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Abstract 
In the 2D local dimmable LED backlight system, each 
LED segment can be controlled separately. This can 
enhance the contrast ratio and reduce overall power 
consumption of LCDs. However, an artifact such as 
‘halo mura’ can be observed around the bright object in 
the dark background. This is caused by the light leakage 
from the bright area into the dark one. Therefore, the 
‘halo mura’ can be more easily observed in the oblique 
viewing direction. Thus, in this study, the perceivable 
degree of the halo mura is evaluated according to the 
level of the off-axis light leakage of LCDs. It is found 
that an acceptable degree of halo mura can be obtained 
in 2.0 cd/m2 of the diagonal light leakage. In addition, 
the halo mura is unperceivable under 0.7 cd/m2 of the 
diagonal light leakage which can be achieved with 
optimally compensated polarizers. 

 
1. Introduction 
 
LED backlight system has many benefits such as low 
power consumption, high dynamic contrast ratio and 
wide color gamut [1,2,3]. Especially in the local 
dimmable LED backlight system, the contrast ratio and 
power consumption properties can be more enhanced by 
selectively operating each segment according to image 
contents. However, an artifact such as ‘halo mura’ can 
be observed [4,5]. The halo mura is a halo-like 
phenomenon observed around the bright object in the 
dark background as shown in Figure 1 and is occurred 
by the dispersion of light from turned-on LED segments 
under the bight image. Usually the off-axis black 
performance is poorer than the on-axis black 
performance in LCDs. Therefore, this ‘halo mura’ can 
be more easily observed when viewed from an angle 
usually. 

In this study, the perceivable degree of the halo mura is 
obtained according to the level of the off-axis light 
leakage of LCDs. 
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Figure 1. A halo mura phenomenon (a) LED segment 

with local dimming backlight system (b) LCD 
panel (c) A halo mura phenomenon from an angle 

 
2. Experiment  
 
Total 6 samples with the direct type LED backlight were 
prepared and the luminance of samples was 450~500 
cd/m2. To make a difference of the off- axis light 
leakage, each sample was combined with various optical 
sheets and polarizers. The amount of the off-axis light 
leakage was measured at 45 degree of an azimuth angle 
and 65 degree of a polar angle with Ez-Contrast 
(Eldim) . Table 1 shows the off-axis light leakage of 
each sample, which ranges from 0.7 to 9.2 cd/m2.  
20 observers were participated in this experiment. 17 of 
participants were men and the rest were women. All 
participants had normal vision. The white cross-pattern 
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with black background and the white text pattern with 
black background were used in the experiment as shown 
in Figure 2. White text or thin cross pattern with black 
background was displayed by the broader LED light-
emitting area and thereby the light leakage is easily 
observed. Samples are randomly placed in a row for the 
subjective evaluation in the dark room as shown in 
Figure 3. The viewing distance was 1H and the subjects 
observed each samples in the diagonal direction.  
 
Table 1. The off-axis light leakage of each sample 

#1 #2 #3 
4.4 6.5 2.3 
#4 #5 #6 

The off-axis light 
leakage[cd/m2] 
(Φ=65˚,Θ=45˚) 

3.5 0.7 9.2 
 
 

Cross-pattern Text-pattern 

  
 
Figure 2. Test pattern a) Cross pattern with black 

background b) Text pattern with black 
background 

 
 

 
 

Figure 3. The perceived experiment of the halo mura 
 
 

3. Results 
 
The perceived degree of halo mura of each sample was 
subjectively evaluated; Each subject was asked to 
choose ‘annoying’ or ‘acceptable’. In order to determine 
whether or not tolerate the halo mura, the concept of 
JND, Just Noticeable Difference, was used. To 
recognize the difference of the halo mura, 25% 
threshold was applied.  That is 25% or less was 
unperceivable of the halo mura. 
Figure 4 shows the result of annoying ratio as a function 
of the off-axis light leakage (in cd/m2). 25% of the 
annoying ratio meant 25% of respondents chose to be 
annoyed while the rest chose acceptable level. In the cross 
pattern (blue dash line), the annoying ratio was 25% or less 
under 2.0 cd/m2 of the diagonal light leakage. In the text 
pattern (red dash-dot line), the annoying ratio was 25% or 
less under 2.3 cd/m2 of the diagonal light leakage. 
Depending on the size and shape of pattern, it was found 
that an acceptable degree of halo mura can be derived in 
2.0 cd/m2 of diagonal light leakage.  
In addition, the halo mura was unperceivable under 0.7 
cd/m2 of diagonal light leakage which can be achieved 
in the IPS(In-Plane-Switching) LCD TV module with 
optimally compensated polarizers and optical sheets. 

 
 
Figure 4. The result of acceptable degree according to 

the off-axis light leakage.  
 
Table 2 shows the halo mura viewed from the diagonal 
direction of each sample. As the off-axis light leakage 
increased, the halo mura was observed brighter. the halo 
mura created by 0.7 cd/m2 of the diagonal light leakage 
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was hardly observed for both the text pattern and the 
cross pattern. But 2.3 cd/m2 or higher showed the halo 
mura. Especially in the cross pattern, the halo mura was 
more easily observed because the line width of the 
pattern was too thin to be displayed by the broader LED 
light-emitting area and thereby the light leakage was 
easily occurred. 
 
Table 2. Halo mura viewed from diagonal direction of 

each sample  
Light 

leakage  
Text                     

pattern 
Cross 
pattern 

0.7 
(cd/m2) 

  

2.3 
(cd/m2) 

 

3.5 
(cd/m2) 

  

4.4 
(cd/m2) 

  

6.5 
(cd/m2) 

 

9.2 
(cd/m2) 

 
On the other hand, 2.3 cd/m2 in Table 2 was very close 
to 2.0 cd/m2 (acceptable light leakage), which can doubt 

whether it was also acceptable or not. Thus here the 
analysis based on JND steps was introduced. D.G. Lee 
et al. had studied about the luminance trend in the JND 
steps [6]. As the luminance increased, the minimum 
luminance difference that human recognizes was 
increased. The regression formula of the function of the 
luminance in the JND step was below 

 
20685054608581 ))(log(.)log(.. iii LLT ×−×+=  (1) 

iTJNDs 10=                                                      (2) 
12 1010 TTJNDs −=Δ                                       (3) 
 

Ti is a transfer function between JND and luminance. Li 
is a luminance of display.  
Figure 5 shows JND steps of evaluated samples. When 
the off-axis light leakage was 2.0 cd/m2, JND steps was 
68 steps. Because JND steps was   the minimum 
luminance difference that human recognizes, small JND 
steps meant small difference of luminance. Sample with 
0.7 cd/m2 of the off-axis light leakage was smaller than 
JND steps of 2.0 cd/m2. But 2.3 cd/m2 had 75 step of 
JND and could be more easily observed the halo mura 
than 2.0 cd/m2 of the diagonal light leakage. 

  
Figure 5. The luminance and ΔJNDs of each sample 

 
4. Conclusion 
 
The picture quality of LCDs can be reduced by the halo 
mura in the low gray level. For reducing the level of the 
halo mura, the correlation of perceived halo mura 
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degree and the off-axis light leakage level of LCDs was 
investigated. Thus, the perceptually required off-axis 
light leakage level for the acceptable and unperceivable 
degrees of the halo mura was found to be 2 and 0.7 
cd/m2, respectively. This result can be used as a guide 
for developing halo-free LCD TVs with the 2D local 
dimmable LED backlight system. 
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