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Blur-Mask Approach for Real-Time Calculation
of Light Spreading Function (LSF) on Spatial
Modulated High Dynamic Range LCDs

Lin-Yao Liao and Yi-Pai Huang

Abstract—Blur-mask approach (BMA) was developed to simu-
late the light distribution of locally controlled LED backlight, pro-
viding much lower computational complexity which is less than 1%
of that of conventional convolution approach and being success-
fully demonstrated on a 37 high dynamic range (HDR) LCD-TV
with real-time modification to perform high quality image (Less
image distortion) and high contrast ratio (~ 20,000:1 with test
image-Lily).

1. INTRODUCTION

IQUID crystal displays (LCDs) have become popular
L monitor/TV option because of their light weight, high res-
olution, good color performance, and other features. However,
a drawback to conventional LCDs is a poor image contrast ratio
(about 1200:1) due to light leakage from liquid crystals and a
pair of non-ideal cross polarizers. After high dynamic range
LCD (HDR-LCD) were proposed, the backlight signal could be
modulated to much enhance the contrast ratio upon the locally
controlled backlight [1]-[3]. The backlight (BL) distribution,
however, is no longer a uniform brightness, which will affect
the observed image brightness and might cause some image
distortion. Therefore, the image signals have to be adjusted to
compensate the brightness and keep the image details.

Conventionally, BL distribution is simulated by convolving
the BL signals with the light spread function (LSF) which rep-
resents the spatial intensity distribution of each LED segment.
According to the convolution result, the compensated image sig-
nals are derived, and an HDR image can be displayed by com-
bining the BL distribution and the compensated image signals
[4]-[7]. Fig. 1 shows the flowchart of the algorithm. The step,
BL simulating, described before is the most complex step and
dominating the complexity of the system. Therefore, how to
simplify the step of BL simulating is the key point to make an
HDR system work in real-time.

The convolution approach, however, needs huge computa-
tional complexity and the storage of the LSF which will also
result in a very high hardware loading, especially for full-HD
images. For conventional hardware, it is not easy to perform
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Fig. 1. Main flow of the algorithm to obtain an HDR image.

in real-time. Thus, a novel method named blur-mask approach
(BMA) was proposed to approximate the backlight distribution
which can much reduce the computational complexity and has
been demonstrated the HDR-images can be real-time modified
to perform high quality images, especially for TV applications.

II. BLUR-MASK APPROACH (BMA)

A. Concept of BMUA—Multi-Step Calculation

The main concept of Blur-mask approach (BMA) was to uti-
lize a low-pass-filter (LPF) to blur the original backlight image
which is used to simulate the light spreading of backlight. The
size and values of the original backlight image is determined by
the number of divided BL segments and driving values of each
BL segment in gray-level. By several steps of expanding and
blurring, the distribution of this gray-level image will be ap-
proximate to the real backlight distribution. Subsequently, di-
vide the target image by the blurred backlight image and take
gamma effect (2) of the display device into consideration [8],
the compensation image signals can be obtained.

As shown in Fig. 2, the backlight unit of a full-HD
1920x 1080 377 LCD was designed as 8x8 segments, the
first step is to determine the corresponding BL signals and
obtain the original backlight image whose size is 8 X8 pixels.
Second, the length and width of the 8 x 8 image is expanded by
a factor of 2 to a 16x 16 image which the way of expanding is
linear up-scaling without any process.

After the expanding, convolve the 16x 16 image by a LPF
which the filter size is set as 3 x 3 and the filter kernel, a, is
equal to b/m and ¢/n, as shown in Fig. 3 and (1),

(m=tn=5)
m=—-,n=—
a a

5= {mn)
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Fig. 2. Target images and the procedure of expanding and blurring in BMA.
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Fig. 3. The 3x 3 low-pass filter.

TABLE I
PARAMETERS OF BLUR-MASK APPROACH
Definition
a b, c Filter Coefficients
m, n Filter Modulators
N The number of expanding and blurring
steps to EXE blurred-image
E E=8x2N

where b, and ¢ are the coefficients of the filter and m, n module
the filter coefficients, a, b, and c.Sy1ask 1S the set of LPF modu-
lator, defining the coefficients of LPF, a, b, and c. For the con-
vergence, a+ 4b+ 4c has to be equal to 1. Repeat the expanding
and blurring N times until the size of blurred image is expanded
to Ex E, where E = 8 x 2N Finally, this £ x E blurred-image
is expanded to 1920x 1080 for a resolution of HDTV to repre-
sent the BL distribution for image signals compensation.

The E value can be investigated to make the difference be-
tween the final 1920x 1080 image with and without blurring be
small enough to avoid a large number of hardware loading due
the last step of blurring. In our experiments, when E value is
equal and larger than 256, the error of BL simulation between
these two case can be ignored.

