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ABSTRACT 

Backlight dimming is a powerful method to reduce power 

consumption of LED-LC displays. However, there 

remains a problem to preserve perceived quality while 

reducing backlight luminance. Distortion of backlight 

dimming can be classified to three types: clipping, leakage 

and quantization. The former two distortions have been 

widely discussed in the literature, but the quantization 

noise is generally ignored. This paper presents a LC 

compensation framework which exploits error diffusion to 

shape the quantization noise. Simulation results show that 

the proposed approach is efficient to achieve the goal. 

1. I�TRODUCTIO� 

Liquid crystal displays (LCDs) are the most popular 
display devices nowadays. LCDs are preferred for their 
decreasing cost, high contrast ratio, good color 
performance and some other features. Unlike light 
emitting devices, LCDs must be equipped with backlight 
units. Although there are several available types of 
backlights, LED is of the most commonly used because 
LED is power efficient. Even so, LED backlight composes 
the largest percent of the total power consumption of a 
display device. Thus, backlight dimming technologies [1-
14] have been extensively investigated to dynamically 
reduce the power consumption and preserve the contrast 
of the displayed images simultaneously. 

Backlight dimming could be classified to global 
backlight dimming [13, 14] and local backlight dimming 
[1-12]. Global backlight dimming controls the luminance 
of the whole screen, while local backlight dimming 
controls the luminance of certain screen areas separately. 
In general, local backlight dimming has higher 
implementation cost but provides better display quality. 
Conventional local backlight dimming algorithms 
determine the backlight luminance level directly from the 
average intensity (Average method) [1], the square root of 
the average intensity [1] or the maximum intensity (Max 
method) [3] of a local region of an input image. These 
algorithms are fast, but they do not provide optimal 
performance in terms of either peak signal to noise ratio 
(PSNR) or power reduction. Albrecht et al. [2] proposed 
an algorithm called sorted sector covering to produce 
results of various qualities chosen by users. Zhang et al.’s 
method [4] is a mix of Average and Max methods in 

which a correction based on the local luminance variance 
is introduced. Liao et al. [5] determine the backlight signal 
based on the inverse of the mapping function for 
histogram equalization (IMF method). Hong et al. [6] 
minimize the clipping artifact according to a pre-defined 
threshold of maximum allowable number of clipped 
pixels. It is extended to color channels and a post-
processing enhancement algorithm is proposed in [7]. 
Local backlight dimming for mobile devices is discussed 
in [8]. Burini et al. modeled the entire structure of 
backlight dimming LCDs and proposed an optimization 
method to minimize the distortion in perception domain 
[9, 10]. A block-based fast algorithm was then introduced 
in [11].  

Clipping and leakage are usually considered critical 
issues in backlight dimming [10]. However, there is 
another distortion caused by the re-quantization of LC 
signals. The amount of quantization error could be 
different when using LC signals of different bit 
resolutions. This quantization distortion, which is usually 
ignored in the literature, could possibly produce visible 
false contour in flat regions [12] as shown in Fig. 1. 

 

Fig. 1. Tonescale discontinuities after re-quantization 

In this paper, a constrained error diffusion algorithm is 
adopted to shape the quantization noise. Error diffusion is 
a powerful frequency modulation (FM) halftoning method 
and has been extensively developed during the past 
decades [15-17]. Error diffusion (ED) is able to shape 
quantization noise to high frequency which is out of 
visible range of human beings.  

The remainder of this paper is organized as follows. In 
Section 2, we briefly review the model of a backlight 
dimming LCD. In section 3, we propose our constrained 
error diffusion (CED) to deal with the re-quantization 



noise. In section 4, the noise shaping performance of CED 
is discussed. Finally, a conclusion is provided in section 5.

