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LIGHT ISN'T JUST FOR VISION ANYMORE:
IMPLICATIONS FOR TRANSPORTATION SAFETY

Marina G. Figueiro, John D. Bullough, Mark S. Rea
Lighting Research Center, Rensselaer Polytechnic &titute
Troy, NY 12180

INTRODUCTION

In 1998, nearly 30% of all fatal accidents involyilarge trucks occurred during
hours of darkness, according to the Federal Motori€r Safety Administrationlsarge
Truck Crash Profile: The 1998 National Pictu?). In about 1.5% of crashes involving
large trucks, police reported that drivers visiappeared to be fatigued or very tird@)(
More than 7% of single-vehicle fatal truck accidewere reported as having driver
drowsiness or sleeping as a related facetgy. (The National Highway Safety
Administration (NHSTA) reports that 56,000 automelaiccidents per year are caused by
drivers falling asleep at the wheel. Accordinghite 1990World Almanaq36), each
accident involving a fatality or very serious injuesults in a cost of nearly $1.5 million,
simply accounting for wage losses, medical expeasdsnsurance administration.

Humans are diurnal species, programmed to be adiatkeg the day and asleep
at night. Therefore, it is not surprising that gieess plays an important role in vehicles
accidents. The most common preventive action thlesieepy drivers is to stop driving,
change the environment in the vehicle by openiegatmdows or turning on a loud
radio, or consume caffeinated products. Althoughpteferred preventive action is to
stop driving, it is known that this course of antidoes not always happen due to work
demand. Light can, conversely, be used as a normaltalogical treatment for
increasing alertness at night and thereby possd#ulyicing sleep-related traffic accidents.

Recent research has begun to illustrate the magy that light and lighting
systems affect humans in terms of circadian photoby, including the characteristics of
light necessary to regulate the circadian system.well established that light can
increase alertness at night or shift the timingroé’s sleep to daytime hours instead of
nighttime hours. The present report summarizesr#isisarch with the objective of
providing a framework for integrating circadian pdlmology into transportation lighting
practice. As will be discussed here, the applicatiblight for impacting the circadian
system can be a non-pharmacological tool to ineraéetness and possibly reduce sleep-
related accidents at night. A framework for futtesearch needed to integrate knowledge
of light’s impact on nighttime alertness is alssadissed.
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BACKGROUND
Circadian Rhythms

All organisms, including humans, exhibit continuehgthms of neuroendocrine,
cellular, and behavioral functions having a pegtase to 24 h. These rhythms were
discovered in the 1700s (22) in plants and have kaewn to exist in humans since at
least the 1950%). They are called circadian rhythntér¢a = aboutdie = day) ©9).
Circadian rhythms include the sleep-wake cycle ctire body temperature rhythm, the
melatonin production rhythm, alertness and perforteaamong many other rhythms
(48). Melatonin is a hormone produced at night amdier conditions of darkness.
Melatonin is a time messenger, providing the bodi daytime and nighttime
information. In diurnal species (such as humangjatonin is associated with sleepiness
because it “tells” the body it is nighttime andréfere it is time to sleep.

Regulation of these rhythms appears to be largatieuthe control of the
suprachiasmatic nuclei (SCN) in the hypothalamuseforain, which receive input
about environmental conditions and transmit infdrarato the rest of the body about
time of day. Endogenous circadian rhythms freeimuhe absence of time cues, that is,
in humans, they will run with a period slightly gter than 24 hrs (on average, the free
running period of the circadian rhythms in human24.2 hrs) and light/dark patterns
synchronize these rhythms to exactly 24 H&).(

Light

Light is the main synchronizer of the circadianthmys to the 24-hr solar day.
Depending on when light is applied, it can havegkrrterm effects on the master clock
by phase shifting the timing of the master clock.ddscussed below, light can also have
acute effects on humans, such as cessation ofmattuaelatonin production or
enhancement of brain activities as measured byrettcephalogram (EEG).

Longer-Term Effects of Light

As mentioned above, the free running period ofaclran rhythms in humans
appears to be slightly longer than 24B)( It is thought that the 24-h cycle of the solar
day acts not only in a short-term manner to aff@ctadian-related functions, but that it
also entrains these functions to a 24 h day. Iy éepending upon the precise time that
bright light exposure is given to an individualatiexposure could result in advancing the
cycle of circadian functions such as the melat@moduction or body temperature cycles
(e.g., peak melatonin levels will occur at an earime), or delaying these cycles (e.qg.,
peak of melatonin levels will occur at later timasking several days to stabilize. During
transmeridian (cross-time zone) travel, for examgble shift in clock time caused by the
solar day at another location will eventually balied through shifted rhythms of body
temperature, melatonin, sleep/wake cycle and dtimations, largely caused by the
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shifted light-dark cycle and secondarily throughastenvironmental cues (e.g., meals or
social interaction).

