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Abstract and augmented telescopes. We consider the performance of a dis-
play that should be the least obtrusive when used in the dark. Such
An inadequately designed display viewed in the dark can easily @ display may need to be dim to reduce adaptation strain, disabil-
cause dazzling glare and affect our night vision. In this paper we ity and discomfort glare, but at the same time it should be bright
test a display design in which the spectral light emission is selected €nough to be legible.
to reduce the impact of the display on night vision performance
while at the same time ensuring good display legibility. We use
long-wavelength light (red) that is easily visible to daylight vision

The two common approaches for improving display usability in the
dark are backlight dimming and the use of color schemes that re-
oo . 7 duce emitted light. Some devices that employ the rst approach
photoreceptors (cones) but almost invisible to night vision photore- are equipped wgijth a light sensor that can deriegt dark envirpopnments
ceptors (rods). We verify rod-cone separation in a psychophysical and dim the display backlight accordingly. The second approach

experiment, in which we measure contrast detection in the presence, | - changing the color scheme to negative text polarity (bright

of a colored source of_glare. In a separate user_study We MEASUrqatiars on dark background) so that the least amount of light is emit-
the range of display brightness settings that provide good legibility 4o o the screen and the glare or fatigue caused by the display is
and are not distracting under low ambient lighting. Our results can reduced

serve as a guidelines for designing the displays that change their

color scheme at low ambient light levels. In this paper we study another method of improving display us-

ability in dark environments, which involves using a spectral light
CR Categories:  1.3.3 [Computer Graphics]: Picture/lmage distribution that is perceived well by human daylight vision pho-
Generation—Display algorithms; toreceptors (cones), but has very little effect on night vision pho-

toreceptors (rods). By employing long-wavelength light (amber to
. red), the display can be seen by the daylight vision mechanism,

1 Introduction which offers suf cient resolution to read information, while the

night vision mechanism is mostly unaffected by the light emitted
Most digital displays are primarily designed to be used under of- from the display. As a result, the display has a smaller effect on
ce lighting. This is the reason why the prevalent color scheme the user's dark adaptation, causes less fatigue, and does not inter-
uses black letters on a white background, which reduces the im-fere with other tasks, such navigating around in dark environments.
pact of ambient light re ections on the screen. In order to minimize This property of the visual system has been well known since World
the strain caused by frequent adaptation changes between the diswar II, and utilized in vehicles such as submarines, whose control
play and environment, the peak luminance of displays is designedrooms were illuminated in red to preserve the night vision neces-
to closely match the luminance of a diffuse re ective white color sary for lookout or use of a periscope at night [Schratz 2000]p.44
under normal of ce lighting. These steps make the displays easier Red illumination is also common in civilian aviation, to illuminate
to use in bright environments, but at the same time make them lessinstruments, charts, and the rest of the cabin area, without dimin-
usable in dark environments, in which we need to rely on our night ishing night vision. This was particularly necessary for celestial
vision. Unfortunately displays are rarely optimized for viewing un- navigation, which was commonly used by some pilots before the
der such conditions. As a result, most mobile displays can be quite widespread use of radio navigation aids. Interestingly cockpit dis-
unpleasant to use, if not dazzling, at night. plays for military aircrafts must not emit long-wavelengths because

) o ) such wavelengths may interfere with night vision goggles [Abileah
When a display is intended to be at the center of a viewer's atten- 19g3j.

tion, for example when watching a movie or playing a video game,
the display brightness is usually set high, in order to extend the Although the advantage of long-wavelength light at night seems to
perceived color gamut and therefore improve image quality. For be well known, the effect has not been well quanti ed in the litera-
such applications, retaining good vision in the environment where ture. This is especially true for the case in which the observed scene
the display is used is not necessary. In this paper we focus on an-contains large variations in luminance levels, including a mixture of
other group of applications, in which retaining good vision outside photopic (seen by cones) and scotopic (seen by rods) stimuli. This
the display is essential. Such applications may include navigation is the case when a much brighter display is used in dark environ-
system displays used while driving, mobile phones used at night, ments, and so we design our experiments to mimic this situation.
cockpit displays, monitoring instruments, electronic book readers, The purpose of this paper is to con rm and quantify the advantages
of the long-wavelength color scheme at night and give guidelines
email: mantiuk@cs.ubc.ca for the design of a display that adapts to an ambient light level.
Temail: agr@cs.ubc.ca
*email: heidrich@cs.ubc.ca