2. REVIEW OF BACKLIGHT DIMMI�G LCD 

MODEL 

LED-based backlights are usually of lower resolution 
compared to the LC panel. The backlight diffusion could 
be characterized by its light spread function (LSF)
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where b symbolizes the backlight intensit
the LC panel, H is the light spread function (
represents the luminance of the LEDs and 
convolution. Both b and BL are normalized such that they 
are bounded in [0,1]. 

For simplification, it is assumed that all LED segments 
share the same LSF. LSF could be modeled
(for global backlight dimming), a s
distribution [18], or a quadratic B-spline
on the design of screen.  

The observed pixel intensity is the product of 
backlight luminance and LC pixel transmittance:
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Notably, the transmittance � 	 
0,1� and 
256 levels by assuming an 8-bit screen.  

In practice, even when t approaches
cannot be fully blocked by LC due to leakage. 
of leakage, the output luminance model should be 
adjusted as: 
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where the leakage factor ϵ is a positive value less than 1 
[10].  

The objective of a local backlight dimming algorithm 
is to modulate the backlight signal according to 
analysis of the image to be displayed. Once the backlight 
signal of a particular pixel (m,n) is adjusted to a particular 
level, LC compensation is required to adjust the LC 
transmittance of the pixel to compensate for the change in 
backlight as: 
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where x(m,n)∈[0,1] denotes the original
pixel (m,n) and b(m,n) is the backlight luminance at pixel 
(m,n). 

Obviously, the compensated LC transmittance ����, ��  is also bounded in 
0,1�  and 
quantized to 256 levels. Accordingly, it introduces 
quantization error. 

The implications of the three possible cases
in eqn.(4) are as follows.  

Case 1: *��, ��/���, �� , 1  symbolizes clipping, a 

serious problem that backlight c

target luminance. Clipping causes

loss of bright pixels.  

performance of CED 
Finally, a conclusion is provided in section 5. 
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usually of lower resolution 
. The backlight diffusion could 

be characterized by its light spread function (LSF) [10]: 
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the original grey level of  
) is the backlight luminance at pixel 

LC transmittance 
and should be re-

Accordingly, it introduces 

three possible cases addressed 

symbolizes clipping, a 

cannot achieve the 

. Clipping causes information 

Case 2: *��, ��/��m, n� - � symbolizes leakage,

is caused by the fact that LC cannot 

the backlight. 

Case 3: 1 ) *��, ��/���, ������, �� 1 1. Quantization 

source in this case. 

There are extensive researches on 
impacts of clipping and leakage impact in the literature, 
but the re-quantization error is generally ignored. 
the visibility of quantization noise is not obvious, it 
remains a potential problem of backlight dimming. 

3. PROPOSED CO�STRAI�ED

DIFFUSIO� ALGORITHM

Error diffusion is the most widely used halftoning 
method due to its low complexity and efficient noise 
shaping performance. As human eyes 
low pass filter, high frequency quantization noise is 
invisible. Error diffusion also help
intensity of input images. Error diffusion 
proposed to produce binary outputs, but it can also 
extended to shape multilevel quantization errors.

Fig. 2 shows the framework
dimming approach which works 
diffusion. The LC compensation module shown in Fig. 2 
is the conventional module which realizes the mapping 
defined in eqn. (4) while the shaded module is newly 
added in the proposed framework. 
functional blocks in the dashed block form the new LC 
compensation module exploited in the proposed 
framework.  

In the proposed framework, t
diffused to its neighbors pixel by pixel
is set to serpentine scanning rather than 
scanning to reduce directional hysteresis. 
have been a lot of diffusion filters, 
filter proposed by Floyd and Steinberg [15] is applied
our algorithm as a small filter is preferred for
computation complexity of error diffusion.

Notably, when the backlight
intensity, clipping error becomes the most significant 
visible noise. There is a potential risk of enlarging the 
clipping areas when the clipp
neighbors. Thus, error diffusion
non-clipping areas. Clipping 
during the error diffusion.  