Acute Effects of Light

Lewy et al. 44) demonstrated that high levels of white light (@30x [Ix] at the
eye; Ix is a measure of illuminance [lumens pelasguneter], which is also sometimes
characterized in terms of footcandles [fc, lumeasgguare foot] - 1 fc = 10.76 Ix) was
needed to reliably suppress nocturnal melatonidysrtion in humans [in comparison,
typical light levels in building interiors are 3@DO Ix; this corresponds to about 60-100
Ix at the eyes of occupants4)]. Subsequent studies have shown that with cacsiuodrol
of lighting, illuminances of several hundred Ixvatfite light (still a relatively bright
exposure) at subjects' eyes could reliably suppresdatonin 46, 47, 55, 56, 71
Following sustained exposure to enough light, noglisit levels will decrease to near-
daytime levelsg5, 7). Similarly, bright light has been shown to elicitreases in body
temperature and even to impact, temporarily, fgsliof wakefulness and alertne$s (
16, 29. Outdoor nighttime lighting rarely exceeds 10 aixhe cornea and is not a strong
enough stimulus to activate the circadian syste2h (

Characteristics of Light as it Impacts Circadian Functioning

The characteristics of light to support vision quéte different than those to
impact the human circadian systesT)( In order to use light as a non-pharmacological
means of enhancing nighttime alertness to redwapsgielated traffic accidents, it is
important to understand the lighting charactergsimpacting the visual and circadian
system and how they might be integrated to worlktiogr to improve both visibility and
wakefulness at night.

Quantity

Most visual processing is adequately supporteduite dow light levels §3), as
evidenced by the lighting recommendations for éatdocations published by the
llluminating Engineering Society of North America4j. Considering that the
illuminances from the sun and sky found outdoonsnguthe solar day regularly exceed
10,000 Ix, and that this cycle has been largelgoasible for maintaining circadian
entrainment, it is perhaps not surprising thatithan circadian system requires much
higher quantities of light than the visual systemrhaintaining entrainment or shifting
circadian rhythms44, 46, 47, 55, 56, J1In comparison, most light levels experienced
indoors away from windows are relatively lo@7), adequate for visual function but near
threshold levels for activating the human circadigstem (see Figure 154, 7).
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Figure 1: Relative visual performance for high contrast reading material, and relative melatonin
suppression by light as a function of illuminance at the eye. This image was developed by (57),
based on studies from (53) and (46-47).

Spectrum

At light levels typical of building interiors, thasual system is driven by cone
photoreceptors. The photopic luminous efficienayction (\,) that emulates our
daytime vision has a peak spectral sensitivithatrhiddle wavelengths (green-yellow)
portion of the visible spectrund4). At lower light levels typical of many exterior
lighting applications (e.g., roadways and parkioig | [7]), the spectral sensitivity of the
peripheral visual system is shifted somewhat tovetwatter wavelengths (blue-green
light) (14, 35, 58 representing a mix of cone and rod photorecebtisese levels. (At
very low light levels, lower than any where electighting is used, pure rod vision
occurs.)

The circadian system, on the other hand, is makysehsitive to the short-
wavelength (blue) portion of the visible spectruig, (45, 55, 56, 64, 66, 69,)7(n
simple words, it can be said that the circadianesyss a "blue sky detector." A
combination of classical photoreceptors (rods amks) and a recently discovered novel
photoreceptor in the retin8,(20, 34, intrinsically-photosensitive retinal ganglionlse
(maximally sensitive to blue light near 480 nm)tiggpate in circadian
phototransduction, the process whereby retinalggigients absorb light signals and
convert them into neural signals. Moreover, it basn shown that the human circadian
system seems to respond to light in such a wayithabme instances, adding long-
wavelength (yellow) light to short-wavelength (bilight actually reduces the
effectiveness compared to the original short-wangtle light 6, 27.
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A mathematical model for human circadian phototdacton has been developed
and was used to calculate the circadian effects®oévarious light source§9). This
model has been validated using broadband speotraffuorescent lamps with differing
color appearanc&®). As shown in Table 1, monochromatic blue lighegdk at 470 nm)
is almost 30 times more effective in activating tireadian system than an incandescent
lamp, for the same photopic light level at the earn

Table 1: Calculation results for relative (to indeacent) effectiveness of various light sources for
circadian responses. The relative ratio was nomedlto incandescent lamp.

