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ABSTRACT 

 

This paper proposes a method of measuring visibility thresholds for quantization distortion in 

JPEG2000 for compression of stereoscopic 3D images. The crosstalk effect is carefully 

considered to ensure that quantization errors in each channel of stereoscopic images are 

imperceptible to both eyes. A model for visibility thresholds is developed to reduce the daunting 

number of measurements required for subjective experiments. 

 

Keywords: Stereoscopic images; visually lossless coding; JPEG2000; crosstalk; human visual 

system. 

 

 

1. INTRODUCTION 

 

Stereoscopic 3D imaging has received increased attention over the last few years and 

consumer-grade 3D displays have become widely available. Stereoscopic imaging operates by 

presenting different images to the left eye and the right eye. These images are taken from slightly 

different positions to simulate the difference in perspective between the two eyes. Display 

technologies for stereoscopic 3D imaging can be categorized as passive or active. Both 

technologies employ specific glasses with particular 3D monitors to provide appropriate signals 

for each eye channel. Active display technologies exhibit right-eye and left-eye images 

sequentially with very high refresh rates. Active shutter glasses are synchronized to the display to 
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allow only the correct signals to pass through to each eye. For passive technologies, a polarized 

display is employed so that the two eye channel signals are polarized in two different directions 

respectively (vertical / horizontal or clockwise / anti-clockwise). Polarized glasses are then used 

to allow only the correct signals to each eye. In this paper, we focus on systems which employ 

active shutter glasses, based on liquid crystal technology. 

 

One of the perceptible problems with current 3D display technologies is the crosstalk effect 

which is caused by leakage between the left and right channels. Two factors contribute to 

crosstalk, a glasses-dependent factor and a display-dependent factor [5]. The first factor is related 

to synchronization between liquid crystal shutter (LCS) glasses and 3D displays, response time 

between the ON state and the DARK state of LCS glasses, and the various transmittance ratios of 

the center parts and marginal parts of LCS glasses. The second factor corresponds to the 

response time of the display not allowing the correct luminance values of pixels to be reached 

during the short transition time of switching between left-eye and right-eye signals. 

 

Crosstalk can not only affect the perceived quality of 3D images, but can also lead to discomfort 

in some individuals. Thus, there are ongoing efforts to quantify the amount of leakage between 

the two channels in systems using active shutter glasses [2], [3], [4]. The crosstalk factor 

obtained by setting various combinations of luminance values in the right-eye and left-eye 

channels were measured by placing photometers behind shutter glasses (where the eyes would 

normally be). Although these works demonstrated that crosstalk is a function of the gray level in 

both channels, the experimental setup did not take into account the effects of the human visual 

system (HVS). 

 

Since stereoscopic images require double the amount of data compared to 2D images, efficient 

data compression techniques are especially critical in these applications. For compression of 2D 

images without losing visual quality as perceived by human observers, HVS should be 

considered. A well-known model of the perceptibility of quantization distortion as a function of 

spatial frequency and orientation of wavelet data was constructed by Watson et. al. [8]. In that 

work, visibility thresholds (VTs) were measured by adding uniform noise into a wavelet subband 

of an 8-bit grayscale image with all pixels set to 128 (before adding the noise). The level of the 

noise was adjusted to the point where it just became imperceptible to a human viewer. The level 

of the resulting noise was defined to be the VT for the corresponding subband. 

 

Recently, Oh et. al. [1], [9] proposed a method for visually lossless compression of 2D images 

that employs VTs measured using a noise model based on the dead-zone quantization of 
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JPEG2000, rather than the uniform noise model of [8]. The VTs in [1] are not only a function of 

spatial frequency and orientation but also variance 𝜎2 of the wavelet data in each subband. 

Images are compressed such that the magnitudes of all quantization errors in a wavelet subband 

are below the corresponding VT. Significant gains were obtained over previous methods using 

the VTs based on uniform noise. In order to extend the method of [1] to stereoscopic image 

compression, VTs need to be measured for 3D display systems.  

 

In this paper, we build on the work described above to determine VTs for 3D displays with active 

shutter glasses. Due to the presence of crosstalk, the VTs depend not only on the parameters 

studied previously for 2D, but also on the combination of gray levels displayed in the left-eye 

and right-eye channels. Based on all relevant parameters, a model of gray-to-gray VTs for 

stereoscopic 3D images is proposed. 