B. Modified BMA—Single-Step Calculation
With Look-Up Table

Actually, the several steps of expanding and blurring of BMA
process can be simplified, and converted into a single-step calcu-
lation. Consider the expanding and blurring between two steps,
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Fig. 4. Anexample of expending and blurring between two steps in the case of
that K =1, (7,7) = (6,3),and (I, J) = (12,6) in a matrix form.

the calculation analysis can be represented in a matrix form,
shown in (2) at the bottom of the page, where matrices A and B
are 4 values of BL images between 2 steps, as shown in Fig. 2.
Matrix F' describes the a, b, and c values of a LPF, and the suf-
fixes (I, J) and (7,7) in matrix B and P(A) denote the pixel
sites of the output image and input image, respectively. P(A) is
a permutation matrix function which can arrange matrix A into
a 4 x 4 matrix as shown above. An example in the case of that
step 1 (8 x 8 matrix) and step 2 (16 x 16 matrix) as shown in
Fig. 4, (i,j) = (6,3), and (I, J) = (12,6), 4 output values in
the blurred image of step 2 can be calculated by 4 input values in
step 1, and the matrixes, P(*), and F' which is illustrated clearly
in Fig. 4.

Substitute A* which denotes 4 neighboring values in the BL
image of step * for A and B, the calculations between steps can
be expressed following:

P(Al)F = A2
P(P(A)F)F = Ay

f@“(PMQF)HDF;ANijwmg

J ~

~~ ~~
N N

P(P-(P(A1)F)---F)F

N N

=Ayn 3)
suffixes (I, .J) in matrix A" here are equal to 2V times of (i, 5)
in matrix A; due to the N times expanding. Therefore, input 4
neighboring values of step 1 to the function Ty (x), a set of 4
neighboring values of the step N can be calculated in single-
step.

A look-up table (LUT) whose size is 2V x 2V x M 2 values
has been established upon the above concept, where M is the
length of the LPF. By this LUT, the final result can be ob-
tained directly, as shown in Fig. 5. For the case of M = 3,

Brsy A A
Bryq Aiji
B =P(A)F = = | 4
(4) Bryis Aiyij
Bryiss1 Aip1j41

Aipr; Aipjn (a+2b+c)
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Fig. 5. Single-step calculation of BMA performed by a look-up table.
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calculation.

of the look-up table with single-step

LUT

Fig. 7. Whole coefficients of the LUT can be represented with only the 1/8
original size.

and N = 5, a 256 x 256 blurred image is calculated by a LUT
in single-step, and expand this 256 x 256 image linearly to a
1920 x 1080 resolution. This final result is utilized for image
signals compensation.

C. Further Simplification of Look-up Table in BMA

In practice, there are many repetitions and symmetries in
the derived LUT due to the symmetry of the utilized LPF,
which means the size of LUT actually stored in hardware is no
longer 2V x 2N x M? values. Fig. 6 shows the symmetry and
repetition of the LUT. Each couple of cells which is symmetric
by the diagonal has all the same coefficients whose order is
re-arranged in the same way of symmetry, as shown as the
order of the yellow squares in Fig. 6. Not only the diagonal
but also the other diagonal and two horizontal and vertical
centerlines, these symmetry and repetition also obey. As a
result, the size of the LUT, 2V x 2NV x M 2, can be reduced
down to { [(2V~1 4+ 1) x 2V=1] /2} x M? which is about 1/8
of original size, as shown in Fig. 7. Foran M = 3and N =5
case, only 1,224 values are needed to be stored in hardware to
perform BMA (Conventional convolution approach for full-HD
required ~1920x 1080 values storing).

D. Computational Complexity

BMA can provide a significant reduction in computational
complexity and hardware loading, especially when the LUT is
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Fig. 8. Computational comparison of the two algorithms by different M, N,
S in (a) the number of addition(CA), and (b) multiplication(CM), where M, N,
and .S, represent the filter size, expanding steps, and parameter describing the
size of chosen LSF.
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Fig. 9. (a) Impulse response of the LUT, and (b) the LS Fg\ 4 s with different
(m,n).

further simplified. To quantify the improvement between BMA
and convolution one, the computation is divided into additions
(CA) and multiplications (CM) parts, and their graphs for dif-
ferent M, N, and S are illustrated in Fig. 8, where S is the
parameter describing the size of chosen LSF. Actually, convo-
lution approach can not generate a smooth backlight distribu-
tion until S is larger than 5 due to the defect edge of the LSF,
which leads to a 2,624,400-value storage of LSF and 87,609,600
additions and 167,961,600 multiplications requirement at least.
In comparison, for BMA, the case of M = 5and N = 5
can yield an acceptable image quality. Only a 3,400-value LUT
is required to store in hardware, and 1,572,864 additions and
1,638,400 multiplications are needed to calculate the backlight
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Fig. 10. LSFguas generated by different optimized LPFs of 5 x 5,7 x 7, and 9 x 9 filter sizes compared with the measured LSF.
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Fig. 11. Normalized error quantity and relative computation complexity by dif-
ferent LPF size.

distribution per frame, which is just about 1% of convolution
one.

