72-4/A. D. Hwang

New Contrast Metric for Realistic Display Performance Measure

Alex D. Hwang, Eli Peli

Schepens Eye Research Institute, Massachusetts Eye and Ear,
Department of Ophthalmology, Harvard Medical School, Boston, MA

Abstract

The contrast ratio (CR) has been used to describe display’s
performance. However, CR is unbound, ignores the impact of
ambient illumination, or viewer’s contrast perception. We propose
new metric for display’s contrast performance based on a modified
Weber contrast definition that considers human contrast adaptation
and applies for both opaque and see-through displays.
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1. Objective and Background

The contrast ratio (CR) has been used by the display industry as a
metric of display performance for presenting visible luminance or
brightness differences. However, this metric largely misrepresents
the performances of the display under varying ambient luminance
conditions, because 1) it only depends on minimum and
maximum luminance pixel values, e.g. pixel values of 0 and 255,
as measured in total darkness, 2) does not incorporate the impact
of ambient illumination, and 3) lacks consideration of viewer’s
contrast perception, which varies based on viewer’s luminance
adaptation.

We are presenting a new contrast metric based on perceptually
appropriate modified Weber contrast (WC) definition that handles
varying ambient light conditions. It also represents the visibility
of luminance differences among all possible combinations of
pixel values while considering luminance adaptation of human
vision system.

Kelley et al. [1] and Penczek et al. [2, 3] presented a model of
viewing scenario for see-through and opaque displays, assuming a
single ambient light source. In their model, reflected light and
transmitted light were computed based on reflectance and
transmittance of the display, then they were linear superposed to
the display generated onscreen light to estimate the real-world
contrast performance of device based on the CR.

We present a modified display viewing model (Fig. 1), where
each hght Component (LTargcts LBackgrounds LRcﬂcctcd: and LTransmittcd)
on a display can be easily measured independently. Lgckground and
Larger can be measured under completely dark ambient condition,
and Lgefiectea @Nd Lpansmited €an be measured under given lighting
conditions with the display turned off. This model applies equally
well to see-through and opaque display, covering desktop and
mobile opaque displays, as well as see-through HMD/HUD.
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Figure 1. A model of light components that reach viewer’s
eye under any ambient light conditions
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With this model, the luminance of each pixel is composed of the
sum of the display emitted luminance (measured in the dark) and
the luminance due to the ambient light, as expressed in Eq. 1,
which is measured with the display off under given light
condition. The visibility of a target (of a single pixel value) can be
expressed as contrast ratio (Eq. 2 & 3), or Weber contrast (Eq. 4
& 5), which considers the contributions of ambient light
components. Note that the target can be either brighter than
background (positive polarity), or darker than the background
(negative polarity).

The novel modified Weber contrast definition [4], which is
compatible with both positive and negative polarity contrast
conditions, was used to compute the Weber contrast including the
effect of the ambient light. When the display is non-see through
type, Lrransmied Decomes zero. In this case, only the Lgepected
remains as the ambient light effect.

LAmbient = LReflected + LTransmitted (l)

(LTarget+LAmbient) (2)

CRpositive =
Positive
(LBackground+LAmbient)

CRNegative -

(LBackground+LAmbient) (3)
(LTarget+LAmbient)

(LTarget7LAmbient)7(LBackground+LAmbient)

WCpositive =

(LTarget"'LAmbLent)
— (LTarget’LBackground) (4)

(LTargeb+LAmbienb)

WC — (LBackground+LAmbient)7(LTaTget+LAmbient)
Negative —

(LBackground"'LAmbienb)
_ (LBackground’LTarget) (5)

(LBackground + LAmbient)

Note that the reflected or transmitted lights are superposed
(added) on both target and background luminance, but unlike the
contrast ratio, the effect of those ambient light components only
affects the denominator portion of the Webber contrast function,
representing observer’s visual adaptation to the ambient light
level.

2. Results

We computed contrasts of uniform luminance targets (e.g. letters)
over a uniform background on hypothetical displays that can
present pixels of luminance range from 0.lcd/m” to 500cd/m?,
placed under various ambient light conditions, which results in
uniform ambient luminance (lcd/m?10,000cd/m?) directly
projected to the viewer. Under the sampling sphere configuration
described in [2], this ambient luminance range covers display
viewing conditions of from dark nighttime or indoor darkroom to
daylight outdoor conditions.
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Negative polarity on opaque display

Positive polarity on opaque display
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Mixed polarity on opaque display
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Figure 2. Contrast ratio (CR) changes of (a-c) opaque display, and (d- f) see-through dlsplay under varying ambient
illumination conditions, which results in uniform amblent luminance of 1cd/m? to 10,000cd/m?. Emitted screen background
Iumlnance is assumed to be maximum (SOOcd/m ) in (a, d), minimum (0. 1cd/m? ) in (b, e), and about a half on the log scale
(10cd/m ) in (c, f), while the target (pixel) luminance varies over the available range. The representative image content for the
positive, negative, and mixed polarity contrast conditions are illustrated in the inset. The impact of the ambient light on low and
high luminance targets are indicated as the arrows representing the changes in CRs in maximal ambient light variation.