. . . Relative CS Ratio
. llluminance at Circadian
Light source . for Equal
eye (Ix) Stimulus (CS) :
llluminance
2856K Inc. 1000 0.172 1

blue LED 470nm 1000 4.829 28.2
white LED 1000 0.371 2.17
MH 1000 0.224 1.31
HPS 1000 0.059 0.34
D65 1000 0.344 2.0
7500K 1000 0.285 1.66

Spatial Distribution

Patterns of light and dark in the field of view argortant for the visual system
and can affect visual performandés). Indeed, without luminance contrast, much of
what we see, including the letters on this pageylevbe invisible. The circadian system,
on the other hand, appears to be simply concermtadetal amount of light reaching the
retina, without regard to the location of origlh 69 although it does appear that the
circadian system is more sensitive to light confnogn the sides rather than straight on

(65).

Timing

The visual system responds to a light stimulusgttene of the day or night.
Depending on the timing of exposure, however, licrt either phase advance or phase
delay the master clocB9). As discussed above, phase advances shift thientdeck to
an earlier time and phase delay shifts the makiek ¢o a later time (Figure 248).

When light is applied during the morning hourshage advance will occur, while light
applied in the evening or late night hours willuésn a phase delay of the master clock.
As it will be discussed later, light can have aata@lerting effect on humans, but it
cannot by itself overcome factors such as accumdlsieep deficits in individuals. Over
sufficient time, light can assist in shifting cidtan rhythms in an individual who is
unable to wake at an appropriate time (e.g., teesagout light will not allow an
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individual to overcome lack of sleep. Rather, lighpresumed to have a role whereby
proper alignment between circadian rhythms (of bieelyperature or hormone
production) and the timing of required tasks (engght shift driver alertness at night) is
expected to influence alertness and performaneepiositive way.

Conversely, light can have unwanted consequences Wis presented at a time
that is conducive to a phase shift that is notrdbse, possibly resulting in a phase shift
that negatively impacts performance at the time iequired, or contributing to
difficulties sleeping at an appropriate time. Cohtf darkness as well as light is
probably therefore an important consideration rtanagement of circadian rhythms.

Phase Response Curve

Phase Shift (hours)
+
N
]
L]
rf
1

I

Strong Light = = = = Weak Light
Figure 2: The effect of the time of light application on phase shifting of the core body temperature
rhythm in nocturnal animals for two different light levels (Adapted from 48).

Duration

The visual system responds to a light stimulugixedly rapidly (in less than 1 s)
(38). The duration of light exposure needed to sugpmeslatonin is much longer than
the duration of light exposure needed to activiagevisual system. It is shown in the
literature @4, 46, 47 that suppression of melatonin content in the téteam starts
approximately 10 min. after the initiation of brtglght exposure. In general, exposure to
a higher light level will require a shorter duratiof exposure to achieve a similar effect
on the circadian system. For example, based omestednducted by Mcintyre and
colleagues46, 47, the amount of time required to measure 50% humalatonin
suppression by light at night is about 28 minutese is exposed to 3000 lux at the eye
(equivalent to outdoor morning light), 33 minutéene is exposed to 1000 lux at the eye
(equivalent to looking out a clear window), andeems that, one will never achieve 50%
melatonin suppression if exposed to 100 lux of hght at the eye, no matter how long
the exposure.
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Figure 3: This graph shows the amount of time required to measure nocturnal melatonin
suppression by light in humans, as a function of the illuminance provided at the eye (Based on 46
and 47).

In sum, light can have an acute or a phase shiitnpgict on the circadian system.
A recent report from the Transportation Researcar@d.9) indicates that disruption of
circadian rhythms associated with nighttime driveinifts may have negative impacts on
the general health of workers. In addition to thersterm alerting effects of light,
lighting could perhaps also be used as a non-planiogical tool to help mitigate the
negative impact of shift work on worker health. higan be applied and removed at
specific times throughout the 24-hr day to shié thaster clock so that the worker is
programmed to sleep during the day and be awakiglat. Although it can be argued
that phase shifting the master clock is the ideklten to overcome sleepiness
associated with nighttime driving, it may not be thost practical solution. In general,
shift workers want to continue to be “daytime p&owbrking at night” because they
have a social and a family life outside work. Mareig maintaining the clock shift for
many consecutive days is not possible without apteta control of the 24-hr light
exposure, including daylight exposures. Therefalthough ideal, promoting phase
shifting of the master clock to improve safety ur dighways and minimize the health
impact of shift work may not yet be a viable saluati Ultimately, society will have to
decide how much longer it is willing to accept tieks and onuses associated with
nightshift work. Until then, temporary solutionsateviate these problems should be
implemented. In this report, the acute effectsgiftion the circadian system will be
emphasized. More specifically, this report is caned with the acute effects of light on
nighttime alertness and how light can be usedramgpharmacological tool to increase
alertness and reduce sleepiness at night, anddherpossibly reduce sleep-related
vehicle accidents (SRVA).
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Light and Alertness

