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INTRODUCTION

Current vehicles contain dozens of individual light sources that provide light for
headlamps, stop lamps and other signal lamps, as well as interior illumination. A nove
concept in automotive lighting that is currently being considered is so-called distributed
lighting. In the most extreme version of distributed lighting, the many light sources
currently in vehicles would be replaced by asingle, centralized light source. The light from
this source would then be “distributed” through optic fibers or other light guides to
individual light-emitting areas. In less extreme versions of distributed lighting, there would
be more than one light source, but each would serve several light-emitting aress.

Of concern with distributed lighting is the possibility of a failure of a centraized
light source. In the most extreme version, with asingle light source for the entire vehide,
loss of that light source would result in a total absence of any lighting, including
headlighting.l Because of this concern, there are currently proposals to include in single-
source distributed lighting systems (and any distributed lighting that provides illumination
for headlamps) a back-up light source that would be automatically switched on if afailure of
the primary light source occurred.

The natural next question is: How much of a delay between the offset of the
primary light source and the onset of the secondary light source can a driver tolerate? This
report addresses that question by reviewing potentialy relevant literature. The following
topics will be discussed: loss of vision due to eyeblinks, driver performance during visud
occlusion, eye fixations away from the roadway ahead (fixations on vehicle displays,
controls, and rearview mirrors), head movements when checking traffic in the blind spots,
and time-to-collision and time-to-lane-crossing measures.

Our discussions with industry suggest that limiting the delay to no more than
100 msistechnically feasible. Thus, the specific question that this study addressed is as
follows: Isadelay of 100 ms between the offset of the primary source and the onset of the
secondary source acceptable from the human factors point of view?

There are two considerations that affect the acceptability of a gap in visua input.
One deals with the effects of the gap on the quality of driver performance, assuming the
occurrence of no startle responses (e.g., panic braking). The other consideration involves
the startle effects themselves. We will briefly address both of these considerations.

1 Such a catastrophic failure would not be unique to distributed lighting. Current vehicle lighting is aso
susceptible to atotal loss of headlamp illumination (e.g., through a failure of the headlamp switch) or even
a complete failure of its electrical system with a consequent loss of al illumination.



EFFECTSON THE QUALITY OF DRIVER PERFORMANCE

In this section, we will review available evidence relevant to the effects of a
temporary loss of visual input on driver performance, assuming no startle responses. Some
of the evidence is from basic settings, while other evidence is from applied, driving research.

Eyeblinks

We continuously interrupt our own visual input by eyeblinks. An eyeblink is
defined “as atemporary closure of both eyes, involving movements of the upper and lower
lids’ (Lawson, 1948, p. 154). There are three general classes of eyeblinks: involuntary (in
response to the drying of the cornes), reflex (in response to external stimulation, such as a
puff of air), and voluntary (initiated by our own free will). Of primary interest here are
involuntary eyeblinks, because they can occur up to 20 times per minute (Lawson, 1948),
although amoretypical frequency is 5-10 times per minute (Moses, 1975; Lawson, 19438).
The duration of an involuntary eyeblink is on the order of 250 to 400 ms (Lawson, 1948;
Gordon, 1951; Doane, 1980). The length of the time that the pupil is covered by the
eyelid—and thus the length of the visual blackout—is typically between 100 to 300 ms
(Lawson, 1948; Gordon, 1951). The frequency and duration of involuntary eyeblinks
indicate that they can result in vision being occluded for more than 10% of the time
(Lawson, 1948), but we are not usually aware of these interruptionsin visual input.

Eye fixations away from the road ahead

The roadway ahead is not the sole focus of driver eye fixations in actual driving.
For example, some eye fixations are directed towards in-vehicle displays and controls, as
well asrearview mirrors. During such fixations, the roadway ahead is at relatively large
peripheral angles (e.g., 45° for a typica outside rearview mirror on the driver side). Under
photopic (daytime) ambient conditions, vision is best in the fovea, and decreases with the
increasing peripheral eccentricity. Thisis the case for detection (Lie, 1980), motion
sensitivity (Johnson and Leibowitz, 1975), acuity (Johnson, Keltner, and Baestrery, 1978),
contrast sensitivity (Pointer and Hess, 1989), and reaction time (Flannagan, Sivak, and
Traube, 1999). Under scotopic (nighttime) ambient conditions, visual sensitivity is best &
about 10° eccentricity, with the senditivity declining as the periphera angle either decreases
or increases from 10° (Lie, 1980). However, even under scotopic conditions, vision at large



peripheral angles (over 25°) is worse than vision in the fovea (Lie, 1980). The nasa
(towards the nose) and temporal (towards the temple) retinal senstivities are similar, with
one maor exception. Near 15° in the temporal periphery, thereis an area called the blind
spot (where the optic nerve leaves the retina), with no sengitivity at all.