In the example shown above, the calculations assumed, without any
significant effect on the generality of the results, that the reflected
luminance (Lgefiecied) 18 5% of the ambient luminance, and the
transmitted luminance (Lypnsmiged) 18 50% for see-through display
condition, and 0% for opaque display condition. These values are
consistent with the range of transmittance and reflectance of the LCD
and OLED displays measured in [3].

Fig. 2 illustrates changes of contrast ratio (CR) of opaque (a-c) and see-
through displays (d-f) under various ambient luminance conditions (as
shown in the insets legends) for displaying negative (a & d), positive (b
& d), and mixed polarity stimulus (¢ & f).

For each contrast polarity, the onscreen emitted background luminance
(Lackgrouna) 18 assumed to be 500cd/m’ (pixel value=255), 0.lcd/m’
(plxel value=0), and 10cd/m’ (in between), while the target luminance is
varying over the available luminance range (pixel value 1-254).

With these configurations, for given maximum or minimum
luminance background, as the target luminance increases (in negative
polarity contrast condition) or decreases (in positive contrast polarity
condition) such that they approach to the background luminance level,
the contrast ratio decreases to its minimum value of 1, as expected.

Also, in all plots of Fig. 2, it can be observed that the contrast ratio of
given luminance targets are reduced as ambient luminance increases (as

shown in black dotted arrows in Fig. 2a & b). However, for both negative
(Fig. 2a & d) and positive (Fig. 2b & e) contrast polarity conditions, the
effect of ambient light, which is a reduction of contrast ratio due to
ambient light conditions change, is larger at the high contrast ratio target
range (0.1cd/m’10cd/m?) than low contrast ratio target range (10cd/m’
500cd/m?), as it can be compared within each plot.

If we consider the contrast ratio as a measure of letter visibility, and a
display is displaying both high and low contrast letters of the same
contrast polarity, Fig. 2 suggests that when the display viewed indoor
is moved outdoors under bright sunlight condition, the visibility
reduction of the high contrast letter is much larger than the low
contrast letter, and at certain ambient luminance condition, the
visibility of the high contrast letter reduces to the visibility of the low
contrast letter then both will become invisible at the same time, which
is clearly not the case. In real world, higher (negative) contrast content
is quite resilient to the impact of the ambient light, while the low
contrasts contents are more vulnerable to the ambient light condition
changes.

Another thing to note for Fig. 2 is that the patterns of contrast ratio
change under the same changes in ambient luminance condition are
different for the two contrast polarity cases. The curves illustrating the
contrast ratio changes in negative (Fig. 2a & d) and positive (Fig. 2b
& e) polarity contrast conditions are ‘concave transition to 1:1 line’,
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and ‘convex transition to 1:1 line’, respectively. The mixed contrast
polarity condition (Fig. 2¢ & f) better illustrates this CR difference
with respect to the two target polarities. This is despite evidence that
the contrast perception of positive and negative polarity is almost
symmetrical [5, 6].

The contrast ratio based visibility predictions fail because it does not
consider the function of the observer’s visual system. Human vision
achieves high dynamic range through luminance (retinal) adaptation.
As the overall scene luminance increases or decreases, the viewer’s
adaptation level normalizes the target to background luminance
difference, and perceives the same contrast (contrast constancy) (7,
8]. For example, a large absolute luminance difference displayed
under high overall luminance condition is perceived to have the same
contrast as a lower absolute luminance difference displayed under low
overall luminance condition. This characteristic is embedded in the
Weber contrast definition.

The Weber contrast definition, widely used in vision and clinical
science, incorporates the element of perceptual luminance adaptation
at its definition. It thus automatically corrects many limitations of the
contrast ratio based target visibility measure. Fig. 3 shows the plots of
the same hypothetical display under the same ambient luminance
conditions as in Fig. 2, but the contrast values are calculated using our
modified Weber definition [4].

The Weber contrast of target decreases rapidly to zero (0), as the

while it converges slowly to contrast of 1.0 as the target luminance
depart from the background luminance level at all ambient light
conditions. Note that those lines in the positive polarity contrast plots
(Fig. 3b & ¢) do not seem to converge to zero because of lack of
luminance resolution in low pixel values.

Fig. 3 shows that the impact of ambient light variation is much
stronger for positive polarity (Fig. 3b & e) than negative polarity
contrast condition (Fig. 3a & d). The interaction between the ambient
light and target brightness is distinctively stronger in positive polarity
contrast condition than negative contrast condition, where the contrast
in low target contrast range (lower target luminance range in positive
contrast condition) is more strongly affected by the presence of
ambient light than the contrast in high target contrast range. Note that
the amounts of contrast change due to the ambient light in negative
contrast case (Fig. 3a & d) are maintained constant at relatively
minimal level, for wide target contrast range.