Fig. 2. Proposed backlight dimming framework

4. SIMULATIO�

In this section, the contribution of the 
and the quantization noise 
dimming is discussed. The leakage error is ignored 
because it is stable for a given

symbolizes leakage, which 

caused by the fact that LC cannot fully block 

) �  results in 0 1
uantization error is the only noise 

here are extensive researches on discussing the 
clipping and leakage impact in the literature, 

quantization error is generally ignored. Though 
the visibility of quantization noise is not obvious, it 

problem of backlight dimming.  

PROPOSED CO�STRAI�ED ERROR 

DIFFUSIO� ALGORITHM 

Error diffusion is the most widely used halftoning 
low complexity and efficient noise 
. As human eyes can be modeled as a 

low pass filter, high frequency quantization noise is 
diffusion also helps preserve average 

rror diffusion was originally 
proposed to produce binary outputs, but it can also be 
extended to shape multilevel quantization errors. 

framework of the proposed backlight 
which works with constrained error 

The LC compensation module shown in Fig. 2 
is the conventional module which realizes the mapping 
defined in eqn. (4) while the shaded module is newly 
added in the proposed framework. Accordingly, all the 
functional blocks in the dashed block form the new LC 
compensation module exploited in the proposed 

In the proposed framework, the re-quantization error is 
rs pixel by pixel. The scanning path 

to serpentine scanning rather than left-to-right raster 
scanning to reduce directional hysteresis. Although there 

a lot of diffusion filters, the simple diffusion 
Floyd and Steinberg [15] is applied in 

is preferred for lowering the 
computation complexity of error diffusion. 

backlight is dimmed to a low 
intensity, clipping error becomes the most significant 

potential risk of enlarging the 
clipping error is diffused to its 

error diffusion must be constrained to 
 errors are all discarded 

 

Proposed backlight dimming framework 

SIMULATIO� A�ALYSIS  

the contribution of the clipping noise 
quantization noise introduced by backlight 

eakage error is ignored here 
for a given input image and it is not 



quantization-dependent. In this study, backlight is 
assumed to be global (i.e. constant LSF is applied) for 
simplification.  

Fig. 3 shows the impact of different kinds of errors 
when test  image ‘Lena’ is displayed under different 
backlight luminance levels. A HVS-based measurement, 
HVS-based Mean Square Error (HMSE) [21], is applied 
to provide an objective comparison between the cases 
with and without CED. Specifically, HMSE is defined as: 

HMSE = 
2

34||6��7&8�||9                           (5) 

where X is the original image of size M×�, Y is the 
reconstructed image after backlight dimming and : 
symbolizes the low-pass characteristics of human visual 
system. In this paper, : is modeled as a Gaussian filter of 
standard deviation 1.3 and its support region is of size 9×9.  

 

Fig. 3. Contribution of different errors 

The maximum pixel intensity of the test image is 
around 0.88, so there is no clipping error when the 
backlight intensity is larger than this threshold. The lower 
the backlight intensity, the stronger the clipping error is as 
more pixels have their intensity values clipped and it will 
dominate the total error very quickly. CED cannot help 
reducing the clipping error, so whether CED is applied 
does not affect the clipping error. 

When the backlight intensity is above the threshold, 
quantization is the major error source. However, CED can 
reduce HMSE to the level of 10

-4
. This makes it be 

favored for most backlight dimming applications. Since 
clipping can cause severe visible distortion, most 
backlight dimming algorithms try their best to select a 
backlight intensity level to reduce clipping [2,6,9-11]. 

A study was carried out to investigate how CED 
affects the distribution of the quantization noise in 
different radial frequencies. A ramp image was used as a 
test image. The backlight intensity for displaying the 
image is adjusted from 1 to a level that achieves  

;<�!=> ?@ ABCDDC E DC�=BF 
;<�!=> ?@ DC�=BF 1 0.5% (6) 

Based on eqn. (4), LC compensation was then applied to 
adjust the LC transmittance of each pixel with or without 
CED. The corresponding observed images on the display 
were finally simulated with eqn. (3).  