 

 

2. MODELING 

 

In order to compress 3D stereoscopic images visually losslessly, VTs must be measured via 

human perceptual experiments for the right eye and left eye, respectively. Since the procedures 

for measuring VTs for one eye are identical to the other, the focus of the following discussion is 

the measurement of VTs for left-eye images. 

 

The VT for a codeblock of a 2D image is defined in [1] as the largest quantization step size △ for 

which quantization distortion remains invisible. It is modeled as a function of the wavelet 

coefficient variance 𝜎2, as well as orientation θ, and level k of dyadic wavelet decomposition 

subband to which the codeblock belongs. To extend this model to the case of stereoscopic 3D 

images, the crosstalk effect should be considered carefully. The crosstalk effect is considered 

here to be a luminance leakage from one channel to the other channel [5]. When crosstalk occurs, 

left-eye signals can be seen by right eye. Therefore, VTs for the left-eye image must be chosen so 

that the resulting quantization distortion (in the left-eye image) is invisible to both the left and 

right eyes. To this end, we find two VTs 𝑡′ and 𝑡′′. Both thresholds correspond to the visibility 

of distortion due to quantization of the left-eye image. The first is set so that the distortion is 

invisible to the left eye, which the second ensure the distortion is invisible to the right eye. The 

final VT is taken as the minimum of 𝑡′ and 𝑡′′. Consistent with the properties of crosstalk 

observed in [5], our experiments indicate that the perceived visibility of distortion in the left and 

right eyes is a function of luminance levels in both the left-eye and right-eye images. Thus, 𝑡′ 

and 𝑡′′ are functions of not only 𝜎2, θ, and k in the left image, but also of gray level I in both 
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the left and right images. Mathematically, 

𝑡𝜃,𝑘,𝑙(𝜎𝜃,𝑘,𝑙
2 , 𝐼𝜃,𝑘,𝑙, 𝐼𝜃,𝑘,𝑟) =  𝑚𝑖𝑛{𝑡𝜃,𝑘,𝑙

′ (𝜎𝜃,𝑘,𝑙
2 , 𝐼𝜃,𝑘,𝑙, 𝐼𝜃,𝑘,𝑟), 𝑡𝜃,𝑘,𝑙

′′ (𝜎𝜃,𝑘,𝑙
2 , 𝐼𝜃,𝑘,𝑙, 𝐼𝜃,𝑘,𝑟)}    (1) 

where 𝜎𝜃,𝑘,𝑙
2  is the variance of wavelet coefficients in the region of a codeblock from the  

left-eye image, 𝐼𝜃,𝑘,𝑙 and 𝐼𝜃,𝑘,𝑟 are the value of gray levels in the supporting region of the 

codeblock in the image domain for the left and right images, respectively. 𝑡𝜃,𝑘,𝑙
′  and 𝑡𝜃,𝑘,𝑙

′′  are 

the VTs measured by the left eye and right eye due to distortion in the left image. In our 

experiments, we employ K = 5 levels of dyadic 9/7 wavelet transform so that 1 ≤ k ≤ 5. The four 

orientations θ are indexed as follows: {LL, HL, LH, HH}. Thus, the left-eye VT for a codeblock 

in the HL subband of level 2 is denoted by 𝑡𝐻𝐿,2,𝑙(𝜎𝐻𝐿,2,𝑙
2 , 𝐼𝐻𝐿,2,𝑙, 𝐼𝐻𝐿,2,𝑟 ). The values for I in (1) 

are calculated as average luminance over the supporting region of a codeblock as 

𝐼 = ⌊(
1

𝑀2
∑ ∑ 𝑥𝑖,𝑗

𝑀
𝑗=1

𝑀
𝑖=1 ) + 0.5⌋                        (2) 

Here I is an 8-bit integer 0 ≤ I ≤ 255. The 𝑥𝑖,𝑗 are the each pixel values in a region of size 

𝑀 × 𝑀 which is the supporting region corresponding to a codeblock with size 𝑁 × 𝑁. Thus, for 

a subband at level k, 𝑀 = 𝑁 × 2𝑘 [1]. 