Especially with regard to some of the acute (skerz) effects of light, it is
increasingly clear that relatively brief exposuwrdight (15 to 30 minutes) can have a
positive impact on alertness, wakefulness and peeformance of certain tasks, even if
for only a temporary amount of time, in individuallo are not sleep deprived (in such
people, light cannot overcome the need to sleeqiéBand colleague8)(conducted a
study to test the effects of bright white lightlmody temperature, alertness, and
performance. In their study, subjects (who normaibuld be diurnal, that is, awake
during the day and asleep at night) were expos8@4min. blocks of alternating bright
(5000 to 10,000 Ix) and dim (50 Ix) light duringytiane and nighttime hours. Body
temperature, alertness (measured using electragbgsaial brain activity measure by
EEG) and performance were higher after exposubeigit light than after exposure to
dim light during the nighttime hours, but not dgyidaytime hours. Campbell and
colleaguesi8) exposed subjects (again, on a diurnal schedule)ight (1000 Ix) and
dim (10 and 100 Ix) ambient light for 8 h at nigBubjective and objective measures of
alertness showed that subjects were more alertefposure to bright light than after
exposure to dim light, especially at the lattert phthe night.

Boyce and colleagued 1) submitted subjects undergoing a night shift moiti
over three successive nights to four differenttliggn conditions (using white light): low
(250 Ix), high (2800 Ix), increasing (from 200 8 lux over an 8-h shift), and
decreasing (from 2800 to 200 Ix over an 8-h shiftley found that the two "early bright
light" conditions (high and decreasing) improvedi@enance of certain types of tasks,
increased level of arousal, improved quality oeplas the number of nights on shift
work increased, and delayed the time the subjeetg % bed after the night shift.
Figueiro and colleague&%) exposed night-shift nurses working in a newbotensive
care unit to 15 min of bright white light (at le&&10 Ix at the eye) or dim light (less than
100 Ix at the eye). They showed that subjectivérfge of wakefulness, alertness, and
overall well-being were improved after brief perimdxposures to bright white light than
exposure to dim light.

Cajochen and colleagueks] exposed subjects to illuminances ranging from 3 t
9100 Ix for 6.5 h during the early night. They fduen acute alerting response to light as
assessed by a recorded electrophysiological bcivitg, as well as a reduction in self-
reported sleepiness. More recently, Cajochen aleagmes 17), building on knowledge
that light has an alerting effect at night and lo& knowledge that the circadian system is
maximally sensitive to short-wavelength radiatibtué light), were able to show results
similar to Badia and colleague®)(but with much lower intensities of monochromatic
short-wavelength (blue) light: 5 Ix of blue lightaawavelength of 460 nm for a duration
of about 40 min., in comparison with the much higight levels used by Badia and
colleagues§): 5000 to 10,000 Ix of white light for 90 min.

More recently, Figueiro and colleagu@9)(demonstrated that subjective (Norris
Scale) and objective (EEG) measures of alertneskighly correlated and increase
monotonically with four blue (peak at 470 nm) ligéwels (5, 10, 20 and 40 Ix at the
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cornea). Moreover, they demonstrated that objectigasures of alertness were highly
correlated with predictions of melatonin suppressar the same circadian stimulus (CS)
calculated using a mathematical model of humaradien phototransductios9),
suggesting that the SCN play a role in light’s tabgr effects in humans. These results are
consistent with the work done by Saper and colleadil-63, who have recently
elucidated the neural pathways important to sleepadertness. More specifically, they
have identified various independent pathways enmmagnétom the SCN that differentially
affect alertness, sleep, core body temperaturepraatdtonin synthesi${-63.