III. BLUR MASK OPTIMIZATION

A. Impulse Response of LUT

To optimize the results of BMA, adjusting the (m, n) values
can generate different LPF to make the results of BMA be ap-
proximate to a real backlight distribution. An impulse response
named LS Fp\ra yielded by performing BMA with a pulse input
which denotes a 255 gray level on the center of BL segments
named B L¢enter can be used to analysis, as shown in Fig. 9(a).
Fig. 9(b) illustrates the LS Fpyia s generated by different LUTSs
derived by the sets of (m,n) values, and the LS Fpya gener-
ated by a set of optimized (m,n) = (0.75,0.5) (i.e., a, b, and
c are 0.1667, 0.125, and 0.083 respectively) can has an more
approximate normalized intensity to the measured LSF, but the
distribution cannot be spread out. Definitely, the larger size of
LPF utilized to perform BMA, the more approximate LS Fiya
to a measured LSF can be obtained, but the complexity of the
LPF optimization, the size of LUT stored, and the computational
complexity of BMA process also get higher. Fig. 10 shows the
LS Fpyas generated by different size of optimized LPFs, and
the suffixes of LS Fryias donate the size of LPFs utilized. Not
only the distribution but also the normalized intensity can be ap-
proximate to a measure one as the larger size of optimized LPF
applied. However, if the defects of asymmetric light distribu-
tion of the BL segment are taken into consideration, the analysis
would be more complicated.

(b)

Fig. 12. (a) Calculated color difference of 10 test images between the results
of BMA and convolution by CIEDE2000, and (b) corresponding test images.
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Fig. 13. Average color difference of 10 test image by BMA of using 3 X 3,
5% 5,7x%x7,and 9 x 9 LPFs.

B. Error Quantification and Image Quality

To quantify the difference between a LS Fgya and a mea-
sured LSF, an error quantity, Diff function, can be applied, as
shown in

Diff = (LSFpya — LSF)? )

Yy

where z, and y indicate the dimension of LS Fizya and the mea-
sured LSF. The relative computational complexity by different
size of optimized LPFs is also taken in to consideration, and
the graph is shown in Fig. 11. The relation between the error
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Fig. 14. Results of test image5 calculated by 3 X 3,5 X 5,7 X 7, 9 X 9 optimized LPFs, and convolution method. The result of 3 X 3 LPF shows an incorrect

compensation in the blue sky near the tower.
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Fig. 15. Partly magnified results of test image, Lily and Space Robot. (a), (d) The enhanced difference between the results of Convolution and that of BMA, (b),

(e) the results of convolution, and (c), (f) that of BMA respectively.

quantity and computational complexity is a trade-off case. The
larger LPF with the lower error quantity can be obtained, but the
hardware loading also get higher. However, when the LPF size
reaches to exceed 5 X 5, error quantity begins to saturate and the
complexity is getting higher.

In order to verify the performance of optimized LS Fgna s
in image quality, 10 test images are evaluated and the difference
between the results of BMA and that of convolution are quanti-
fied by CIEDE2000 [9]-[11], which was designed for predicting
the visual difference for large isolated patches and often desired
to determine the perceived difference of color images. Fig. 12(a)
shows the results of color difference by optimized 3 x 3,5 x 5,
7 x 7, and 9 x 9 LPFs, and the results are indicated by BM3,
BMS5, BM7, and BM9. All of the BL signals are determined
by Inverse-of-Mapping Function (IMF) method which was pro-
posed to optimize the BL signals frame by frame [12]. The num-
bers on the vertical axis are the percentage of the number of
pixels which the color difference between the results of BMA
and convolution are larger than 3. The color difference is ac-
ceptable under less than 3 of CIEDE2000 is concluded by our
human experiments. Fig. 12(b) shows the corresponding images
to the numbers on the horizontal axis in Fig. 12(a) including
high contrast ratio, high color saturation, and complicate im-

TABLE II
SPECIFICATION OF THE EXPERIMENTAL DEVICE
Specification
Device HDR-LCD
Backlight Module 8x8 RGB LED Segments
Resolution 1920x1080
LC Mode MVA

ages. Through the results of calculating the color difference,
most of the images are acceptable and only a small number of
pixels can be distinguished the difference except utilizing 3 x 3
LPF. Although test imagel has lager percentage that the color
difference exceeds 3, the average color difference is still less
than 1.5.