 

The number of VTs to be measured (number of 𝑡′ + number of 𝑡′′) is daunting. For a given 𝜎2, 

there are 2 thresholds × 16 subbands × 256
2
 combinations of I ≈ 2 × 10

6
. When 𝜎2 is 

varied, the total number of thresholds to be measured massive. Measuring this number of 

thresholds through subjective experiments is prohibitive. Thus, we consider a separable model 

for 𝑡 given by 

𝑡𝜃,𝑘,𝑙(𝜎𝜃,𝑘,𝑙
2 , 𝐼𝜃,𝑘,𝑙, 𝐼𝜃,𝑘,𝑟 ) = 𝑆𝜃,𝑘,𝑙(𝜎𝜃,𝑘,𝑙

2 ) ∙ 𝑇𝜃,3,𝑙( 𝐼𝜃,3,𝑙, 𝐼𝜃,3,𝑟 )             (3) 

where 

𝑇𝜃,3,𝑙( 𝐼𝜃,3,𝑙 , 𝐼𝜃,3,𝑟) = 𝑚𝑖𝑛{𝑡𝜃,3,𝑙
′ (50, 𝐼𝜃,3,𝑙, 𝐼𝜃,3,𝑟), 𝑡𝜃,3,𝑙

′′ (50, 𝐼𝜃,3,𝑙, 𝐼𝜃,3,𝑟)}        (4) 

 

That is, we assume that the thresholds for level k and variance 𝜎2 can be derived by multiplying 

the corresponding thresholds for level k = 3 and variance 𝜎2 = 50, by a scale factor 

𝑆𝜃,𝑘,𝑙(𝜎𝜃,𝑘,𝑙
2 ) =  

𝑡𝜃,𝑘,𝑙(𝜎𝜃,𝑘,𝑙
2 ,128,128)

𝑡𝜃,3,𝑙(50,128,128)
                       (5) 

𝑇 is measured using the median value for the transform level k = 3 in a 5 level dyadic wavelet 

decomposition. Similarly a variance of 𝜎2 = 50 is chosen as representative value for the 

variance of a level 3 subband in typical imagery. In following section, a methodology for 

measurement of T is provided. 

 

 

3. METHODS 
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The 3D vision system used in this work includes the Nvidia Quadro FX 3800 graphics card and 

active shutter glasses. A USB IR transmitter is used to synchronize the glasses with a Samsung 

SyncMaster 2233 RZ display (22” with 1680 × 1050 resolution, 120 Hz refresh-rate, 300 cd/m
2 

brightness, 1,000:1 typical contrast ratio, and 170
o
/160

o
 Viewing Angle). The display resolution 

d for the SyncMaster display is 35.45 pixels/cm. When the viewing distance υ between subject 

and display is 60 cm, the resulting visual resolution r is 37.12 pixels/degree, which is derived via 

equation (1) in [8]. All visual experiments were conducted with normal office lighting 

conditions. 

 

For the purpose of measuring a VT, a stimulus image is generated by performing the inverse 

wavelet transform of wavelet data containing quantization distortions. Specially, the wavelet data 

for all subbands of an image of size 512 × 512 are initialized to 0, and then noise is added to 

one subband. This noise is generated pseudo-randomly according to the JPEG2000 quantization 

distortion model in [1]. Within the subband of interest, the noise is added to a region centered in 

the subband. This region has the same size as a codeblock for that subband. The inverse wavelet 

transform is performed, and the result is added to a gray level image with all pixel values set to a 

fixed gray value of 𝐼𝜃,3,𝑙 between 0 and 255. The value of each pixel in this stimulus image is 

then rounded to an integer between 0 and 255. The center spatial frequencies f corresponding to 

the display visual resolution r for different levels k of the wavelet transform can be calculated by 

equation (2) in [8]. Specially, for k = 1, 2, 3, 4, and 5, f = 18.56, 9.28, 4.64 2.32, and 1.16 

cycles/degree, respectively. 