Because of the generally lower sensitivity in the periphery than in the fovea
durations of fixations that are away from the roadway ahead provide an indication of
acceptable performance costs, and are of some relevance to the issue a hand. Examples of
recent reviews of driver eye fixations on rearview mirrors, and in-vehicle displays and
controls are Kurokawa (1990), Taoka (1990), and Green (1999). What follows are sample
findings only, presented for illustrative purposes.

Fixations on rearview mirrors. Mourant and Donohue (1974) monitored driver
eye fixations in expressway driving. They found that the average duration per fixation on
the driver-side exterior rearview mirror in lane-change maneuvers was 1.0 s. (Furthermore,
their dataindicate that, in the same situations, the average time for a head turn to make a
direct look was 1.5s.) In comparison, Rockwell (1988) reportsthat in aset of three studies,
eye fixations on the driver-side mirror averaged 1.1 s.

Fixations on traditional displays and controls. Taoka (1990) analyzed the data
from Wierwille, Antin, Dingus, and Hulse (1988) and Rockwell (1988) concerning
durations of eye fixations on in-vehicle displays and controls. His analysis indicates that
the eye fixations averaged 0.6 sfor speedometer, 1.1 s for temperature gauge, and 1.1 s for
defroster.

Fixations on navigation displays. Dingus et a. (1995) present eye fixation data
for drivers operating a red navigation system in actua traffic. A variety of interface types
were tested. The mean eye-fixation duration was about 1.0 s. Wierwilleet a. (1988) found
that driver eyefixations on a navigation system averaged between 1.2 and 1.7 s, depending
on the navigation task required. (In comparison, the mean durations of eye fixations on
conventional displays or controlswere al 1.2 sor lessin this study.)

Summary. Field data indicate that the durations of eye fixations on rearview
mirrors, displays, and controls can exceed 1.0s. If a head movement is required, then
additional time is needed. Concerning an upper limit, Rockwell (1988) points out that
“drivers are loath to go without roadway information for more than 2 s (and rightly so)”
(p. 322).



Voluntary occlusions of vision while driving

Additional evidence concerning acceptable delays between the offset of a primary
light source and the onset of a secondary light source comes from studies that measured
durations of voluntary occlusions of vison. The classic work in this areawas performed by
Sendersin the late 1960s (e.g., Senders et a., 1967). In this research, drivers were wearing
on their heads a device that had two states. In the open state, the drivers had a rdatively
unrestricted field of view. In the closed state, their vision was occluded with a tranducent
visor “through which no road or vehicle detail could be seen” (p. 22).

The basic approach developed by Senders has since then been used, with
modifications, in many studies (e.g., Farber and Gallagher, 1972; Zwahlen and
Balasubramanian, 1974; Riemersma, 1987). For illustrative purposes, we will highlight here
the results of Godthelp, Milgram, and Blaauw (1984) and Fitzpatrick et al. (1999). The
former study dealt with driving on straight portions of roads, while the latter concentrated on
amore demanding task—driving on curves.

Godthelp et al. (1984) gave drivers unobstructed views lasting 0.55 s each. The
dependant variable was the acceptable occlusion time between successive views. Of interest
for our purpose is the finding that the occlusion time varied as a function of speed,
averaging about 5.5 sat 20 km/h and about 2.5 sat 120 km/h.

Fitzpatrick et . (1999) included both actua driving and driving in a smulator. The
subjects were given unobstructed glimpses lasting 0.5 s each. As expected, the acceptable
delay between successive glimpses varied as a function of the type of the curve. In generd,
however, the mean delays between the offset of a glimpse and the onset of the successive
glimpse in actual driving were between 0.5 and 1.0 s—substantially less than the delays
obtained by Godthelp et al. (1984) on straight roads.

