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Abstract: We develop an optical model including the glare effect in the human vision system to
analyze the halo effect of high-dynamic-range (HDR) mini-LED backlit liquid crystal displays
(LCDs). In our model, an objective function is first introduced to evaluate the severity of the halo
effect with different image contents. This function is further combined with PSNR to establish a
new evaluation metric to analyze the image quality affected by the halo effect. A subjective visual
experiment is also conducted to verify the above-mentioned evaluation metrics. In addition, we
analyze the influence of ambient environment (viewing angle and ambient light illuminance) on
the halo effect. After considering the requirements on local dimming zones, dynamic contrast
ratio, gamma shift, and color shift for practical applications, we find that fringe-field-switching
mode is a strong contender for the mini-LED backlit LCD system.
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1. Introduction

High dynamic range (HDR) is a key requirement for next-generation display technologies [1,2].
To achieve HDR, three criteria should be satisfied: 1) True black state and high peak brightness,
namely high contrast ratio (CR> 103:1), 2) wide color gamut (=90% BT2020), and 3) more than
10-bit (1024) gray levels [3—-5]. These demands are still challenging for presently dominating
liquid crystal displays (LCDs) and organic light-emitting diode (OLED) displays [6]. The contrast
ratio of an LCD is limited by the depolarization effects from thin-film-transistor array, LC layer,
and color filters, and it also depends on the LCD mode employed. For multi-domain vertical
alignment (MVA) LCD, its CR=5000:1, while for fringe-field-switching (FFS) LCD its CR
~2500:1 [7,8]. Although OLED exhibits an unprecedented contrast ratio (CR~10°:1), its peak
brightness and lifetime remain to be improved [9].

To enhance an LCD’s contrast ratio, the dark state light leakage should be suppressed. Local
dimming is an effective technique for improving the dynamic contrast ratio [10-13], and it has
been employed in both direct-lit and edge-lit LCDs [14—16]. The edge-lit configuration offers
a thinner profile which is desirable for mobile displays, but its HDR performance is limited
by the small number of local dimming zones. On the other hand, the direct-lit approach can
achieve a much higher CR, but the tradeoff is increased panel thickness. Recently, with the
rapid development of mini-LED (chip size: 100-500 um) backlight, both HDR and thin profile
can be achieved [17-20]. The backlight unit is divided into hundreds to thousands of locally
dimmable zones, and each zone can independently adjust the illuminance according to the image
contents. In the dark image areas, the corresponding mini-LED zones can be dimmed locally,
while in the bright areas the backlight can be boosted accordingly. Thus, the dynamic CR of the
LCD can be significantly improved. However, a disadvantage of local dimming technique is the
halo effect [21,22]. Halo artifacts usually appear at the edges of bright objects surrounded by
dark background. In the edge area, the backlight segment is turned on to provide a sufficient
illumination for the bright objects. As a result, the luminance of dark background surrounding
the bright objects depends on the LCD’s native contrast ratio, which is ~2500:1 (FFS-LCD). On
the other hand, the mini-LED backlight is turned off in the areas far away from bright objects to
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show the true dark state. Therefore, the relatively high brightness at the edges of bright objects
can cause halo artifacts. Many backlight dimming algorithms [23-26] have been proposed to
reduce the halo effect. According to [27], the halo effect can be reduced by increasing the
LCD’s native contrast ratio and the number of local dimming zones. However, there are still
several unanswered questions regarding the halo effect in mini-LED backlit LCDs (abbreviated
as mLCDs). For instances, 1) when a display image received by the human vision system (HVS)
[28,29], the light scattering (glare spread function) inside human eye would spread out the light
intensity from bright areas, thereby smearing the halo artifacts. 2) Whether the halo effect is
noticeable depends heavily on the image content itself, but for a long time, there has been lacking
objective methods to evaluate the difficulty of how HVS can observe halo effect in an image. 3)
How does the viewing environment, such as viewing angle and ambient light intensity, affect the
halo effect?