 

In order to measure the visibility thresholds 𝑡𝜃,3,𝑙
′  and 𝑡𝜃,3,𝑙

′′ , left-eye stimulus images are created 

by adding noise (as described above) to a level 3 subband with orientation θ. Figure 1 illustrates 

stimulus images generated by adding noise to the HL3 subband (k = 3 and θ = HL). Figure 1 (a) 

demonstrates stimulus images for various values of △ with 𝜎2 = 50 and 𝐼𝐻𝐿,3,𝑙 = 128. As 

described above, the value of 𝐼𝐻𝐿,3,𝑙 corresponds to the background gray level (before adding 

noise). The values of △ and 𝜎2 correspond to an assumed quantization step size and variance of 

wavelet coefficients to be quantized, respectively. From this figure we see that when 𝜎2 and 

𝐼𝐻𝐿,3,𝑙 are fixed, noise visibility decreases with △. In Figure 1 (b), 𝜎2 = 50 and △ = 10 while the 

value of 𝐼𝐻𝐿,3,𝑙 is set to 255, 195, 60, and 0, respectively. From this figure we see that when 𝜎2 

and △ are fixed, noise visibility is decreased for both large and small values of 𝐼𝐻𝐿,3,𝑙. To find 

𝑡𝜃,3,𝑙
′  and 𝑡𝜃,3,𝑙

′′ , a value of △ is chosen and a left-eye stimulus image (containing noise) is 

created with parameters, △, θ, k = 3,and 𝐼𝜃,3,𝑙. This image is paired with a right-eye constant 

gray image with all pixels = 𝐼𝐻𝐿,3,𝑟 (and no noise) to obtain a stereo stimulus image pair. The 
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Fig. 1. Stimulus images are derived by adding quantization distortion in HL3 subband with 𝜎2 

= 50. (a) the 𝐼𝐻𝐿,3,𝑙 is fixed to 128 but the value of △ for each case is set to 30, 10, 5, and 1, 

respectively. (b) the value of △ is fixed to 10 but the value of 𝐼𝐻𝐿,3,𝑙 is set to 255, 195, 60, and 0 , 

respectively. 

 

value of △ in the left-eye stimulus image is then adjusted so that the noise is just invisible to the 

left eye. The resulting value of △ is 𝑡𝜃,3,𝑙
′ . The value of △ in the left-eye stimulus image is again 

adjusted so that the noise is just invisible to the right eye. The resulting value of △ is 𝑡𝜃,3,𝑙
′′ . Five 

values of 𝐼𝜃,3,𝑙 ∈ {0, 60, 128, 195, and 255} are tested. Nineteen values of 𝐼𝜃,3,𝑟 are employed. 

These values are the 18 integer multiples of 15 between 0 and 255 plus the additional value of 

128. That is 𝐼𝜃,3,𝑟 ∈ {0, 15,…, 120,128, 135,…, 240, 255}. 𝑡𝜃,3,𝑙
′  and 𝑡𝜃,3,𝑙

′′  are measured for 

each combination of 𝐼𝜃,3,𝑙 and 𝐼𝜃,3,𝑟 with 𝜎2 fixed to 50. Thus, the total number of thresholds 

measured for each subband is 5 × 19 × 2 = 190. 

 

In the experiments, an opaque mask is used to cover the subject’s right eye during a 

measurement of 𝑡𝜃,3,𝑙
′ . Similarly the left eye is covered during a measurement of 𝑡𝜃,3,𝑙

′′ . Because 

the central part of the active shutter glasses is darker than the peripheral part, signals correctly 

blocked by the central part may be perceived as crosstalk through the peripheral part. Thus, in 

order to obtain conservative VTs, the subject is allowed to tilt their head during measurements. 
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The three-alternative forced-choice method (3AFC) is employed to find the value of △ for which 

the distortion is just invisible in each case. Three stereoscopic images are shown on the display 

concurrently. One is placed at the top center of the screen, and the other two are arranged at the 

bottom left and bottom right, respectively. A stereoscopic stimulus image (containing noise in the 

left-eye channel) is displayed randomly at one of above three locations. The other two 

stereoscopic images contain no noise. The subject is asked to decide which stereoscopic image 

contains the stimulus image by means of keyboard input. 

 

For each combination of 𝐼𝜃,𝑘,𝑙  and 𝐼𝜃,𝑘,𝑟 , 32 trials are conducted. In each trial, the three 

stereoscopic images are displayed for 20 seconds. The subject can take an unlimited amount of 

time to make a decision as to which stereoscopic image contains the stimulus after the 

stereoscopic images are removed from the display. The value of △ in each trial is controlled by 

the QUEST staircase procedure obtained from the Psychophysics Toolbox [6]. The threshold is 

then defined as the value of △ derived from the 75% correct-point on the Weibull function fitted 

from the 32 trails [7]. 