Sleep and Alertness Drive in Humans

Sleep is largely influenced by the homeostaticalrihat is, the time since last
asleep, but it is also affected by the circadiasteay. Borbely10) was the first to
propose a two-process model for sleep regulatiavhich a homeostatic process (sleep
drive) interacts with the circadian process, whaas thought to be independent of the
sleep/wake cycle. In 1993, Edgar and colleagRédsposed an opponent process model,
where the circadian clock acted as an opposingftar¢he sleep drive, actively
facilitating the initiation and maintenance of whkeess during the circadian day. Sleep
consolidation, on the other hand, is believed twoas a result of increased circadian
drive for sleep during nighttime hours, opposing teéduction of the homeostatic sleep
drive during sleepl). In sum, nighttime sleep is a result of homedasthive (sleep
debt) and circadian drive, which sends us alesiggals during the day and sleeping
signals at night.

Performance and Circadian Rhythms in Humans

As with sleep, alertness and performance are aisogy influenced by the
timing of the master clock. Although performanceaswees have shown diurnal patterns,
different diurnal patterns are associated withedéht levels of mental loa8,(30, 3).
For example, repetitive tasks had higher perforraahoing the day, but with lower
levels in the morning and evening, while short-tenemory tasks decline throughout the
day @1). In general, however, performance is lowest winémmum core body
temperature occurs, about 1.5h prior to normal ngd0). Minimum core body
temperature is used as a marker of the master.dlmie body temperature follows a
circadian pattern, with peak occurring late aftermearly evening and trough occurring
in the second half of the nightQ).

It has also been shown that performance is affdnyeatie duration of the time
awake 8, 3]). In sleep deprivation studies, performance rgpildicreases during the
hours immediately following awakening followed bgiadual leveling out at low levels
after 40 to 72 hours of being awald. (Other studies indicate that when sleep durason
less than 7 hours night after night, a steadilymgng impairment in performance is
observed day after dag,(31).
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Shift Work and Performance

Shift work has been associated with a variety althegoroblems, including
cardiovascular disease, impaired glucose metabplissakened immune system,
gastrointestinal discomfort, reproductive diffigyland cancer. In fact, recently the
World Health Organization classified shift work@ebable carcinogenic. A variety of
studies have investigated the fatigue-related aotgdduring the nightshift mainly
because alertness and performance are known totse wowards the latter part of the
night, when the circadian nadir of alertness irdeyavith the increased sleep debt. In
fact, some of the worse accidents, such as ThrézIsMand and Chernobyl, occurred
during nighttime hours and have been linked totwboifker fatigue. Folkard32) and
Akerstedt b) reviewed the literature on shiftwork safety ahdwed that the risk was
significantly higher on the afternoon shift thantbe morning shift. They also showed
that nightshift had still a higher risk.

Several researchers have developed mathematicalsnodpredict work-related
fatigue associated with shift workers schedule$rief, these models take into account
the length and the circadian timing of work and-mark periods. As an example,
Moore-Ede and colleague$9] proposed a model (Circadian Alertness Simula@#$])
for assessing the risk of diminished alertnessaakwrhe model is based on the two-
process model of sleep regulation, where sleemgrand duration is determined by the
circadian (phase, period, amplitude) and homeasfsitep and wake duration) factors.
They tested the validity of the CAS to predict uliver fatigue risk and correlated
predictions with actual accident rates and coste@trucking operation. More
specifically, they calculated cumulative fatiguergcfor various duty/rest schedules
using the CAS and used these predictions to pla@mdrand working hours of truck
drivers. Their studies showed that a reductionA$Qatigue score was associated with a
reduction in the number and severity of accidef®. (

Folkard 32) reviewed and analyzed a series of published esudi determine
whether accident risks in transport operation ckarayer time. His analyses showed that
there is a time of day effect in road accidenthwiilack times” being associated with
time of day and time on task. A peak in trafficidents occur at 03:00 and a secondary
peak occur at 15:00. In a review paper, HorneReyher 87) discuss SRVA. They also
found that there is a clear time of day effect3&VAs, with peak around 02:00-06:00
and 14:00-16:00. They argue that at 06:00, drigezsmore than 20 times more likely to
fall asleep at the wheel than at around 10:00.6400Q, they are about three times more
likely to fall asleep at wheel than at 10:00 orQIR:The circadian system will also impact
sleepiness produced by prescribed drugs, alcohdlpther substances. For example,
alcohol consumed early in the afternoon resultsvioe the sleepiness and driving
impairment than when consumed in the early everidniyers’ age can also impact
sleepiness. Horne and Reyn@T)(found that drivers under the age of 30 yearsaodd
more likely to be involved accidents in early maghnhours, while the peak sleep-related
accidents in the age group of 50-69 years of agaran the early afternoon.
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Practical Countermeasures

