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Abstract: We propose a composite measurement method
to characterize display performance and readability un-
der both daylight and sunlight illumination. The meas-
urements are performed separately in a laboratory, then
combined and scaled to daylight and sunlight levels.
Measurements of the low-resolution bidirectional reflec-
tance distribution function can be included to simulate
hand-held-display utilization.
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Introduction

High demand exists for sunlight-readable displays. At
present the term “sunlight-readable” is ill-defined. Often
the display is placed outdoors in bright sunlight to see if it
can be read easily. This is not objectionable, but it is not
reproducibly quantifiable. However, to simply point a
sun-level light source at a display where the source is
placed at a substantial angle from the normal is not repre-
sentative of daylight conditions. Such an arrangement
neglects the contribution from a diffuse surround. We
propose a general method to characterize the dynamic
range, contrast, and readability of a display under daylight
conditions. This paper is a preliminary attempt to docu-
ment measurement standards for daylight testing of dis-
plays. As such, these methods may not be applicable to all
displays and may be regarded as areas for further re-
search.

The techniques discussed in this paper are to be per-
formed in the laboratory. Both uniform diffuse illumina-
tion and directed illumination from a discrete source are

_____made separately and_then combined and scaled mathe-

ent applications. We propose that if no illuminance or
luminance levels are quoted with the results then the
above levels shall be assumed. If other levels of illumi-
nance or luminance are used, then they must be included
with the reported measurement result.

Source Spectra: The spectra and color temperatures of the
light sources used are important only if there is significant
color to the display or if the display exhibits fluorescence.
For these occasions where an accurate spectrum is re-
quired, we propose the use of a skylight spectrum corre-
sponding to a color temperature of 17000 K and a
sunlight spectrum corresponding to a color temperature of
5500 K. [1] Laboratory tungsten-halogen sources can
often be converted to these color temperatures by means
of colored filters (e.g., photographic color-conversion
filters 80A, 80B, 80C, 80D, or light-balancing filters 82,
82A, 82B 82C). Such filtration maintains the broadband
nature of the daylight sources. If there is fluorescence in
the display components, then the correct broadband illu-
mination spectrum must be used. If there is no fluores-
cence, then the filtration can be placed in front of the lu-
minance meter; this avoids the possibility of heating the
filter material and thereby changing its spectral transmis-
sion when placement of the filter near a hot lamp is at-
tempted.

"Source

matically to approximate the response to daylight levels.

Sources for Daylight

As used in this paper, daylight is a combination of
blue skylight and direct sunlight. For skylight, we will
scale the measurement results for a uniform diffuse illu-
mmation with an illuminance level of E,= 10* Ix. For
d%rect sunlight we will scale the measurement results for
directed illumination at an illuminance level of
Esun = 10° Ix. However, please note that different levels of
illuminance and luminance may be appropriate for differ-
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Figure 1. Coordinate system with a small discrete
source at angles (s, ¢s) and detector at (8q, ¢a)-

Determination of Reflection Parameters

The Cartesian coordinate system relative to the center of
the screen is shown in Fig. 1 with spherical-polar coordi-
nates locating the source (&, @) and detector (64, go)- The
distance to the center of the source is ¢ and to the center
of the detector is cg. The reflection parameters are deter-
mined in several steps:

First, for emissive displays, a darkroom measurement is
made of the full-screen white luminance Ly and the full-
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““place hé display inside an integrating sphere (or equiva-

lent, such as a properly illuminated hemisphere), where
the luminance of the center of the display is measured
from 6° to 10° from the normal; typically we use 8°—see
Fig. (2). We configure the screen to show full-screen
white. At (or near) the center screen we measure the illu-
minance £y and the luminance L, with reflections. The
diffuse reflectance py for the white screen is

Pw=n(Ly— Lw)/Ep; ®
similarly for the black full screen,
Pr=1Llu— L) Ey, @

where L, is the reflected luminance including the screen
luminance and E, is the illuminance at (or near) screen
center. The quantities in parentheses are the net reflected
luminances. With the uniform diffuse source, the illumi-
nance measurement can be made by use of either a white
reflectance standard (Egq = 1L/ Pstas where pyq = 0.99) or
an illuminance meter. Caution is in order to be sure that
neither the white standard nor the illuminance meter is so
near the center of the screen that it interferes with the il-
luminance hitting the screen. Additionally, the white
standard or illuminance meter must be in place when the
screen luminance is measured, so that both the luminance
and illuminance are measured at the same time without
changing the internal configuration within the enclosure
or integrating sphere.

illumination. This measurement is performed in a- dark-
room, with the illuminances measured in the plane of the
screen, and not by positioning the illuminance meter so
that it faces toward the source (if using a source-directed
illuminance measurement, we must multiply the result by
cosé; to get the proper illuminance hitting the screen from
angle 6,). For a source not in the specular direction, the
luminance factor for a white full screen is

Pw =1(Ly — Ly)/Ey, 3)
where L, is the luminance including reflections and E is

the illuminance at center screen. Similarly for the black
full screen,

ﬂK = n(Ln - LK)/ En > (4)

where L, is the luminance of the black screen including
reflections and £, is the illuminance at screen center.