In this paper, we develop an optical model to simulate the images produced by an HDR
mLCD, and then based on the CIE standard glare spread function [30] we obtain the retinal
image received by HVS. The influence of glare effect on halo artifacts in HVS is analyzed. In
addition, to determine the difficulty for HVS to observe the halo effect in an image, an objective
evaluation function called D-value is proposed and verified by subjective experiments. Unlike
most evaluation metrics that usually consider the entire image content, the evaluation metric
LocalPSNR defined as PSNR (peak signal-to-noise ratio) in a local area with a larger D-value is
proposed to reflect the degraded image quality from halo effect. In practical applications, the
influence from ambient environment, such as viewing angle and ambient light illuminance, is very
important. As the ambient light increases, the surface reflection could washout the halo artifacts,
and as the viewing angle increases which leads to an increased light leakage, the requirement of
local dimming zone becomes stricter. Through our analysis, FFS mode offers several attractive
features for the mL.CD system.

2. Device modeling
2.1. Displayed image simulation: human vision system

In an mLCD system, the light emitted from mini-LED chips is modulated by some optical films,
such as quantum dot enhancement film, optical diffuser, and brightness enhancement film, before
reaching the LC panel. Therefore, the light intensity distribution is highly related to the optical
design in the backlight unit. Here, we simulate a 15.6-inch 3840%x2160 LCD with a mini-LED
backlight unit composed of 20,736 (108x192) LED chips with a pitch of 1.8 mm. According to
[22], we use following Gaussian function to present the light profile of a single mini-LED:
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where x7gp . is the locus of the mini-LED and o is an expansion characteristic parameter. In
our simulation, the ratio of ¢ to the mini-LED pitch is 0.6, which provides the backlight with a
uniformity larger than 97%. Figure 1 illustrates the simulation process based on the point spread
function theory [31] for generating HDR mLCD images. In this example, the LCD panel has a
CR =5000:1 and there are 162 local dimming zones in the backlight unit; each zone contains
12x12 mini-LEDs. First, the image is divided into several segments according to the number
of local dimming zones. The mini-LED brightness in each zone depends on the maximum
brightness in that zone, as shown in Fig. 1(a). Next, we apply the point spread function to each
zone to calculate the luminance distribution on the LC layer in Fig. 1(b). After that, an 8-bit LC
panel is used to modulate the luminance of each sub-pixel to achieve the target image content as
Fig. 1(c) shows. To illustrate the halo effect more clearly, we depict the normalized contrast ratio



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 36824 |

Optics EXPRESS , ‘

distribution (the brightness of each pixel divided by the peak brightness of the display image) in
Fig. 1(d), where the halo artifacts surrounding the chess crown are displayed.
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Fig. 1. Displayed image of a mLCD: (a) Intensity profile of the mini-LED backlight. (b)
Luminance distribution of the light incident on LC layer. (c) Displayed image after LCD
modulation. (d) Normalized contrast ratio distribution of the image displayed by mLCD.

So far, we have successfully simulated the image performed by HDR mLCD and clearly
observed the halo effect in the simulated image. However, the observer receives all the displayed
images through eyes. Therefore, considering the light scattering in human eye, known as glare,
is very important to accurately analyze the halo artifacts received by the HVS. Here, we call
the image on the display panel as “display image”, and that received by the observer through
HYVS as “retinal image”. According to the scattered light of human eye, one pixel will spread the
light to adjacent pixel, and at the same time, the light from adjacent pixel will also be scattered
to the pixel. To analyze the glare effect of human eye, the glare spread function from the CIE

standard [30] is described below to simulate the relative light intensity scattered from one pixel
to another:
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where 6 is the visual angle between emitting and receiving pixels, Age stands for the observer’s
age, and p is the observer’s pigmentation. To be consistent with our subjective experiment, here
we set p =0 (dark eyes) and age =25.