Calculating the average color difference of 10 test images
by utilizing 3 x 3, 5x 5, 7x7, and 9 X 9 optimized LPFs,
Fig. 13 illustrates a similar trend to Fig. 11 which the color
difference stars to saturate as 5 x 5 LPFs is applied. The results
of test image5 calculated by optimized LPFs are shown in
Fig. 14. All of the results can display a uniform blue sky near
the tower except that of 3 x 3 LPF due to the serious incorrect
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TABLE III
THE DISTORTION RATIO, BRIGHTNESS, CONTRAST RATIO AND COMPUTATIONAL COMPLEXITY OF TEST IMAGES, LILY AND PLANATE COMPENSATED BY
CONVOLUTION, AND BMA

Lily Space Robot
AE00 Lmax CR Computation AE00 Lmax CR Computation
M 100.00% CM 100.00%
Conv. 0.27 431.5 21575 0.11 463.0 3858
C4 100.00% C4 100.00%
M 0.98% CM 0.98%
BMA 0.56 396.6 19830 0.53 462.3 3853
C4 1.80% C4 1.80%
Conv.
t
18.80 | Time(s)
BMA
I t t t + t + t
0.00 0.13 0.27 0.40 0.54 0.67 0.81 0.94 Time (s)
Fig. 16. Time difference of the displayed video with image compensation by convolution approach and BMA.
Before Image Compensation | | Afier Image Compensation |

(2)

Fig. 17. Real-time demo of HDR system. (a) The dynamic BL distribution of the HDR system (Media 1). (b) The real-time image compensation by BMA. The

image was captured in real demo video (Media 2).

LS Fgnas. Therefore, 5 x 5 mask could be a balance result for
image quality and hardware implementation.

To investigate the performance of BMA and convolution,
Table III illustrates the measurement results of test image, Lily
and Space Robot (ie. test imagel0 and test image9) displayed
by 37”7 HDR-LCD. The specification of HDR panel is list
in Table II. Image signals were compensated by using two
algorithms, convolution (Conv.) with § = 5 and BMA with
the optimized 5 x 5 LPF, and BL signals were also determined
by IMF. Four main parameters, average color difference with
target image (AFE00), maximum luminance (L,,.yx), contrast
ratio (CR), and computational complexity were discussed.
The result shows BMA and provide a very low AE00 with
target image which means the compensated results are very
close to the target. Furthermore, BMA also maintains a very
high contrast ratio (~ 20,000:1 of test image—Lily), and has
similar maximum luminance to that of convolution. The most
significance is the computational complexity of BMA was
dramatically reduced down to about 1% of convolution one
which means BMA can be easily applied for “real-time” TV
application.

The magnified image of the results and the enhanced differ-
ence are shown in Fig. 15. From Fig. 15(a), (b), (d), and (e), the

image quality of BMA is almost the same as that of convolu-
tion. Fig. 15(c) and (f) shows the enhanced difference which is
directly subtracting the results of BMA from that of convolution
and enhancing the data values. The difference are almost cannot
be visible, especially in the real image or displayed in real-time,
which also demonstrates that BMA is feasible to simulate the
backlight distribution for HDR-LCD.

C. Real-Time Improvement

A video was displayed by the HDR-LCD, and the image sig-
nals were compensated by convolution approach and BMA re-
spectively. The played videos were captured by a camcorder,
and the analyzed image frames are shown in Fig. 16. The frames
marked by the arrows indicate the same frames of the video.
Obviously, the display speed of convolution one is very slow
and shows a serious lag. On the other hand, BMA can provide
a real-time performance which keeps the original video display
fluently. Another real-time demo describing the light distribu-
tion of the BL module and the HDR-TV with and without image
compensation by using BMA is show in Fig. 17. In this real-time
demo, Fig. 17(a) (Media 1) shows the R, G, B dynamic BL [13],
[14] distribution of the HDR system which is different from the
traditional full-on LCD system, and Fig. 17(b) (Media 2) shows
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that operating BMA according to the BL distribution can obvi-
ously enhance image details in the dark region (especially the
highlighted dash region), and the image brightness also can be
kept.

IV. CONCLUSION

A real-time calculation method of light spreading function
(LSF), named blur-mask approach (BMA), for high dynamic
range liquid crystal displays (HDR-LCDs) was proposed. BMA
utilizes a low-pass filter to blur the original backlight gray-level
image. By expanding and blurring, the BMA result can be used
to represent the backlight distribution for image signals compen-
sation. Through the simplification of single-step process, BMA
for hardware implement can be applied as a look-up table (LUT)
with 3400 values only under the condition of utilizing a 5 X 5
low-pass filter, and has about 1% hardware calculation loading
compared to that of convolution approach. Due to the simplicity,
BMA was successfully demonstrated on a 37 HDR-LCD for
processing in real-time modification to yield high image quality,
such as less image distortion, high contrast, and high brightness,
for future high quality TV applications.
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