Note that if there are not differences in the reflection
properties of the on-state vs. the off-state of the display,
then the display need not be measured in its on-state, and
the reflection parameters can be measured with the dis-
play off. A CRT (cathode-ray-tube) display is such an

example. For such cases p= py = px and f= fw = fx .

Regarding illuminance measurements for the discrete
source: The illuminance must be measured at the same
location at which the luminance is measured. Often this
requires the display to be moved and an illuminance me-
ter put at the former position of the screen center. Alterna-
tively, the illuminance normal to the source (at a large
distance c¢;) can be measured separately and corrected to
the illuminance on the display by multiplying by cosé,. In
any case, the illuminance should not be measured by the.
use of a white diffuse standard unless a specific geometric
calibration has been performed for that geometry. Their
reflectance values near 0.99 are based upon using a uni-
form diffuse source, not a directed one. We suggest using
an illuminance meter with good cosine correction.

Finally, these results are scaled to daylight levels by use
of the diffuse reflectances and the luminance factors to
obtain the luminance of full-screen white, Ky, and black,
Ky, under the specified daylight conditions with the sun at
angle &, from the normal:

Kyw=Ly+ pwEJ/T + PyEgacosG/m , %)

Figure 2. Diffuse-reflectance measurement with de-
tector at angle 8, from the normal (from 6° to 10°);
configuration shown is for ¢; = 180°.

. Note that in practice, when the uniform diffuse measure-
ment is made on displays that emit polarized light, the
(unpolarized) illuminance from the uniform diffuse source
should be much greater than the back-reflected illumi-
nance arising from the display. If not, it is possible that
the display-emitted polarized light reflecting off the walls
of the enclosure and back onto the display may create
some nontrivial errors.

Next, the display is removed from the uniform diffuse
source, and a discrete source is used to simulate the sun
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and
Ky =Ly + pEo/1 + fEqncosGy/m . 6)

In all conditions the luminance meter lens is focused on
the surface of the display because no specular configura-
tion is specified for the measurements in this paper.
(Specular measurements with small sources are problem-
atic and difficult to make reproducible and robust. [2])
Note that the luminance factors 3 can change depending
upon the discrete-source configuration whereas the dif-
fuse reflectances p are fixed for each display

Reflected Luminance Levels: In general, for emissive dis-
plays, the source of illumination should be sufficiently
bright so that the reflected Iuminance L is much greater
than the darkroom white luminance Ly; that is, L >> Ly,.




If this is not the case, and if the luminances are measured
with different luminance meters, there can be significant
errors introduced when subtracting similar luminances to
determine the net reflected luminances that provide the
reflection coefficients. However, if the same luminance
meter is used, and the linearity of the luminance meter is
very good over the ranges of luminances measured with
sufficient resolution, then the requirement placed on the
source luminance can be relaxed somewhat because the
luminances are no longer independent. For some displays
when a discrete source is far away from the normal
(6,2 25°) the required luminance of the source can be
extraordinary in order to get reproducible results. In any
case, better results can always be achieved with brighter
sources.

Dynamic Range and Contrast: At this point it would be
tempting to define an ambient dynamic range or full-
screen contrast ratio under specified ambient condi-
tions [3],

D =Ky/Kx . 7

Related to such a dynamic range or full-screen comntrast
ratio is the contrast,

C= (Lmax - Lmin)/Lmax = (KW - KK)/KW = (D - 1)/D (8)

However, readability is not dependent only upon contrast;
more is needed.

. Readability Issues

Readability depends, in a complex way, on the contrast,
the luminance, the character height, and the age of the
reader. For the purposes of this paper, we will define a
simplified, approximate, step-by-step procedure suitable
for use with daylight measurement methods.

We employ the contrast definition that is used in the
CIE 145 Visual Performance Model [4]:

C= ILave - LI/Lave .

There are two cases to consider, positive polarity, with
black letters on a white background (the default case), and
negative polarity, with white letters on a black back-
ground. For the default case with black letters and a white
background (positive polarity), L = Kx is the luminance of
black with reflections included, and L,y is the local aver-
age Iuminance of the black text with a white background
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For our simplified case, we fix the critical detail size to
1.5' of arc, which represents the size of stroke widths,
diacritics, and punctuation of small font sizes common on
many electronic displays (for a 400 mm viewing distance,
a 1.5' mark would be 0.17 mm high and a typical charac-
ter height might be 1.7 mm to 2.3 mm [15' to 207). Using
this critical detail size and the information in CIE 145, we
can generate a family of curves for each age group. In
Fig.3 we show the curves for 25-year-old adults. The
RVP P-value is the ordinate, the curves are labeled ac-
cording to the appropriate contrast, and the abscissa is the

. average luminance level.