A great deal of research effort in the area ofgpamtation has gone into
optimizing lighting systems for visibility. The naiés of this research have been
translated into standards and recommended praéticesch applications as driving
under fixed lighting systemg) and with vehicle headlamp8(Q), and rail, air and sea
operation $4). Clearly, however, SRVAs are associated withdiheadian system and
new guidelines could be developed to add light asrepharmacological tool to help
increase alertness and well-being of nighttimeetsyTransportation operators on the
road, on the rails, in the air and on the sea miadte increasingly complex decisions
throughout a 24-h day. Even a reduction of a siagl@dent could result in a significant
return on an investment in understanding how laghtld impact performance in
transportation applications. Most of the field i@®& on the acute alerting effects of light
has not been performed using transportation opsratthe subject cohort, but the
impacts on this population would not be expectediffer greatly.

The evidence presented here suggests that theatpmii of light to influence
circadian rhythms could play a role in increasiatety and efficiency of our nation's
transportation systems. Indeed, a few studies hapkito the effects of light on alertness
and sleepiness while driving at night have beeruaoted. Landstrom and colleagues
(41) investigated the effects of a 30-minute exposaitaright light during a 9-hour
nighttime drive. They did not find an effect of ¢int white light on subjective alertness.
Akerstedt and colleagued)(exposed subjects to 30 minutes of bright lightight. Their
results indicate that bright light exposure sigrafitly reduced subjective sleepiness in
the subjects but did not have significant effectdmain activity. No published studies to
date, however, have investigated the potentiateffef blue light on alertness while
driving at night although Figueiro and colleagulesvged that nocturnal exposure to very
low levels of blue light had an alerting effecthumans 29).

In order to investigate the most efficacious lightirce for the circadian system
that could be applied to truck drivers to help n@imalertness, a CS calculator was
developed based on the mathematical model of hwineadian phototransduction
developed by Rea and colleagu&9)( The calculator determines CS based on the
spectral power distribution (SPD) of the light steiand the light level at the cornea.

One major concern associated with the use of Agldn alerting stimulus at night
is loss of visibility. Any light that is added tbe driver’s eyes can result in discomfort or
disability glare. Discomfort glare is a sensatiémenoyance or distraction by luminance
in the field of view that does not necessarily ictpasual performancel@). Disability
glare occurs when the light from a glare sources geattered in the eye and is perceived
as a luminous veil over the scerd®)( This luminous veil reduces the contrast of otgjec
and their visibility. At night, any light that istroduced in the field of view of the driver
is a potential source of disability glare. In gexleglare increases when the glare source’s
luminance increases, the background luminance deese and the angle between the line
of sight and the direction of the light source éases.
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The circadian system spectral sensitivity pealshatter wavelengths than the
photopic luminous efficiency function used to cédte glare. Calculations were made to
determine whether photopic illuminance levels cdagdminimal if a light source peaking
at 450 nm was used to stimulate the circadian sysi@e calculations of CS were based
on a study conducted by Figueiro and colleague) (@t showed that one hour
exposure to 18 Ix at the cornea of a light emittiirmfde (LED) peaking at 470 nm
resulted in 35% melatonin suppression. As showrainle 2, the shorter the peak
wavelength, the lower the photopic light levelsdebto achieve the same criterion
response (i.e., 35% melatonin suppression) focittvadian system.

Table 2: Required illuminance at eye for differpatik wavelength blue LEDs referred to circadian
stimulus by 470nm LED delivering 18 Ix at the cane

LED at different peak | llluminance cs Irradiar;ce
wavelength (nm) at eyes (Ix) (W/m®)
470 18 0.053 0.22
438 5 0.053 0.199
450 8 0.053 0.199
460 12.5 0.053 0.2
490 78 0.053 0.36

Another important factor to be addressed if lighta be used as an alerting
stimulus for truck drivers at night is to determthe appropriate light spatial distribution.
Light has to reach the retina of the users withim&h annoyance and minimal
interference with nighttime driving visibility. Was hypothesized that a diffuse
rectangular luminous panel placed directly aboeavtindshield or placed on the both
sides of the driver’s eyes could be used for thippse. Initially, it was assumed that a
blue LED peaking at 450 nm would be used. A 450ight source was selected because
currently it is a more common light source than paaking at 438 nm. Calculations
were conducted and results showed that a panelumegg!2 cm in length and 17.5 cm
in width with a luminance value of 25 cd/mvould deliver 8 Ix at driver’s eyes when
placed at horizontal and vertical distances ofh0 ¢