In Section 3 we show that displays that employ separate red, green
and blue LEDs in the backlight are capable of producing desirable
emission spectra for night viewing so that no other hardware mod-
i cations in the display design are necessary to implement our ap-
proach. In the rst experiment (Section 4) we test how glare due to
a chromatic light source affects night vision. The goal is to show
that different colors cause different amount of veiling glare, and
that in particular long-wavelengths light is the least prone to cause
disability glare. In Section 5 we demonstrate that the measure-



ments of the photophobic reactions to colored light indicate that luminance ratios described by the model is too small to apply the
long-wavelength light also causes the least amount of the discom-model on our data.

fort glare. The study discussed in Section 6 shows that red colored

letters are also more legible at low luminance levels. We further in- i i i

vestigate the design of a display for dark environments by conduct- 3 Dlsplay considerations
ing a second experiment on the range of preferable display bright-
ness settings (Section 7). Our results can serve as a guideline fo
selecting display brightness and color scheme.

The requirements for displays viewed in bright and dark lighting
fare very different. Displays intended for bright lighting must reduce
the effect of ambient light that is re ected from the screen. This is
usually achieved by boosting display brightness or using positive
2 Related work polarity of the text (dark letters on bright background) [Spenkelink
and Besuijen 1994]. Contrary to that, displays intended for viewing

Display ergonomics. Although ergonomic requirements for of- underllow ambient Iighting must be dgrk to (educe d.isability.glare
ce displays have been well studied and standardized as in and discomfort glare, which is associated with dazzling or distrac-

ISO 9241-303:2008, little research has been devoted to displaystion caused by a bright source of light (a display in our case) [Vos
intended for night or low illumination use. In Section 6 we discuss 2903 At the same time, such displays must be bright enough to

the study of Okabayashi et al. [2006], who measured legibility of activate cones, since the low acuity of rod vision would render the
Snellen gures shown at low Iuminancé. display useless at scotopic light levels. Reading text or the ne de-

tails of a map with low-resolution rod vision is very dif cult and
only possible with large magni cations. Overall, displays viewed
Disability and discomfort glare. A display seen in the dark will in the dark must minimize the effect of disability and discomfort
always cause a certain amount of disability and discomfort glare. glare while maximizing photopic luminance for legibility.
Disability glare is due to the light that is scattered in the eye optics
and on the retina, which elevates adaptation luminance and reduce
contrast by increasing the retinal luminance of the stifaubis-
comfort glare is observed when a bright source of light either is
distracting or evokes a dazzling effect that causes the eyes to squin
or avert (sometimes referred as dazzling glare) [Vos 2003]. \Vds an
van den Berg [1999] proposed a comprehensive model of disability
glare.

n increasing number of LCD displays use colored (red, green and

lue) light emitting diodes (LEDs) for the backlight illumination.
LEDs offer several advantages over conventional cold cathode u-
prescent lamp (CCFL) backlights: they result in more saturated
color primaries due to their narrower spectral emission bands, can
consume less power, can be built into thinner displays and can be
dimmed to very low light levels, which is especially important for
our application. This is a signi cant advantage over CCFL back-
lights, which can be dimmed to only 20 % of their peak brightness.
Backlight dimming.  The majority of the work on dimming the  To match the color primaries of the ITU-R BT.709-5 (SRGB) stan-
display backlight is motivated by energy saving rather than im- dard, the spectral peak of the red LEDs is selected to be within
proved display usability at low light. The basic idea involves com- the 620—640 nm range. This property, which allows the display to
pensating for the dimmer backlight with increased transparency of emit long-wavelength narrow band light, accidentally makes dis-
the LCD layer, so that the difference between the original image and plays with LED backlights ideal for our night mode scheme. This
the image with dimmed backlight is minimal [Chang et al. 2004]. observation suggests that a nighttime display can utilize existing
The compensation methods may account for both temporal aspectd ED display hardware, but with only the red primary active. In
to reduce icker visibility [Iranli et al. 2006], and spatial aspectsto fact, we employ a prototype of such a display for our following
reduce contours due to hard clipping [Kerofsky and Daly 2007]. experiments.