Readability in positive polarity (black text on white): First
calculate the average luminance and contrast according to
Egs. (9) and (10). Then find the RVP value from the ap-
propriate diagram for the luminance and the contrast for
the appropriate age group.

This procedure provides a simplified step-by-step way of
calculating the readability in daylight ambient conditions.
Readers needing more detailed predictions of the read-
ability are advised to use the formulas published in
CIE 145. These formulas enable predictions for a wide
range of luminance levels, character sizes, and user ages.

For example, suppose our daylight luminances are
Ky =800 cd/m* and Ky =250 cd/m’; then the average
luminance is Lae =623 cd/m?, and the contrast is
C=0.62. For a 25-year old adult (discerning 1.5' detail),
the RVP or readability is P =0.95, or 95 %. To do the
same thing using the graph (not shown) for a 75-year old
would result in a readability of P =0.48, or 48 %.

1.0

with reflections included [5]:
Loy =0.75Kyw + 0.25Kx ; 9

and the contrast becomes
#10.75Ky, —0.75K Kyw—K
C=| w K|= I w Kl . (10)
0.75Ky +0.25Ky Ky +(Kg /3)
In . order to include the effects of luminance, character
height and viewer age, we use the relative visual perform-
ance (RVP) model described in CIE 145.[4] The RVP
value P is between zero and one, 0 < P <1, where P=1is
norxpahzed to the performance level of a young adult
reading critical detail sizes of 4.5' (minutes of arc) with an

average luminance of 1000 cd/m’. P = 1, or 100 %, means
that reading is 100 % accurate.
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Figure 3. CIE RVP for 25-year-old adults as a func-
tion of contrast and average luminance.

The perception of images is even more complex and be-
yond the scope of this paper. Models exist that can be
applied for analysis of image quality in ambient light-
ing. [6, 7]
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Readability in negative polarity (white text on black): To
roughly estimate the readability in negative polarity, mul-

tiply the RVP for the positive polarity with 0.9. This deg- -

radation value of 0.9 is an experience-based coefficient
that is in line with published research. [8, 9]

Daylight-Sunlight Measurement Methods

Many methods can be described, but two methods in par-
ticular seem to represent typical situations that could be
encountered under sunhght conditions.

45°-Sun Measurement Method: The 45°-sun measurement
method consists of making a measurement of the white
and black screens under two illumination conditions. A
uniform diffuse ambient measurement obtains pw and g
to -simulate a skylight surround. The second measurement
is of the luminance-factors By and Sk assuming that the
center of a discrete source is 4, = 45° overhead above the
display normal where ¢ =90°. These measurement re-
sults are combined to provide the luminances of black and
white under daylight illumination Kw and Ky, as de-
scribed above. The 45°-sun full-screen contrast ratio or
dynamic range is given by

KW 7zLW +pwE. + BwE; cose

Dyso =
# Ky = 7l + peE, + B Escosb;

(11)

and the readability is tested using the above method.

In practice, this is a difficult measurement to make be-
cause of the placement of the 6, = 45° source. The angular
diameter of the sun is 0.5°, and obtaining laboratory light

sources of sufficient luminance at such a small subtense -

can be difficult. Essentially all apparatus geometric pa-
rameters affect the accuracy, and detailing the requisite
accuracies will be relegated to a future paper. .

Maoximum Sunlight Readability Measurement Method:
Diffuse reflectance measurements of the white and black
screens are made, as above, to obtain pw and pgx. Next,
measurements of the luminance factors fw and fx are
obtained use of a source with a subtense of 0.5° or less,
allowing the luminance meter to observe the center of the
screen and be moved any place within a cone, say

-@; < 15°, centered about the normal. The source (facing

the screen center) is moved about in the hemisphere in
front of the screen. The entirety of the source must remain

- KW _ 7ZLW +pWEa +ﬂ(NEs COS@S

D =
" Kyx  alg + pyE, + Py Eg cosb;

(12)

For some displays, the maximum will occur when the
source is nearest 90° from the normal of the screen. For
other displays, particularly reflective displays, the maxi-
mum may occur when the source is much nearer the nor-
mal. Certain types of displays deliberately use light from
certain directions (especially overhead directions) to en-
hance the readability of the display, often for handheld
devices.

This maximum readability measurement method amounts
to a low-resolution bidirectional reflectance distribution
function measurement where the specular configuration is
avoided. Detailing the requisite apparatus geometric-
parameter accuracies is comphcated and will be left for a
future paper.
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