This indicates that if the content to be displayed is composed of
negative polarity (e.g. greyscale letters on white background), and
viewed in dim indoor light then gradually moved to brighter outdoor
ambient light, only the lowest contrast range contents will lose its
visibility, while the rest of contrast range contents will maintain
relatively stable visibility. However, if the content is composed of
positive polarity contrasts (e.g. greyscale letters on black
background), the visibility reduction will gradually happen from the
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Figure 3. Weber contrast (WC) changes of opaque display (a-c), and see-through display (d-f) under varying ambient lighting
conditions. Background luminance is assumed to be maximum (5000d/m2) in (a, d), minimum (O.1cd/m2) in (b, e), and about a
half in log scale (1Ocd/m2) in (c, f), while the target luminance varies over the available range. The horizontal black line
represents the contrast threshold of normal vision observer, log (1/WC) = 1.8. Note that no such reference is possible in Fig 2.
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range contents. As a result, only the higher (positive) contrast will
be remained visible at the end of the transition because the rest of
the lower contrast contents fall below viewer’s contrast threshold.

Note that since the normal vision human’s contrast sensitivity
(1/WCrpreshola), Which is the lowest contrast threshold that a
subject can see, is between 1.73 and 1.99 in log scale [9], the
corresponding contrast threshold can be drawn on the plots
(marked in Fig. 3 as black horizontal line). Any target with
contrast (including the impact of ambient light) below the
threshold line will not be visible to the viewer.

Fig. 3 also indicates that more dramatic contrast reduction will
happened with see-through display (Fig. 3a & b) than opaque
displays (Fig. 3a & b) in bright ambient conditions. For example,
wider range of positive contrast contents on opaque display (Fig.
3d) will be maintained its visibility throughout the ambient light
transition than the same contrast contents on see-through display
(Fig. 3e).

In addition, if we consider an image composed of both contrast
polarities letters (Fig. 3¢ & f), it is expected that even for letters of
the same contrast, those negative polarity letters disappear first
(becomes lower than contrast threshold), as ambient light
increases. These results on the mixed polarity are particularly
important as it suggests an effective way to compensate for the
ambient light. With increase ambient light, what we want to do is
reducing the mean luminance and stretching the dynamic range of
higher pixel values (corresponding to higher pixel luminance
range), and compress the dynamic range of the lower pixel values
(corresponding to lower luminance values). Although it might be
somewhat unintuitive, such change will maintain more of distinct
contrast pixel values above threshold, which is more crucial for
viewers.

Although the Fig. 3 shows the Weber contrast responses to target
brightness changes for each condition as continuous lines, in
modern display technology, the target luminance is usually
quantized to 8bit pixel values for multiple color channels (e.g. red,
green, blue, and alpha). Therefore, the contrast plots for a digital
display will be limited to 256 distinct target brightness levels, and
the range of visible pixels can be decided by computing each pixel
value’s Weber contrast and applying human vision’s contrast
threshold, which is also measured in Weber contrast definition.

3. Discussion

Based on the observations of the Weber contrast responses to the
target luminance differences, and normal human vision’s contrast
threshold (as shown in Fig. 3), we can now define a display’s
realistic contrast displaying performance by assuming that the
stimulus to be shown on the display covers all the combination of
pixel value levels (range from 0 to 255).

For given ambient light conditions (e.g. dark, indoor, and
outdoor), the contrast performance of display can be computed in
terms of how many pixel value combinations are visible to a
viewer, as follows: 1) Measure the luminance of each pixel value
and ambient luminance as explained above. 2) Compute the
Weber contrast for each pixel value with respect to a background
level. 3) Compute the number of pixel values that survives after
applying the human contrast threshold. 4) Repeat the process 2) -
3) for all possible background pixel values (0-255). Finally,
compute the average ratio of survived number of pixel values over
all background conditions.

This metric measures the dynamic range of visible contrasts that a
display can generate under varying viewing conditions. Note that
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this matric depends not only on a display’s ability to generate a
brightest or darkest pixel, but also on the display specific mapping
of pixel value to luminance range (Gamma function [10]).

4. Impact

The new metric based on the (modified) Weber contrast definition
and normal vision viewer’s contrast sensitivity leads to more
realistic performance measure of a display in real-world viewing
conditions where the ambient light level changes substantially.

With the resent increase of interests on mobile and wearable
devices, and HMD / HUD, this metric provides a perceptually
relevant tool to measure the general display performance over
varying viewing conditions so that those display devices can be
optimized for viewer.

For example, this metric can be implemented as a basic logic for
adjusting auto brightness control of a mobile display (either see-
through or opaque display) that needs to optimize battery usage
while keeping the best available contrast visibility for various
viewing conditions, or used as a tool for designing new gamma
functions for particular viewing condition, such that the display’s
limited dynamic range is fully utilized.
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