According to the visual angle between each pixel, the normalized glare spread function under
550-mm viewing distance is plotted in Fig. 2(a). Employing the glare spread function to “display
image”, we simulate the contrast ratio distribution in “retinal image”, as shown in Fig. 2(b),
including the influence of light scattering from human eye. Since light scattering occurs inside
human eye, the light from high brightness pixels will spread to neighboring pixels, which smears
the local contrast. As a result, the halo artifacts become blurred and are difficult to distinguish.

A simple image content consisting of a white dot surrounded by a dark background is used to
further analyze the influence of glare effects on halo artifacts. Figure 3(a) depicts the contrast
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Fig. 2. (a) The CIE standard glare spread function under the viewing condition in our
subjective experiments. (b) Simulated retinal contrast ratio distribution.

ratio distribution of the display image generated by an HDR mLCD with CR =5,000:1 and an
OLED display with CR =1,000,000:1. The number of local dimming zone ranges from 18 to
over 20,000. As shown in Fig. 3(a), even if the number of local dimming zones exceeds 20,000,
we can still easily identify the brightness difference on the area adjacent to the central white point.
However, if the glare effect is taken into consideration, the light from central white point will be
scattered to adjacent pixels, as Fig. 3(b) shows. Here, we refer to the image blur produced by
the HVS as eye-halo. As the number of local dimming zones increases, the effect of eye-halo
gradually dominates so that it is difficult to distinguish the halo artifacts produced by mLCD.
This glare effect of HVS explains why an HDR mLCD can exhibit comparable image quality as
an OLED display. However, based on the image contrast ratio distribution alone is difficult to
distinguish the limitation of HVS. Therefore, in Section 3 we conduct subjective experiments to
define the perception limits of the test images.
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Fig. 3. Comparison of image contrast between mLCD and OLED display: (a) Display image,
and (b) retinal image (glare effect). The number of local dimming zones corresponding to
Zone 1 to 7is 18, 162, 288, 648, 1458, 5832, and 23328, respectively.
2.2. Halo effect evaluation metrics: D-value and local PSNR

As mentioned above, whether the halo effect is noticeable to HVS depends largely on the image
content itself. Therefore, to suppress the halo effect, the required local dimming zone number
will vary for different image contents. As described in [16], the number of local dimming zones
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differs by nearly two orders of magnitude among the images investigated. For a long time, there
was no objective method to evaluate such phenomenon. To overcome this problem, we use two
factors to evaluate how HVS can observe halo effect in an image: 1) Local contrast ratio. When
the local contrast ratio is high, to maintain the local high brightness the backlight should be bright.
As a result, the halo effect in the dark area is more serious. 2) Local average luminance. The
JND (just noticeable difference) of the human visual system is related to the average brightness
[32]. When the local average brightness is low, the JND is also low, so the halo effect can be
observed more easily. Therefore, here we propose a new evaluation method called “D-value”,
which is the ratio of local contrast to local average brightness in an image, to assess the difficulty
for the HVS to observe halo effect. The D-value can be defined as:
[% ie(1,M)
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where M and N represent the numbers of pixels in the local area. In the following, we will explain
how to define the size of a local area. Based on HVS, when the eccentric angle increases, human
vision will be greatly reduced. Foveal vision corresponding to high-resolution areas is usually
defined as < +2.0° from the center of fovea [33]. Therefore, we define the size of the local
area corresponding to an eccentric angle +1.2°. Under our subjective experiment setting, the
angle range (+1.2°) represents the surface area of 240 pixels x 240 pixels on the display panel.
According to the number of local dimming zones, a local area may contain different numbers
of local dimming zones. For example, the 4K2 K display panel is divided into 162 local areas
according to the local area size. When the number of local dimming zones is 162, 648 or 1458,
one local area contains 1, 4, or 9 local dimming zones, respectively. In addition, the location
of local area is aligned with the local dimming zones of the mini-LED backlight, as shown in
Fig. 4. For the local area, the border is drawn in red, and for the local dimming zones, the border
is drawn in black. According to the number of local dimming zones, the outer boundary of local
area corresponds to 1, 4 or 9 local dimming zones.