Mesopic vision. Mesopic vision, in which both cones and rods 4 EXxperiment 1: Disability glare

are active, is an important factor in display design because dis- ) ) ] )

plays intended to be used at low ambient light levels need to op- Since the display must emit photopic luminance levels to be leg-
erate in the mesopic luminance range. The mesopic range starts aPle, it is going to cause disability glare in dark environments.
about 10 3 cd=m?(photopic) and ends at about 52, although The disability glare is caused by inter-ocular light scatter, which
reported ranges vary [Wyszecki and Stiles 1982, p. 406]. Interac- is considered to be mostly wavelength-independent [Whitaker et al.
tions between cones and rods are complex and not fully understood.1993F. Therefore, we can expect that the wavelength effects are
A good review of the work on mesopic vision can be found in [Hess €xplained by the rod-cone sensitivity curves shown in Figure 1. For
etal. 1990, p. 34-37] and [Wyszecki and Stiles 1982, p. 549-552]. @ dark adapted eye, rods can be over 1_00 times more sensitive than
To quantify visual performance at scotopic light levels, a practi- cones (as seen in the left-most pane in Figure 1). However, the
cal model for mesopic photometry has been proposed to CIE for cone thresholds above 510 nm are elther b_elow or very close to the
standardization [Eloholma and Halonen 2005]. The model assumesfod thresholds, suggesting that rods in this wavelength range are
that the mesopic luminance is a linear combination of scotopic and less sensitive than cones. Therefore, a display emitting only long-
photopic luminance, which has been shown to well approximate Wavelength light should remain legible (i.e. be seen by cones) and
the measurement data for relatively broad-band light sourcest(abou Should reduce the undesired glare in scotopic vision (i.e. be less
100 nm). The authors also note that mesopic luminance for narrow- Visible to rods).

band light sources is too complex to be modeled as a linear com-
bination of scotopic and photopic luminance, but more complex
models do not provide a better match to the data for broad-band
light sources. We attempted to use their model to analyze our ex-
perimental results, but found that the range of photopic to scotopic

Some studies conducted with red and blue Itered light arrive at the
opposite conclusion, indicating that the spectral light composition
of the source of glare has no effect on disability glare [Steen et al.
1993]. We argue that these results are valid only for the photopic

2van den Berg et al. [1991] report a small wavelength depernydehc

1Contrast reduction is caused by the scattered lightvhich elevates the inter-ocular light scatter caused by the selectivestrassion through
background luminanck: DL=(L + Ls) < DL=L, whereDL is a luminance the iris and the sclera. We do not consider chromatic aberratithe eye,
difference andL=L is the contrast without scattering. which is very localized and does not cause disability glare.
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Figure 1: Absolute thresholds for four types of photoreceptors in the human retirgeh Blot corresponds to a different background
luminance. Cone sensitivities are from the Stockman and Sharpe [20@8luneenent and rod sensitivities are based on CIE 1951 scotopic
luminosity function. Absolute thresholds are adjusted for the scotopic anogibd.v.i. functions [Hess et al. 1990]. The rightmost plot
includes also the spectral emission curves for the red, green and biDébkEklight display used in the experiments.
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rod response. These experiments indicated a lack of wavelength de
pendency on inter-ocular light scatter, but not a lack of wavelength
dependency on disability glare.
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Still, the rod-cone sensitivity curves (Figure 1) alone do not prove
convincingly that long wavelength light reduces disability glare at
scotopic light levels. Since rods and cones share the same visual T 50 cm /32 vis deg
pathways, scattered red light that is sensed by L-cones could poten-q,ing distance: 87 cm
tially inhibit rod signals. To examine if spectral light composition

has an effect on disability glare, we conducted a detection experi-

ment in the presence of a colored source of glare. Figure 2: Experimental setup for the Experiment 1.