Glare calculations (discomfort and disability) weesformed to investigate
whether the proposed lighting solution was viaBle A discomfort glare (DG)
sensitivity function has been developed by D& and validated by Watkinsog7).
This discomfort glare sensitivity function was apglto the various LEDs in Table 2 to
calculate a DG illuminance. A DG spectral factoswbtained by dividing the DG
illuminance by the illuminance at the eye for epelak wavelength. Because the
proposed lighting distribution will be an area smyrather than a point source, such as
the one used by De3), it was necessary to calculate DG luminance. (DfGe
luminance was calculated, the relationship betw@@ruminance and the De Boer Scale
(21) used in Dee’s study was established. The punpaseto determine whether the DG
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luminance for each light source in Table 2 was gambe perceived as uncomfortable.
Figure 4 shows that the DG luminance for all lightirces correspond to a discomfort
glare rating of 7 or above, which is rated as attsry (note that in the De Boer Scale,
the higher the number, the more comfortable tha Bgurce is perceived; maximum
number in the scale is 9).

De Boer Scale?l):

1 unbearable

2

3 disturbing

4

5 just permissible

6

7 satisfactory

8

9 just noticeable glare

9
.
8
L'y

2 ! *e
E 6 ~»
[
T ° .
3 4
g o

3

*e

2 MRS

1 : : A2

100 1000 10000 100000 1000000

DG luminance (Dee, 2003)

Figure 4: Plot of De Boer rating as a function @& uminance. DG luminance was scaled from the DG
illuminance from Dee’s study2f).

Disability glare was calculated using the followwgjling luminance equation
(33):

_g9x N E :
L,=9.2 IZ:; ax(@+15) (Equation 1)

Where Ly is the veiling photopic luminance (in cd/m2),
E; is the photopic illuminance at the eye from thdight source (in Ix),
0; is the visual angle for th& light source (in degrees).

Lighting Rensselaer 14

Résearch Center



For the purpose of this calculationi&as considered a constant value for a
stimulus specification. Therefore, the disabilitgrg was only determined by the visual
angle: the larger the visual angle, the lower thiéng luminance will be. The visual
angle is proportional to the ratio of vertical dmatizontal distances; therefore, a larger
visual field is achieved when the vertical distanbeve the eye is large and the
horizontal distance is small. Different veiling lumance from the same light panel can be
achieved by moving the light panel away or closthéodriver.

Based on calculations detailed above, minimummgiluminance for a 450 nm
LED producing 8 Ix at the eye from a visual andié® degrees is 0.03 cd?nThis is
achieved when a maximum vertical distance is Odnohthe minimum horizontal
distance is 0.1 m.

A reasonable background luminance for nighttimeidg in rural locations is 0.1
cd/nf (23). Calculations to determine the veiling luminapceduced by the proposed
lighting system showed that the visual task conhtrals be reduced by 26%, based on
Equation 2 below.

L-L
b + I‘v
Where L is target luminance,
Ly is background luminance
L, is veiling luminance

Visual task contrast (Equation 2)

It is not known, however, how a 26% reduction isudl task contrast will affect
driving safety. A comparison with two common forofsautomotive interior lighting, a
dashboard illumination system and a map light, ecassidered as a reference threshold
value of veiling luminance that would not adversaffiect visual task for nighttime
driving.

According to Perry50), industry practice on dashboard luminance vaug14
cd/n?, which is about 0.1 Ix at the y&he calculated veiling luminance for this
condition was 0.001 cd/and the visual task contrast was reduced by 1%. I\ht
illuminance measurements were made in a car (Tdyatary) and were approximately
0.3 Ix at eye. The calculated veiling luminancerfrmap reading lights was 0.003 cd/m?
and the visual task contrast was reduced by apmpately 3%. Although discomfort
glare would not seem to be an issue with the preghdighting solution for nighttime
alertness, disability glare could be a potentsligsaffecting the night time driving safety.
Therefore, before the proposed lighting solutioadspted, more research is needed to
investigate how it would impact driver’s visibiligt night.

! Such a value is based on scaling the measurdidmiriance (0.02 lux) regarding visual angle of 29
degree at eye’s position by a factor of industcgice luminance to measured luminance (1cd/m2) o
1999 Toyota Camry dashboard lighting.
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Finally, the circadian system trades off intensityl duration of exposure, so an
extended light exposure to a lower light level magult in similar impact on the
circadian system, as long as the light level isvalibreshold for impacting the circadian
system. This intensity-duration relationship hasbeen established yet and further
studies are needed before a recommendation ofeddight levels can be made.