Fig. 4. The relative position of (a) local area and local dimming zones with (b) 162, (c) 648,
and (d) 1458 zones.

The test image shown in Fig. 5(a) is used to illustrate how we define the local area and calculate
the corresponding D-value. First, we down sample the image according to the local area size
(162 local areas). Because one local area may contain more than one local dimming zones, the
brightness of the local area is determined by the maximum brightness of the local dimming zones
inside the local area, as shown in Fig. 5(b). As mentioned above, halo artifacts usually appear on
the edges of bright objects surrounded by dark backgrounds. Therefore, there are two conditions
for the halo artifacts to appear in local areas: 1) in the local area, any local dimming zone is in a
high brightness state, and 2) the local dimming zone of the adjacent local area is turned off, i.e.
dark background. In order to find local areas that may have halo artifacts, we first find local areas
with gray levels greater than 150 (bright objects). After that, 8 adjacent local areas surrounding
the bright local areas are evaluated. If there are more than 3 adjacent areas with gray levels below
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150, we say that the bright local area is surrounded by a darker background. Finally, we find the
edge where the brightness changes sharply, as shown in Fig. 5(c). In Fig. 5(d), we have outlined
five local areas, where the highest D-values are represented by red lines, and their corresponding
D-values are listed inside the boxes. In Fig. 5(d), based on the D-value method, we predict the
local areas with a larger D value should have more severe halo artifacts. If we compare the local
areas plotted in Fig. 5(d) with halo artifacts shown in Fig. 1(d), the plotted local area has a good
match with the region where halo artifacts occur. Therefore, we verify that our D-value method
can reflect where the halo artifacts occur.

(a) (b)

zones

2 4 6 8 10 12 14 16
zones

Fig. 5. (a) The test image; (b) The down sampled image according to HVS; (c) The local
area may have halo artifacts; (d) The top five D-values in the local area may have halo
artifacts.

By applying the D-value evaluation method to a target image, the local area where the HVS is
easier to detect the halo artifacts is found. To quantitatively analyze the halo effect in these local
areas, an evaluation metric called peak signal-to-noise ratio (PSNR) is applied. Here, the PSNR
in these local areas is called LocalPSNR, which is defined as:

(Imax)z
1 My 2 ’
W 3 3 (A1)
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LocalPSNR = 10 x log,, 4)

where M and N represent the number of pixels in the local area (240x240), Iy is the difference
between black and white, and Al is the brightness difference between simulated retinal image and
target retinal image. Unlike the PSNR of an entire image that considers all pixels in the image,
the advantage of LocalPSNR is that we can exclude pixels that are far away from areas where
halo artifacts occur. Taking the 4K2 K images as an example, there are approximately 8-million
pixels in each image. However, only pixels at the edge of bright objects surrounded by a dark
background will be affected by the halo artifacts. Therefore, compared to the PSNR of entire
image, LocalPSNR can reflect the degraded image quality by halo effect more accurately. Let us
take the test image shown in Fig. 5(a) as an example.
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Through the model described in Section 2.1, we simulated the retinal image of a mLCD system
with seven different local dimming zone numbers (18, 162, 648, 1458, 5832, and 23328) and
four LC contrast ratios (1000:1, 1588:1, 2500:1 and 5000:1). To further explain the function of
LocalPSNR, we plot the normalized contrast ratio distribution of OLED display in Fig. 6(a), and
mLCD system with 162 and 648 local dimming zones in Figs. 6(b) and 6(c) for comparison. The
boundary of local areas defined by the D-value method is outlined by red color. First, we can
clearly observe that as the number of local dimming zones increases, the halo artifacts inside
the local area decreases. Therefore, the image of mLCD inside the local areas becomes more
comparable to that of OLED display. This image quality improvement is also reflected by the
higher LocalPSNR in Fig. 6(d). As a result, for discussing the image quality degradation results
from the halo artifacts, we think analyzing the image quality inside these local areas is convincing
and more efficient. The LocalPSNR of all simulated images are calculated and shown in Fig. 6(d).
In line with our expectation, a higher contrast ratio and more local dimming zones help eliminate
halo artifacts, thereby improving the image quality of the mLCD.
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Fig. 6. Normalized contrast ratio distribution of the image generated by (a) OLED display,
(b) mLCD with 162 local dimming zones, and (¢c) mLCD with 648 local dimming zones. (d)
Simulated LocalPSNR of target images.