Time-to-collision and time-to-lane-crossing

Of potential relevance to the issue at hand is research on when corrective actions
(steering or braking) occur in cases of impending collisions or lane departures. This type
of research uses two related concepts: time-to-collision (TTC) and time-to-lane-crossing
(TLC). TTC represents “the time required for two vehicles to collide if they were to
continue their speed and were to remain on the same path” (van der Horst, 1990, p. 26).
Minimum TTC, in turn, is defined as the time remaining before impact when a corrective
action (that lengthens the TTC) is performed. Anaogously, TLC “represents the time



necessary for the vehicle to reach either edge of the lane, assuming a fixed steering
strategy” (Godthelp et al., 1984, p. 261). Minimum TLC, in turn, is defined as the time
remaining before crossing the edge of the lane when a corrective action is performed.

The research on TTC and TLC is quite extensive (e.g., Lee, 1976; Schiff and
Detwiller, 1979; McLeod and Ross, 1983; Gothelp et d., 1984; Cavalo and Laurent, 1988;
Hoffmann and Mortimer, 1994; van Winsum and Heino, 1996). One of the most
comprehensive works is by van der Horst (1990). His data indicate that for a variety of
conflict situations, the median values of the minimum TTC tend to be between 1.5 s and
2.5s. In comparison, the minimum TLCs are generally substantialy greater, and they vary
with speed. For example, Godthelp et al. (1984) found that on straight roadways the
median values of TLC ranged from about 11 s at 20 km/h to about 3.5 sat 120 km/h.

In summary, the TTC and TLC data indicate that corrective actions in situations
involving conflicts with other motorists or lane departures tend to occur a more than 1.5 s
before the conflict or lane departure.

Summary of the data reviewed

The findings from this section are summarized in Table 1, by listing typical values.

Typical values of variables with potentiaITrag lglénce to the quality of driver performance.
Aspect Dlz{r?g)on
Periods with no visual input during eyeblinks 200
Voluntary occlusions of vision while driving in experimenta settings >500
Fixations on rearview mirrors, and conventional controls and display 1000
Fixations on navigation systems >1500
Head turns prior to lane changes 1500
Time-to-collison and time-to-lane-crossing at initiation of acorrective action >1500




Relevance of the data reviewed

The data reviewed above have differing relevance to the issue at hand. We have
informally divided the data into two broad categories. data having some relevance, and data
having substantia relevance.

Some relevance. The durations of eye fixations on in-vehicle displays, controls,
and navigation systems, as well as rearview mirrors are of some relevance, because the
quality of vision straight ahead is reduced (but not eliminated) during such fixations.
Similarly, data on time-to-collision and time-to-lane-crossing at the time of a corrective
action are of some relevance, because they provide information that isrelated to the available
safety margins. However, these times cannot be directly translated into safety margins,
without knowing the specifics of the situation and the nature of the corrective action (eg.,
the intengity of braking).

Substantial relevance. Three sets of data appear to be of substantial reevance:
durations of eyeblinks, voluntary occlusions of vision in actual driving, and head turns
during lane change maneuvers. The first two sets of data are of substantial relevance
because during both eyeblinks and voluntary occlusions there is no visual input at al.
Similarly, during some head turns there is no visua input from straight ahead. The eyeblink
data are probably of greatest relevance, because they best mimic the situation of interest.
From among these three sets of data, head-turn data are probably the least rdlevant, because
head turns are generally well planned, and they are usually executed only if conditions

permit.



STARTLE EFFECTS

The previous section discussed potential effects on certain aspects of driver
performance of a delay between the offset of a primary light source and the onset of a
secondary light source. That section did not deal with possible startle effects. Instead, the
explicit assumption was that, while the quality of the driving performance might be affected,
no major startle effect would take place. Nevertheless, possible startle effects are of some
concern. Unfortunately, no direct research evidence exists concerning this issue. The lack
of any directly relevant datais primarily a consequence of ethical considerationsin testing
driver startle reactions.

Furthermore, because of ethical considerations, no studies are available on the
existence and nature of startle reactions of drivers to other catastrophic failures (e.g., tire
blowouts), or unexpected events (e.g., sudden, strong crosswinds). Studies that dealt with
tire blowouts, for example, investigated performance of alerted drivers (e.g., Anderson,
Nidey, McCormick, and Russoniello, 1975), as was the case for studies on the effects on
gusts of crosswind (e.g., MacAdam, Sayers, Pointer, and Gleason, 1990).