36.5 cm / 23.7 vis deg

Stimuli. Figure 2 shows the setup used for this experiment,
which was conducted in a dark room (:1 lux) with no illumi- sure the relative effect, rather than to estimate the mean detection
nation other than that described here. thresholds for a larger population. Both subjects have normal or

The device used to create the glare was a prototype display con-corrected-to-normal vision and normal color vision.

sisting of a backlight of colored LEDs and a 23-inch 1920200
LCD panel. The display was suitable for the experiments because g, e rimental procedure.  The task was to adjust the amplitude
.Of |:]s n_arrr]ow-band emlis;_on spictraas_howg ESEIche da_shedlcurve%f the Gabor patch to a point where it was just barely visible (i.e.
in the rightmost pane of Figure 1, and its re S emitting long- - yistinguishable from a uniform eld). For each glare setting, the
wavelength light with the peak close to 640 nm. In this experiment, gjects performed this task twice, once from a point of maximum
thﬁ. 'maghe.l dlshplaalég on the LC? ldlsplljay wasda unlaorm eld of 5 mplitude and once from a point of minimum amplitude. Prior to
w Ilte,(;/v e tl_e s were modulated to produce the necessary yq experiment, the subjects spent approximately 5 minutes in the
colored stimulfi. dark room in order to adapt to the scotopic environment. The sub-
The detection target was a 7 cm Gabor patch with a spatial fre-  J€Cts then performed the experiment with the source of glare turned
to maximize sensitivity at scotopic light levels. The patch was dis- the source of glare in each of 4 colors (red, green, blue, white) and
played on a conventional 18-inch 1280024 LCD monitor. The set to each of 4 intensity levels presented in order of increasing lu-
brightness setting on the monitor was set to the minimum, and the Minance to minimize adaptation effects.
Gabor patch was shown through a neutral density (ND) Iter with
an optical density of 3'O.D' The part of the monitor not showmg Results. Figure 3 shows the detection thresholds as a function
the patch was covered W't.h black matte paper. The bas_ellne of theof the scotopic and photopic luminance of the glare source. The
pg:gﬂ V"zg: ;gFuztt;EFenk:edllgr%c?er\?g ggrl]l:fofinglIt?ﬁeag(pgtrliﬁzrifsti?]eIeft plot shows that the disability glare is wavelength dependent, as
pa | . Yy Key . | PS different colors of glare result in different thresholds at the same
this paper were written in Matlab using the Psychophysics Toolbox photopic luminance level. The long-wavelength light (red) results
extensions [Brainard 1997]. in the lowest detection threshold for a given photopic luminance.
Therefore, a display that emits long-wavelength red will cause the
Subjects. The subjects in this experiment were two of the au- least scotopic glare compared to other colors at the same photopic
) ) p pic g p p p
thors, which was mandated by the tedious and objective nature ofluminance level. Comparison of both plots shows that the detection
this experiment. The pilot study con rmed that the results for two thresholds across all colors are more strongly correlated with sco-
subjects are consistent and repeatable. We did not nd it necessarytopic than photopic luminance of the glare. Therefore, neural inter-
to include more subjects in this study since our goal was to mea- actions between rod and cone signals have only minimal effect on