2.3. Viewing environment effect

In the above discussion, the viewing environment is completely dark, and the viewing angle
is in the normal direction. However, in practical applications, the viewing environment has a
significant impact on the halo effect of mLCD. When displaying images under ambient light
conditions, the total brightness received by the human eye consists of two parts: displayed signal
and ambient light reflected from the display surface [34]. Here, we conduct an experiment to
measure the ambient light reflected from the display (OLED laptop Dell XPS15) as shown in
Figs. 7(a) and 7(b). Two floor lamps and two ceiling lamps were used to generate four levels of
ambient lighting conditions, namely O lux, 100 lux, 300 lux and 500 lux. The corresponding
reflected ambient luminance measured by the luminance meter was 0 nit (below the measurement
capability), 0.46 nit, 1.26 nit, and 2.47 nit, respectively. The corresponding surface reflectivity is
about 1.5%. A simple image with a white dot in the center and surrounded by dark background
was used to analyze the ambient light effect on halo artifacts. Through adding the reflected
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ambient luminance to the displayed image and including the glare effect of HVS, the retinal
image comparison between the OLED display and the mLED (162 zones) is shown in Fig. 8(a).
In addition, in Fig. 8(b) we also plot the comparison with 4% surface reflectivity, which is the

normal value for commercial touch panels.
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Fig. 7. (a) The ambient light source arrangement (bird view) and (b) measurement condition
(side view) in the ambient light experiment.
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Fig. 8. The contrast ratio of retinal image generated by an OLED display and a mLCD
under different ambient illuminances and surface reflectivity (a) 1.5%, and (b) 4%. The
ambient (AM) 1 to 4 corresponds to 0 lux, 50 lux, 100 lux, and 300 lux, respectively. The
peak brightness of mL.CD and OLED display is 400 nits.

We can clearly observe that the halo artifacts in the adjacent areas of the central bright spot are
washed out by the reflected ambient light. As a result, as the ambient light brightness increases,
the number of local dimming zones required for an mLCD to maintain the same image quality as
an OLED display decreases. The subjective experiments in the following section will further
verify this phenomenon.

3. Subjective experiment
3.1.  Experimental setup

Based on the optical simulation process described above, a quantity D-value is proposed to
evaluate the difficulty of HVS to distinguish halo effect with various image contents. After that,
LocalPSNR is applied to reflect the local area image quality where the halo artifacts appear.
However, it is necessary to further define the minimum LocalPSNR value (perceptual limit) so
that HVS cannot distinguish the halo artifacts in an mLCD. In addition, by adding reflected
ambient light to the displayed image, we find that the halo artifacts could be washed out by
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the ambient light. However, perception limit in various ambient conditions is still unknown.
Therefore, in this section, a subjective experiment is designed to find the perceptual limit of each
image. The local dimming zone number required to display images with indistinguishable halo
effects under different image contents and different ambient light conditions is obtained.

