, 1985; Sivak et al., 1998).

The pilot study of real-world headlamp illumination measurement had some imprecision
regarding the distribution of headlamp vertical aim, but the causes of this imprecision (e.g.,
vehicle loading, uneven tire pressure, or suspension condition versus improperly aligned
headlamps) could not be ascertained. Nor could any information be determined about whether
vehicle headlamps became mis-aimed over a period of time, or if the headlamps on some new
vehicles might be mis-aimed when the vehicle is purchased. To begin to identify possible
countermeasures for reducing the effects of mis-aimed headlamps, some information regarding
the causes of mis-aim is necessary. Using a modified version of a portable headlamp aim setting
device that was calibrated to allow the determination of vertical mis-aim (up or down) for
visual/optically aimed headlamps, the aim status of the left and right low beam headlamps from a
sample of 100 in-use vehicles and 20 new vehicles was measured (see Chapter IV of the present
report).

Of the in-use vehicles measured, 62 percent had at least one headlamp mis-aimed outside the
tolerance suggested by the Society of Automotive Engineers (SAE) for aim (aimed up or down
more than 0.8° from proper position). There were more vehicles with downward aim than with
upward aim. Of the new vehicles measured, 30 percent of them had at least one headlamp mis-
aimed. While not related to glare, it was observed that from one out of eight to one out of five of
the in-use vehicles had headlamps that were damaged, dirty, or exhibited condensation.

Again, the sample size was quite limited, but the evidence suggests that the majority of the new
vehicles measured (about two thirds) had both headlamps properly aimed, whereas most of the
in-use vehicles measured had at least one mis-aimed headlamp. If these findings could be
validated for a larger vehicle population, they would suggest that requiring newly sold vehicles
to have properly aimed headlamps would not eliminate headlamp mis-aim; improper aim is more
likely to be caused when the vehicle is in use.

A: Headlamp mis-aim was found on the majority of in-use vehicles measured, and although on
average more downward mis-aim was found, upward and downward mis-aim were both common
in the sample population evaluated. The majority of the new cars measured had both headlamps
aimed properly.

Q: What Do Drivers Need From Headlamps? How Can These Needs Be
Measured?

Headlamp glare is the focus of most of the public comments to NHTSA regarding headlamps,
and the focus of Congress's information request in SAFETEA-LU. In theory, it is possible to
eliminate headlamp glare completely, by simply eliminating headlamps. Naturally, such a
solution is not realistic. Driving at night is essential to society, and the purpose of headlamps,
and of low-beam headlamps in particular (since these are designed to be used in the presence of
oncoming traffic) is to provide drivers with enough light to see but not so much light that the
safety of oncoming drivers might be overly compromised.



To this end, a review of drivers' visual needs and metrics for defining them was conducted (see
Chapter V of the present report) to identify, when possible, common threads among many of the
research studies that have been performed to identify how much light is needed to see when
driving at night, and how much light toward other drivers is too much (e.g., reduces visibility or
creates unacceptable discomfort). Importantly, the metrics for defining these visual needs were
also surveyed so that methods for evaluating solutions identified in the current study (i.e., the
safety-based AFS prototype described in Chapter VI) could be performed.

In summary, present standards for headlamp performance (Federal Motor Vehicle Safety
Standard [FMVSS] 108) include minimum intensities to ensure sufficient visibility and
maximum intensities to protect against creating glare. Most drivers use their low-beam
headlamps most of the time (Sullivan et al., 2004), but the evidence suggests that low beams are
insufficient to detect and respond to potential roadway hazards at driving speeds greater than
about 30 to 40 mph (48 to 64 km/h) (Johansson and Rumar, 1968). In areas with high ambient
light levels such as city downtowns, low-beam headlamps appear to provide enough light to see,
because driving speeds are lower in urban areas and because ambient light levels (from street
lighting or other sources) are usually higher. Low beam intensities might even be able to be
reduced in these areas to reduce glare to other drivers without strongly affecting forward
visibility. Modifications to low beam patterns have been suggested and demonstrated to provide
incremental benefits in terms of visibility, but light levels comparable to those from typical high-
beam headlamps appear to be desirable in terms of forward lighting, particularly for faster
driving speeds. Yet these same light levels would almost certainly be undesirable by drivers
facing them in nighttime driving situations.

The current U.S. low beam pattern specified by FMVSS 108, in general, provides an acceptable
level of glare in many driving conditions that have been studied (with the caveat that most of the
conditions studied have simulated straight, flat highways). A factor not extensively studied when
assessing glare is the color of headlamps and the levels of discomfort they elicit. Prior research
has found that the "bluer" color of HID headlamps increases discomfort (although it does not
appear to affect reductions in visibility from glare), and most of the research has used halogen or
incandescent headlamps with a "yellower" color appearance than HID headlamps.