The literature on driver reactions to unexpected road hazards was aso examined for
possible relevant information. Probably the most relevant study was performed by Olson,
Cleveland, Fancher, Kostyniuk, and Schneider (1984). This study evaluated driver response
time to an unexpected obstacle on the road. The obstacle was a foam rubber block, 15 cm
high and 91 cm wide positioned in the path of travel. The obstacle became visible after
cresting a hill. The subjects were not informed about the true purpose of the study, and thus
only onetria per subject could be collected. Although startle reactions were not the topic of
this research, Olson et a. do not mention occurrence of any panic responses.

Because of the lack of direct research evidence, only indirect inferences can be made
concerning possible startle effects in our present situation. The startle effects of primary
concern are panic brakings, although sudden major steering maneuvers are also possible.
While we do not have any basis for estimating the likelihood of panic braking as a function
of the delay in restoring headlamp illumination, we can consider the likely consequences of
such actions. Panic braking has potentia effects on both the driver who does the braking,
as well as other motorists. Panic braking can lead to a loss of control, especidly if the
surface has alow coefficient of friction, or if it occurs on acurve. However, antilock brakes
would mitigate these negative consequences. (In the U.S., 73% of 97 modd vehicles had
factory installed antilock brakes [Ward’s Automotive Yearbook, 1998]. Furthermore,



because of their expense, there will likely be a positive correlation between having
distributed lighting and antilock brakes on the same vehicle) The primary consequence of
panic braking on other motorists is an increase in the likelihood of rear-end collisons
involving closely following vehicles. However, in close-following situations, the road
illumination from the headlamps of the following vehicle is likely to be sufficient to
minimize the likelihood of startle effects.



NATURE OF IMPLEMENTATION

The preceding discussion dealt with the potential safety consequences of an
interruption of visual input for a limited amount of time. However, depending on the
implementation of adistributed lighting system, it is possible that the onset of the secondary
light source would be perceptually more prominent than the offset of the primary light
source.

Specificaly, if the secondary light source is high-intensity discharge (HID), then it
islikely that theinitial level of light output would be substantially greater than the steady
state level (of both the primary and secondary sources). This is the case because HID light
sources have, typicaly, abriefly elevated level of output after the voltage is switched on (see
Figure 1).

Primary[]
Sourcell
Failured

o

Light Output

Time

Figure 1. A schematic representation of the effects of the light source type on the initid
time course of light output.



There are two likely consequences of such a situation. First, the bright flash of the
secondary light source might retroactively “mask” the dark interval after the offset of the
primary source. In other words, this bright flash might make the delay imperceptible. The
likelihood of masking would depend on the specific light levels and time delays in question.
(Raab [1963] and Kahneman [1968] are two examples of comprehensive reviews of visua-
masking phenomena.) Second, the bright flash of the secondary light source might be more
perceptible than the delay, even if full masking does not take place.

Using an incandescent secondary light source would reduce these effects, because
the light output does not overshoot the desired asymptotic level (see Figure1). However,
because of therelatively long rise time of incandescent sources (e.g., Flannagan and Sk,
1989), the effective delay between the two light sources would be greater than the nomina
delay.

In summary, the specific implementation of the secondary light source will likely
affect the consequences of adelay. Certain types of secondary light sources (e.g., HIDS)
might cause the onset of the secondary light source to be more perceptualy salient than the
offset of the primary source. Other types (e.g., incandescent) might increase the perceived
delay. However, it remainsto be ascertained which implementation would be perceptually
more acceptable.
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SUMMARY AND CONCLUSION

Thisreport reviewed evidence concerning acceptable delays in switching between a
primary and a secondary light source in distributed lighting. The specific question posed
was asfollows. Theindustry considers a delay of 100 ms technically achievable, but is it
acceptable from the human factors point of view? The evidence considered included
consequences for the quality of driver performance and possible startle effects. In
discussing the quality of driver performance, the following aspects were considered:
eyeblinks, voluntary occlusions of vision during driving, fixations away from straight
ahead (on rearview mirrors, vehicle controls and displays, and navigation systems), head
movements when checking traffic in the blind spots, and time-to-collision and time-to-lane-
crossing measures. Possible effects of different implementations of the secondary light
source (high-intensity discharge and incandescent) were a so briefly discussed.

Based on the available evidence concerning the quality of driver performance
(excluding startle effects), adelay of 100 ms or lessis unlikely to create safety problems.
Furthermore, athough little evidence exists on the likelihood and nature of startle responses,
itisunlikely that adelay of 100 msor lesswill lead to major negative startle consequences.
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