As shown in Fig. 9, five images are used in our subjective experiment. To choose a proper
test image, several factors should be considered, depending on the objectives. In this paper, our
purpose is to analyze the halo artifacts in an HDR mLCD. Therefore, all the selected test images
exhibit a high contrast ratio, including high peak brightness and good dark state. In addition,
the distribution of dark and bright objects also affects the halo artifacts. Normally the image
with small bright spots (high spatial frequency components) may have more severe halo artifacts
[27]. Therefore, in our test images shown in Fig. 9(a) and Fig. 9(e), small bright spots are
scattered in the dark background, while in Fig. 9(c) the bright and dark areas are clearly separated.
Figures 9(b) and 9(d) are in the middle of two extreme conditions. Ten people with normal or
corrected vision participated in the subjective experiment. Half of them are display experts with
basic knowledge of halo effect, and the rest are ordinary people without relevant knowledge.
Four different ambient light illuminances are used to study the impact of ambient lighting. The
ambient light setting is the same as Fig. 7(a), and the background behind the monitors is a white
painted wall. One thing that should be mentioned is that the floor lamp is on the left and right
behind the observer, so there is no direct light from the illuminator to the observer. Two OLED
panels (Dell XPS 15 laptop, panel size 15.6-inch, resolution 3840x2160) are employed as the
image sources and placed 55-cm away from the observer. One of the OLED panels displays a
simulated image of mLCD with different local dimming zone numbers and contrast ratios. The
other OLED panel displays the control image. Observers are asked to determine whether they
can find the difference (halo artifacts) between a pair of displayed images. In one test image,
112 pairs (7 different numbers of local dimming zones, 4 different ambient light illuminances, 4
different LCD contrasts) of images are displayed to each observer. In order to avoid the effects of
visual fatigue and prejudice, the observers are required to close their eyes between each pair of
images, and the simulated image and the control image will be randomly displayed on one of
the laptops. In addition, the interval between each ambient light is 15 minutes to ensure correct
visual adaptation.

€))

¢ EBoEEE = D

3

Fig. 9. HDR target images for the subjective experiments: (a) Parking sign, (b) Ferris wheel,
(c) Mountains, (d) Chess, and (¢) Tower.
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3.2. Perception limits

Based on the method described above, the LocalPSNR values of all test images under dark room
condition are shown in Fig. 10. The experiment data from human vision test is plotted as a
function of LocalPSNR values in Fig. 11.
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Fig. 10. Simulated LocalPSNR of target images under dark room: (a) Parking sign, (b)
Ferris Wheel, (c) Mountains, (d) Chess, and (e) Tower.
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Fig. 11. Measured perception limit of target images under dark room: (a) Parking sign, (b)
Ferris Wheel, (c) Mountains, (d) Chess, and (e) Tower.

In Fig. 11, the indistinguishable rate is the ratio of participants who cannot distinguish the
target images from the simulated displayed images by the mLCD system. Under certain ambient
light condition, for one target image, the local PSNR value varies in a large range due to
different contrast ratio and number of local dimming zones. We assume that the observers
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cannot distinguish rendered image and target image when the local PSNR value is above a
critical value, called perception limit. It is worth mentioning that the perception limit could
vary among different viewers, so the perception limit should be derived using statistical method.
To illustrate how the perception limit is found, let us take the chess in Fig. 9(d) as an example.
The experimental results of human vision test on chess figure with no ambient light are show
in Fig. 11(d). The indistinguishable rate is between 0 and 1. On one hand, when the local
PSNR value is small, almost all observers can distinguish these two images, resulting in zero
indistinguishable rate accumulated in that region. On the other hand, indistinguishable rates
saturate to one at high local PSNR values. The perception limit should locate at somewhere
in between these two regions. The scattering plot of the experimental data suggests a logistic
function could be used in the curve fitting. In our fitting, the indistinguishable rate (f) follows:

1

f = 1 +exp(—k (x — x0))’

®

where x is the LocalPSNR value, x is the midpoint of LocalPSNR value, and & is the logistic
growth rate. The fitting curve is plotted as the solid line in Fig. 11(d). From the fitting curve, we
assume the perception limit is the local PSNR value whose indistinguishable rate is 0.9. Above
this perception limit, only less than 10% of the observers can perceive the difference between the
rendered and target images. Similar curve fitting processes can be done for other images or on
different ambient light conditions. Therefore, various perception limits are derived, based on the
image contents and ambient light conditions.