A potentially feasible approach to dynamic headlamp systems that are beginning to be available
on the market, therefore, could be a beam pattern with substantially higher intensity than typical
low-beam headlamps, but with the ability to reduce intensity in a local geometric region
corresponding to the position of nearby drivers' eyes.

The studies that were reviewed primarily used the distance at which targets (such as pedestrians)
could be detected by a driver as a visibility metric, and the reduction in detection distance of the
same targets by oncoming headlamps as a disability glare metric. However, some studies have
used reaction times as a metric for visibility (and increases in reaction times to quantify disability
glare), and there is ample evidence to suggest that these different metrics are functionally
equivalent. Evidence also suggests that it is the "dosage" (the product of illuminance and
duration of light exposure) of light from oncoming headlamps that primarily influences glare
recovery times following exposure to headlamp illumination. Regarding discomfort glare,



subjective ratings from individuals are at present the best and most reliable way to measure this
response.

A: Present low beam headlamp patterns do not appear to provide sufficient visibility to see and
react to potential roadway hazards at driving speeds higher than 30 to 40 mph (48 to 64 km/h),
except in areas with high levels of ambient lighting (i.e., urban areas). Yet, higher intensities will
be deemed unacceptable by most drivers facing such headlamps in oncoming situations.

Q: What Lighting Approaches Could Mitigate Glare?

The work described thus far demonstrates that any number of potential countermeasures for
reducing the negative effects of glare is available. Some of the countermeasures involve
comprehensive changes to the requirements for headlamps, and others involve technological
developments that might change how headlamps are implemented on vehicles. In the present
section of this report, two research activities are described that touch upon both of these kinds of
countermeasures.

The first research activity described presently is a field study to assess glare recovery in older (50
and older) and younger (younger than 50 years) drivers (see Chapter V of the present report) to
determine whether previous research findings, which suggested that recovery times are related to
the "dosage" of light exposure experienced from oncoming headlamps. Different age groups
were studied to address Congress's questions about older drivers and glare from SAFETEA-LU
and because many of the responses from older drivers to NHTSA's request for public comments
were particularly negative. The earlier studies used abstract lighting conditions, but the present
study simulated the illuminance profile experienced while passing an oncoming vehicle's
headlamps along a two-lane highway. In this study, a projector light source was used that could
be controlled to produce a dynamic profile of light, increasing and then decreasing in a similar
manner as the light from oncoming headlamps would. Subjects were seated in the driver's seat of
a passenger car, and following the presentation of the simulated oncoming headlamp profile, a
target located randomly in the field of view was presented, and subjects were asked to respond as
soon as they detected the target by releasing a button on a hand-held controller. After each trial,
subjects were asked to rate the discomfort they experienced from the simulated headlamp profile.

As might be expected, subjects took longer to detect targets (that is, to recover from the effects
of the glare) when the dosage from the simulated headlamp profile was highest. Profiles that had
very different peak illuminance values but equivalent dosages resulted in nearly equivalent
detection times. The ratings of discomfort, on the other hand, were related to the peak
illuminance produced by the simulated profiles. The older subjects took significantly longer than
the younger subjects to detect the targets, although their ratings of discomfort were nearly the
same as those of younger subjects in this study. Overall, the results of the field study showed that
in addition to experiencing greater disability glare in the presence of headlamp glare (because of
increase scattered light in the eye), older drivers are also likely to have reduced visual sensitivity
than younger drivers for a longer period of time, following the presence of headlamp glare.

The implications of the study in terms of countermeasures are that the specification of maximum
intensity values at discrete points within a headlamp's beam pattern will not necessarily ensure
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that drivers will experience short glare recovery times. This is because an oncoming driver's eyes
pass along an entire angular region of the beam pattern as two vehicles pass each other along a
highway. Specification of the integrated (summed) values throughout the segment would be
more likely to provide control for glarer recovery, but would involve headlamp light
measurement procedures that are more complex than those currently used to determine if a
headlamp meets the FMVSS 108 requirements. A simple technological countermeasure for
maintaining visibility following exposure to headlamp illumination might be a retractable,
narrow, clear but shaded visor that reduces oncoming headlamp intensity (and therefore, the
dosage) along narrow band within which many oncoming vehicle headlamps are likely to be
positioned.