 

 

4. RESULTS 

 

Figure 2 shows the measured VTs for subband HL3 and subband HH3. The red curves denote 

right eye visibility thresholds 𝑡𝜃,3,𝑙
′′ . Left eye visibility thresholds 𝑡𝜃,3,𝑙

′  are plotted in blue. The 

VTs for HH3 and HL3 are represented by asterisk and triangle symbols, respectively. In general, 

the VTs of HH3 are greater than those for HL3 which is consistent with the results for 2D images 

in [1], [8]. As expected, the values of 𝑡𝜃,3,𝑙
′  (blue) typically lie below those of 𝑡𝜃,3,𝑙

′′  (red) 

indicating that distortion introduced in the left eye image is more visible to the left eye. It is 

important to note however that significant exceptions exist. For some combinations of luminance 

values, noise in the left-eye image is more easily seen by the right eye. This is particularly 

evident for the subfigure with 𝐼𝜃,𝑘,𝑙= 195. This justifies the need to measure both 𝑡𝜃,3,𝑙
′  and 

𝑡𝜃,3,𝑙
′′  and to choose 𝑇𝜃,3,𝑙( . ) = 𝑚𝑖𝑛{𝑡𝜃,3,𝑙

′ (. ), 𝑡𝜃,3,𝑙
′′ (. )} to ensure that noise introduced into 

left-eye images is imperceptible to both eyes. Comparing VTs curves for identical subbands but 

different values of 𝐼𝜃,3,𝑙, we see that the shapes of the curves are not the same, indicating that the 

perceptual response to a stimulus varies with the value of 𝐼𝜃,3,𝑙. This can also be seen in Figure 1 

(b) by noticing that distortions are more difficult to perceive when the value of 𝐼𝜃,3,𝑙 is 255 and 

0. When 𝐼𝜃,3,𝑙 is fixed, the VTs vary with the value of 𝐼𝜃,3,𝑟. For a given value of 𝐼𝜃,3,𝑙, the 

visibility of distortion by the left eye varies much less than that of the right eye. That is, the 

variation of 𝑡𝜃,3,𝑙
′  is much less than that of 𝑡𝜃,3,𝑙

′′ . The preceding discussion regarding Figure 2  



8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Visibility thresholds derived from subjective experiments. 𝑡𝜃,3,𝑙
′′  and 𝑡𝜃,3,𝑙

′  are 

represented by red and blue curves, respectively. Triangle symbols are used for HL3 and 

asterisks are used for HH3. 

 

indicates that the luminance value in both channels should be considered an important factor in 

modeling the thresholds, as assumed in equation (1). 𝑇𝐻𝐿,3,𝑙 and 𝑇𝐻𝐻,3,𝑙 are shown in Figure 3.  
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(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 3. VTs as a function of  𝐼𝜃,𝑘,𝑙  and 𝐼𝜃,𝑘,𝑟 . (a) 𝑇𝐻𝐿,3,𝑙( 𝐼𝐻𝐿,3,𝑙, 𝐼𝐻𝐿,3,𝑟) , and (b) 

𝑇𝐻𝐻,3,𝑙( 𝐼𝐻𝐻,3,𝑙, 𝐼𝐻𝐻,3,𝑟). 

 

The 3D surfaces depicted in this figure were rendered using 4
th 

order polynomial interpolation. 

As can be seen, the VTs at the four corners are larger than in the central part of these surfaces, 

clearly demonstrating that 𝑇𝜃,3,𝑙 is a function of both 𝐼𝜃,3,𝑙 and 𝐼𝜃,3,𝑟. 

 

 

5. CONCLUSIONS 

 

Visibility thresholds for the HL3 subband and the HH3 subband of left-eye images are measured 

respectively by the left eye and right eye. To ensure that both eyes can not perceive quantization 

errors when crosstalk occurs, the final visibility threshold is taken as the minimum between the 
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VTs of the right eye and the left eye. These VTs vary with the gray level I in both the left-eye and 

right-eye images. Thus, VTs for stereoscopic images are a function of the 3 factors for 2D 

images characterized in [1], as well as a function of the various combinations of luminance 

values in both channels of stereoscopic images. A topic of ongoing investigation is to verify 

whether the proposed separable model can appropriately model VTs of stereoscopic images by 

subjective experiments. 
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