3.3. D-value verification

From our subjective experiments, the perceptual limits of various images are different. For the
images with low perceptual limits, it is difficult for HVS to recognize halo artifacts. Therefore,
even if there is still a large image difference between the simulated image (mL.CD) and the control
image (OLED display), the observers cannot distinguish the halo artifacts. On the other hand, in
some images, the perceptual limit is high. In this case, in order to avoid the notorious halo effect,
it is necessary to increase the number of local dimming zones or the LCD’s native contrast ratio.
Therefore, the statistical perception limit from subjective experiments can also be regarded as
the standard for evaluating the difficulty of halo effect detected by HVS. As a result, this visual
experimental result is used to verify the numerical D-value method proposed above. If we depict
the perceptual limit based on subjective experiments (20 different images are composed of 5
images under 4 different environmental conditions) as a function of the calculated D-value, the
obvious positive correlation is shown in Fig. 12. Therefore, through subjective experiments, our
newly proposed D-value function is proven to have the ability to reflect the difficulty of HVS to
detect the halo effect under different image contents.

In practical applications, once the D-value of the target image is calculated, the perceptual
limit of the target image can be found through the fitting curve between perceptual limit and D
value as Fig. 12 shows. After that, using the evaluation metric LocalPSNR, the required number
of local dimming zones for an mLCD with indistinguishable halo effects can be obtained. In all
processes, the complicated subjective experiments are no longer required.

3.4. Different ambient environment

Four types of ambient condition are taken into consideration in our subjective experimental
results, the required zones number of mLCD to eliminate the halo artifacts is shown in the Fig. 13.
In most images shown in Figs. 13(a), 13(b), and 13(d), as the ambient light increases, the halo
artifacts are washed out and thereby fewer zone number can achieve same image quality. However,
in Fig. 13(e), the D-value of this image is the largest among all the five images evaluated: the
D-value for Parking sign is 50.05, Ferris wheel is 8.63, Mountains is 2.33, Chess is 34.44, and
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Fig. 12. The fitting curve of perception limit (human vision test) vs. D value (numerical
calculation).

Tower is 75.78. As mentioned above, a large D-value indicates that the halo effect in the image
is easy to recognize by HVS. Thus, even if we increase the CR of the LCD panel or ambient
light illuminance, the required local dimming zones number is still high. On the other hand, in
Fig. 13(c), the D value of this image is the lowest among all test images so the halo effect in the
image is hard to distinguish by HVS. The observers cannot see the halo artifacts even though the
zone number is only 18. The benefit of making more local dimming zones is limited. In these
two extreme cases, local dimming cannot provide great improvement in image quality.
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Fig. 13. Required local dimming zone number to suppress the halo effect under different
ambient lighting: (a) Parking sign, (b) Ferris Wheel, (c) Mountains, (d) Chess, and (e)
Tower.

In the following discussion, as we define a suitable local dimming zone number for different
ambient light conditions, we focus on the images whose quality can be improved by the local
dimming method. The average zone number from these images under different ambient conditions
is shown in Fig. 14. According to our subjective experiment, as the ambient light gets brighter,
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the halo effect is alleviated. Thus, an mLCD can obtain comparable image quality to OLED with
a fewer local dimming zone number. In addition, the LCD panel with a high native contrast ratio
leads to weak halo artifacts, which is easier to be washed out by the ambient light. For example,
for an mLCD with CR=1000, the required zone number is reduced from 4500 to 2800 when the
ambient light increases from 0 to 500 lux. However, in the same ambient light range, when the
LCD’s CR =5000, the required zone number drops from 500 to 40.