SUMMARY

While further research is no doubt necessary bdiginéng criteria for the
circadian system will have equal weight as visugiga in the design of transportation
lighting systems, it is becoming increasingly ewvit#hat lighting practice will eventually
have to consider circadian photobiology. Presehtd was a summary of the impact of
light on the circadian systems and nighttime aks$tnin humans. Also discussed here
was the development of a lighting system that cpolentially be used by drivers to
increase their nighttime alertness. The authourseatly working on a grant from the
Office of Naval Research to investigate the impuddilue light on daytime alertness of
sleep deprived and non-sleep deprived subjectseltiedings will also be applicable to
transportation applications, since the accidemsrduring the afternoon hours are still
higher than in the morning hours, 32.

Based on the investigations presented here, arlgbkistem with a light source
peaking at 450 nm producing 8 Ix at the eye lewebf1-hour exposure duration would
be an efficacious lighting system for the circadigatem, and therefore, for increasing
nighttime alertness. The only issue that still remado be investigated is the possibility
of disability glare caused by this lighting systarmd how it would impact driver’s safety.
A further study is imperative to investigate thding luminance effect on the visual
task. A laboratory human factor experiment on dqtype will also help to evaluate the
validation of the calculation on glare.

In addition to implementing a new lighting systeon dirivers while on duty,
incorporating lighting systems for circadian actiza in break rooms, highway rest
stops, airports and other facilities might alsahbaable solution. Such "light showers"
could perhaps become standard features of sudhiéscin the future, if research
evidence continues to mount.

As a next step of this work, it is proposed thedsearch program be established
to investigate the potential use of light as amtizg stimulus at night. The following
research projects should be conducted to validate ©f the concepts discussed here:

1. Laboratory Human Factors Study

The purpose of the proposed follow-up researchepta$ to investigate the
impact of a lighting system that is designed tabed by drivers to increase nighttime
alertness. The work performed under the UTRC Mira+@® for Junior Faculty laid the
foundation for the development of such lightingteys that has potential to reduce
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SRVAs. It is still unknown, however, how the usedlus lighting system would impact
nighttime driving performance. It is proposed tlzat a next step, a laboratory human
factors study to test the effectiveness of 3 lighels (2.5, 5 and 7.5 lux at the cornea)
and 2 spectra (438 and 450 nm) on objective angstiNe alertness (as measured by
EEG and subjective sleepiness scale) followingotiséocol used by Figueiro et al.
(2007) be conducted as a follow up of this resepegrer. The P300 response will also be
measured. Electrophysiological measurements ofteetated potential (ERP) latency
and amplitude will also be performed. More speaeific an ERP response parameter
called P300, which appears about 300 millisecofigs he onset of a stimulus, will be
measured. P300 reduction in amplitude and incrigals¢ency has been linked to fatigue
and sleepinesdb, 43, 5). A prototype of the lighting system discusseceheill be

built for the experiment. Calculation of discomfgtare, veiling luminance and disability
glare for each of the lighting conditions will berformed. The impact of light levels on
driving performance in a simulated environment wéltested using a driving simulator.
Driving performance will be measured by speed ckalape shift, and number of
crashes. At the end of the laboratory study, tleeifpations of the lighting system
proposed here will be revised to reflect the newlifigs of the laboratory study.

2. Investigate the temporal characteristics of the ligting system

Another viable option is to use light in rest stopsimilar applications, where
drivers stop to get a “light shower” when feelingepy. Before this can be applied in real
life, two questions remain unanswered: 1) whalésihtensity-duration relationship so
that drivers do not need to stop for too long andd@®v long the alerting effects of light
remain after the removal of the stimulus. The fipséstion is also relevant to the
application of light inside the vehicle becausétilgvels may be reduced if duration of
exposure is increased inside the vehicle. The ofgasuld be true for rest stops
applications. This task would be a follow up of thlkoratory study detailed above.

3. Investigate the effectiveness of light in increasgalertness and reducing
sleepiness in real-life applications.

Once the lighting system specification is fully de®ped and its effectiveness on
increasing nocturnal alertness while driving igddsn laboratory conditions, it will be
necessary to test the effectiveness of such argiystem in real-life applications.

CONCLUSIONS

Light isn’t just for vision anymore! Lighting foransportation applications should
be designed so that it meets the needs of thelhasdecircadian systems. Although
lighting recommendations in the area of transpmmatave been limited to the visual
needs %4), it is clear that light can impact more than jin& visual system. Light can be
used as a tool to increase alertness at nightpassibly reduce SRVA. It is hoped that
this short paper will stimulate discussion amorsgagchers and decision-makers alike in
deliberating if, how and when lighting practice va@bnsider circadian photobiology.
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