The Radially Averaged Power Spectral Density 
(RAPSD) plots of X-Y, where X is the original test image 
and Y is one of the observed images of interest, are shown 
in Fig.4. In particular, RAPSD is defined as the average 

power of the frequency components in the annular ring 

with center radius pf  in the spectral domain as follows.  
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where )( pfR  is an annular ring of width ∆p partitioned 

from the spectral domain and ))(( pfR�  is the number of 

frequency components in )( pfR . )( fP
)

 is the power 

spectral density of X-Y and it is estimated with the 
periodogram method. Note that the plots shown in Fig. 4 
are normalized such that the RAPSD of the plot associated 
with the approach without CED is 1 at radial frequency 0.  

 

Fig. 4. Noise RAPSD comparison 

One can see from Fig. 4 that most of the noise found 
in the observed image is low frequency noise when CED 
is not used. In theory, low frequency noise is more visible 
than high frequency noise as human visual systems 
behave as low pass filters. When CED is exploited, the 
noise in the low frequency band is significantly decreased.  

Fig. 5 shows the simulated observed images of test 
image ‘Insect’ under backlight condition b=0.8. 
Apparently, the output without CED and that with CED 
look similar. However, at a closer look one can see that 
CED can significantly reduce the chance of having false 
contours.  

Table 1 and Table 2 illustrate, respectively, the 
average HSV-PSNRs [21] and the average Information 
Content Weighted PSNRs (IW-PSNRs) [22] of the 
simulation results obtained with 24 Kodak test images 
[23]. To provide a more informative comparison, the test 
images were classified as bright, middle and dark images 
by checking their average pixel intensity E(X) with the 
following criteria:  

Bright Image:  J�7� , 0.6 
Middle Image: 0.35 1 J�7� 1 0.6  
Dark Image:  J�7� - 0.35                    (8) 

In our simulation, global backlight distribution was 
assumed and the backlight luminance level was 
determined based on the algorithm proposed in [6]. The 
clipping ratio is selected to be 0.005 in the simulation.  

According to Tables 1 and 2, the simulation results 
obtained with CED always provide better HPSNR and 
IW-PSNR performance whatever the nature of the image 
is. The improvement is more visible for bright images. 

The complexity of the proposed LC compensation 
algorithm was investigated. Matlab simulations were 



carried out based on 100 grayscale images of size 512×
512 in a Windows 7 machine equipped with CPU Intel i7-
3770. The average processing time of CED was 6.67 
ms/image, which shows that the proposed approach is 
time efficient and suitable for real time implementation. 
Notably, the processing time can be further reduced 
significantly when the program is optimized for GPU 
parallel computation. 

 

        
                

  
                (a)                 (b) 

Fig. 5. Simulated looks of test image ‘Insect’ under backlight 

condition b=0.8: (a) w/o CED and (b) with CED. The 

zoomed-in portions are portions of their red channels. 

They are equalized to highlight the intensity difference 

in the region. 

 

TABLE 1. HPSNR Comparison: w/o and with CED 

 Backlight 

Intensity 

HPSNR  

(w/o CED) 

HPSNR  

(with CED) 

Bright Images 98.5% 54.61 57.49 

Middle Images 91.3% 54.88 56.60 

Dark Images 87.2% 52.39 53.29 

TABLE 2. IW-PSNR Comparison: w/o and with CED 

 Backlight 

Intensity 

IW-PSNR  

(w/o CED) 

IW-PSNR  

(with CED) 

Bright Images 98.5% 55.09 60.38 

Middle Images 91.3 % 48.15 49.77 

Dark Images 87.2% 44.10 44.75 

5. CO�CLUSIO�S 

A LC compensation framework based on error 
diffusion technique is proposed to shape the re-
quantization noise in a backlight dimming LCD. Various 
measures show that the visual quantization noise can be 
significantly reduced. Its realization effort is low and 
allows real-time implementation. 
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