104 ; v . : v |
=8—Dark Room
=AM = 100 lux

8 AM = 300 lux
g 103 L =8—AM = 500 lux
N
y—
o
0]
T 402
5 10°F
P
10’
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Fig. 14. Required local dimming zone number to achieve indistinguishable halo effect
under different ambient lighting conditions. Here, we only consider those image contents
that can be improved through local dimming

4. Discussion

As discussed above, the viewing angle in our visual experiments and simulations is at normal.
However, as the panel size increases, the viewing angle for those pixels near the edges of the
display increases. According to the statistical results (83 households), to cover entire display
panel, the horizontal viewing angle is about +40° [35]. Therefore, the halo effect of the mLCD
under different viewing angles is also very important. Two popular LCD operating modes (MVA
and FFS) are analyzed below. The higher on-axis contrast ratio (CR~5000:1) is the advantage
of MVA LCD, while FFS mode provides a wider viewing angle and smaller gamma shift. As
the viewing angle increases from O to 40°, the contrast ratio of MVA LCD decreases from
~5000:1 to ~2000:1, and the contrast ratio of FFS LCD decreases from ~2200:1 to ~1500:1 [8].
Figures 15(a) and 15(b) shows the number of required local dimming zones as a function of
viewing angle for MVA and FFS LCDs, respectively. We can clearly see that as the viewing angle
increases, the number of local dimming zones required for MVA LCD increases dramatically.
However, such an increase for FFS LCD is very mild. Therefore, to suppress the halo effect to an
indistinguishable level within +40° of horizontal viewing angle, the number of local dimming
zones required for FFS and MVA LCDs is similar (~3000 in dark zoom).

In the following, we explain why FFS LCD is a better choice for the mLCD system. 1)
Dynamic contrast ratio. In the mLCD system, the dark state is not only determined by the LCD’s
native contrast ratio but also by the local dimming of the mini-LED backlight. With the support
of local dimming methods, FFS LCD can also achieve a very high contrast ratio (CR >10°:1).
The major advantage of MVA LCD of high on-axis contrast becomes less important. 2) Required
zone number. As mentioned above, to maintain an indistinguishable level within +40° viewing
angle, the required local dimming zones in FFS and MVA LCDs is similar. 3) Gamma shift
and color shift. Due to homogeneous alignment, FFS exhibits a much weaker gamma shift and
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Fig. 15. Required number of local dimming zones for achieving indistinguishable halo
effect under different viewing angle: (a) MVA LCD, and (b) FFS LCD.

color shift than MVA LCD [36]. Therefore, FFS LCD can maintain better image quality at a
larger viewing angle. Moreover, FFS is more robust than MVA for touch panels. Based on these
advantages, FFS LCD is a strong contender for the mL.CD systems.

5. Conclusion

We have developed an optical simulation model to evaluate the influence of glare on the halo
effect of HDR mLCDs. Based on the model, we further propose a D-value function to assess
the difficulty of how human visual system distinguishes the halo effect. On one hand, it can
find the local areas in an image with more severe halo effect. By calculating the PSNR in these
local areas, a performance metric LocalPSNR is proposed to evaluate the image quality degraded
by the halo effect. On the other hand, it can be used to evaluate the dependency between halo
effect and image content. According to our results, if the D-value is too large (75.78) or too
small (2.33), the image quality cannot be improved too noticeably by the local dimming method.
Further visual experiment should be conducted to find a proper D-value range for evaluating all
the image contents. In addition, we evaluate the required local dimming zones under different
viewing angle and ambient light illuminance. As the ambient illuminance increases from 0 (dark
room) to 500 lux, the dimming zones required to suppress the halo effect is reduced by ~10x.
Through analyzing the dynamic contrast ratio, gamma shift and local dimming zone requirement
for practical applications (300-lux ambient light and +40° viewing angle, we find that FFS LCD
is a strong contender for the mLCD system.
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