o duces the least amount of discomfort glare at the same luminance

o wd ] ‘ level. This result must, however, be interpreted with care, since
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Figure 3: Detection thresholds in the presence of glare. Colors
indicate different colors (spectral composition) of the glare sources
and the x-axis represents its photopic (left) and scotopic (right) lu-
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detection threshold without a glare source.
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Okabayashi et al. [2006] measured the legibility of Snellen gures
shown on a CRT display at low luminance levels (0.3
and under low ambient light (2 lux). In Figure 5 we plot their data
showing character recognition rate for the three primary colors of
O T ae me o o wn aw o a0 the dlspl_ay. In ado!ltlon to photopic Iumlnance, we fpund the cor-
Wavelength [nm] responding scotopic luminance values assuming typical CRT phos-
phor emission spectra. Their results indicate that red gures had a
Figure 4: Photophobia sensitivity compared with the photopic lu- Nigher rate of correct responses than green and blue _gures, even
minous ef ciency function. Wavelengths close to 620 nm evoke theWhen shown at the same photopic luminance level. Their results
least discomfort glare when adjusted for their photopic luminance Pring forward another argument showing that long-wavelength light
level. Photophobia sensitivity data from [Stringham et al. 2003]. IS more suitable for displaying information at low luminance levels.

7 Experiment 2: Preferred brightness
the disability glare in the scotopic luminance range. In the context
of display design it means that the displays intended for viewing in after demonstrating that long-wavelength light is the least obtru-
the dark should minimize scotopic luminance to reduce glare while gjye for the night vision, the next question to answer is that of how

maximizing photopic luminance to improve legibility. bright the display intended for viewing in the dark should be. We
measured the preferred brightness (backlight intensity) in the fol-
5 Discomfort glare lowing experiment.

Our rst experiment con rmed that long-wavelength red induces stimuli,  This experiment used one display, which is the same
the least amount of scotopic disability glare. But does it also reduce prototype display used for the previous experiment. A monochrome
discomfort glare? The subjective measures of discomfort glare, fy|-screen image was displayed on the LCD panel, while subjects
based on the 9-point Boer glare rating scale (from unnoticeable to ygeqd keyboard controls to adjust the intensity of the LED backlight
unbearable), are usually very noisy and are not good at describingtg g |evel they found preferable. The backlight could brighten or
the wavelength dependency of the discomfort glare [Fekete et al. gim the display from 2000 cé¢m?to  0:5cd=m2. Two images

2006]. Therefore, we refer to the data from more accurate objec- yere used for this experiment, both in their native black-on-white

tive measurements based on electromyography, in which muscularpoarity and also in negative white-on-black polarity, as shown in
activity associated with squinting is tested. Stringham et al. [2003] Figyre 6.

measured the action spectrum of photophobia, which is a similar

condition to dazzling glare. In Figure 4 we plot their results rep-

resented as the photophobia sensitiBtyogether with the pho- Subjects. Nine subjects (5 male, 4 female, ranging in age from
topic luminous ef ciency functior’V and the ratio/=P. The ratio 19 to approximately 45) were used for this experiment. Each had
peaks at about 620 nm, suggesting that the long wavelength red pro-normal or corrected-to-normal vision and normal color vision.



Figure 6: The map and textimages (and reverse polarities) used in
Experiment 2.
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Figure 7: Results of Experiment 2 — preferred brightness range.

For easier comparison the top 2 graphs show the photopic and sco-

topic luminance settings only for the negative polarity text condi-

tions. The bottom graph shows the complete results in photopic lu-
minance units. The empty markers represent positive and the lled

markers negative polarity. The upper and lower markers denote

the just too bright and just too dark settings respectively. The num-

provided by the light and dark settings provided a more reliable and
less noisy measurement. The range generally contained the initial
setting, though the location of that setting within the range varied

considerably.

Results. Figure 7 shows the luminance range from “just too
dark” to “just too bright” with respect to color, content (map or text)
and polarity (positive: black on white or negative: white on black).
The peak luminance levels are all in the photopic luminance range
(> 5cd=m?) and relatively high for the dark environment. This sug-
gests that the lower limit for dimming the display can be the tran-
sition point between photopic and mesopic vision. Despite large
variations, typical for preference experiments, all factors showed
statistical signi cance in the ANOVA test (Iq4 photopid for color
map/text polarity; color:F(3;159 = 7:58, p< 0:01; map/text:
F(1;159 = 4:4; p< 0:05; polarity: F(1;159 = 4:81; p< 0:05).
Moderate photopic luminance variations across colors may suggest
that the brightness adjustments are mostly determined by photopic
luminance. The luminance of the red map or red text was adjusted
so that the emitted photopic luminance was comparable with other
colors, while the scotopic luminance was much lower. Maps were
adjusted to be brighter than text. The probable reason for this is that
reading a map involves distinguishing between several luminance
levels, and this task can be better performed by the more sensitive
photopic vision. Positive polarity images were set to lower lumi-
nance than the negative polarity images (except white text) but the
difference between both polarities was surprisingly small.