The glare recovery field study described above used actual calculated low-beam headlamp
illuminance profiles as the simulated headlamp conditions in the study. Because the review of
driver visual needs (Chapter I'V) suggested that headlamps with higher intensities than low
beams produce would improve visibility, a prototype safety-based adaptive forward-lighting
system (SAFS) was developed (Bullough et al., 2008), evaluated, and ultimately demonstrated
on a moving vehicle. The objective of the SAFS prototype was to provide a headlamp beam
pattern comparable to high-beam headlamps (based on an analysis of driver visual needs) in
terms of forward visibility, but comparable to low-beam headlamps in terms of glare. The
prototype used projector-type headlamp modules, customized to accept a baffling shield in the
focal plane of the projector system that could project a shadow pattern onto the illumination
pattern produced by the headlamp. [Importantly, the functionality of the prototype is not limited
to the specific embodiment studied in the present project; reduction of intensity could be carried
out through a modular approach of smaller sources (e.g., possibly light emitting diodes) that each
contribute to a portion of the overall headlamp distribution at any given time.]

In a dynamic system, the shields within the prototype modules would move to the location of an
oncoming or preceding driver. The SAFS prototype was evaluated initially using subjective
ratings to determine the maximum size of the shadowed region that would be accepted by drivers
with such a headlamp system. Then, using reaction times as the primary metric, the forward
visibility from the SAFS prototype was compared to conventional high and low beams, and was
found to be similar to that from high-beam headlamps (except in the shadowed region, which had
visibility similar to that of low beams). The glare characteristics were assessed by measuring
reaction times and subjective ratings of discomfort, with the result that the prototype SAFS
resulted in lower glare to oncoming drivers than conventional high beams. Finally, the prototype
system was installed onto a passenger car and demonstrated under dynamic conditions.
Subjective impressions from the evaluators confirmed that the system has the potential to permit
higher light levels in the visual scene that can also be reduced in local regions when other drivers
are present, while requiring no greater space in the front of a vehicle than a conventional
headlamp system.

The initial evaluation of the SAFS prototype was preliminary and relatively simplistic.
Nonetheless, the basic feasibility of such a system was demonstrated, and the SAFS approach of
dynamic glare reduction would appear to address driver's visual needs in terms of forward
visibility and glare.



A: Changing headlamp standards to account for glare recovery would be relatively complex, and
older drivers will always have longer recovery times than younger ones, so older drivers should
be the basis for any recommendations for changes. As a longer-term solution, the approach
embodied in a safety-based AF'S prototype could be a basis for providing increased light levels
for driver visibility, while decreasing intensity locally to control glare to other drivers.

Conclusions

The research activities undertaken in the present research program and described in subsequent
chapters of this report and in other reports (NHTSA, 2007; Akashi et al., 2008; Bullough et al.,
2008) have provided information that can reduce uncertainty regarding the effects of glare,
particularly along two-lane highways and for older drivers, as requested by Congress and as
suggested by many of the public comments NHTSA has received on the topic in the past several
years. Undoubtedly, subsequent research will be required in order to confirm the present findings
with more certainty; this is due in part to the novel methods, apparatus, and approaches that were
used in many of the research studies summarized here as well as the limited samples in several of
the studies. Nonetheless, the results, especially taken in light of previous research, point toward
several tentative conclusions:

e Headlamp glare is quite probably related to increased risks for drivers because of the
abundant published evidence that glare reduces visibility and because research is beginning
to establish a role of visibility in safety. Present findings suggest that drivers may engage in
some of the same driving behaviors when exposed to headlamp illumination that they do
when they are driving in locations with higher crash risk.

e Older drivers are more susceptible to headlamp glare in terms of disability glare and glare
recovery.

e Drivers' perceptions of glare (i.e., discomfort glare) are often different from the other
negative effects of glare (i.e., disability glare and glare recovery), probably explaining in part
the negative responses to "blue" HID headlamps (because they elicit greater discomfort even
when they do not diminish visibility more than halogen headlamps [i.e., at the same luminous
intensity]).

e The preponderance of mis-aimed headlamps, even in the small sample sizes used in these
studies, suggests that more consistently correct headlamp aim could improve visibility and
reduce glare conditions by creating more consistent visual conditions for drivers using them,
and facing them.

e Present low beam headlamp patterns do not appear to provide sufficient visibility at many of
the higher driving speeds for which they are commonly used, even when no oncoming
vehicle headlamps are present.

e Dynamic approaches to forward lighting such as that embodied in the SAFS prototype
developed through this program do have promise for glare reduction while maintaining good
forward visibility.

Based on these limited studies and on the published literature summarizing existing knowledge,
the types of countermeasures for reducing headlamp glare that were discussed in NHTSA's
(2007) report to Congress were judged as having high, medium or low potential to reduce glare
or improve visibility as follows:
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Mounting height: low - Reducing headlamp mounting heights might slightly reduce glare, but
might also slightly reduce forward visibility.

Aim: high - It appear