The range of preferred display luminance found in this experiment
can be used as a guideline for selecting the brightness of a display
used in dark environments. The lower end of that range should be
used for displays that should interfere the least with night vision,
while the upper end should be used for entertainment displays.

8 Discussion

In our experiments, we could test only the three primary colors of
our prototype display. However, our simulation, based on the rod-
cone sensitivity curves, shows that amber primaries with the peak
close to 610 nm can also display colors that do not disrupt scotopic
vision. When paired with the red primary, the amber primary forms
the color gamut that maximizes photopic and minimizes scotopic
luminance thus reducing disability glare. The fourth amber primary
is often considered in the display design because it can extend the
gamut of distinguishable colors and is more power-ef cient than
red in terms of luminance output. Our results indicate that such
a 4-primary display would be bene cial under low ambient light.
Such a display can adapt to ambient light by switching between
2-primary dark (red, amber) and 4-primary bright (red, greére b
amber) modes, where the dark mode minimizes glare in the scotopic
vision range.

In this study we did not investigate how viewing a colored display
affects adaptation state, that is, whether a quick glance at the nav-

bers represent either photopic or scotopic peak display luminance igation display can temporarily impair scotopic vision. However,

in cd=m?. Error bars denote the standard error of the mean.

Experimental procedure. Each subject was shown each of the

assuming that the adaptation is determined by scotopic luminance
when detecting scotopic targets, we can speculate also that in this
regard a long-wavelength display should have the least impact on
visual performance.

4 images in Figure 6 in random order, with the backlight set to each Although we see many bene ts of a display design that preserves
of 4 colors (red, green, blue, and white) in random order. For each rod vision, it may not be an essential requirement for some appli-
of those 16 conditions, the subject was asked to set the backlightcations. For example, the study of Flannagan[2007] shows that the
intensity 3 times: rst, to their most preferred luminance; second, rods play little role in detecting pedestrians in a night driving sce-
to a luminance just too dark; third, to a luminance just too bright nario. However, the study does not preclude that the photopic vi-
and thus uncomfortable to read. The rst of each set of three pre- sion may in uence other tasks, such as enhancing the saliency of
ferred brightness settings was omitted from the results as the rangeemergency signals in the periphery.
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9 Conclusions S A S L. 2000. Th | f
the middle-and long-wavelength-sensitive cones deriveth fmeasure-

In this paper we showed that a display that emits long-wavelength ~ ments in observers of known genotypdsion Research 4013, 1711~
light (red to amber) offers several advantages over green and blue 1737
displays that are used under low ambient light. A red-colored dis- grgingram, J., FuLD, K., AND WENZEL, A. 2003. Action spectrum
play affects visual performance due to disability glare the least as  tor photophobia. Journal of the Optical Society of America A, 210,
it is the least likely to cause dazzling or eye aversion, even if emit-  1g852_1858.
ting light at high photopic luminance levels. Other studies indicate
that red colored letters are the most legible at low luminance levels. VAN DEN BERG, T., IJSPEERT J.,AND DE WAARD, P. 1991. Dependence
Our second experiment showed that a display in dark environments of intraocular stra)_/llght on pigmentation and light transsius through
must emit at least low photopic luminance level20 cd=m?) to the ocular wall. Vision Res 317-8, 1361-7.

be comfortable to read, and higher luminancelQ cd=m?) if dis- Vos, J.,AND VAN DEN BERG, T. 1999. Report on disability glareCIE
played content, such as maps, requires distinguishing between sev- Research Note 133.

eral brightness levels. i _—
g Vos, J. 2003. Re ections on glaré.ighting Research & Technology 33,

163.
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