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A Methodology for Visually Lossless JPEG2000
Compression of Monochrome Stereo Images
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Abstract— A methodology for visually lossless compression
of monochrome stereoscopic 3D images is proposed. Visibility
thresholds are measured for quantization distortion in
JPEG2000. These thresholds are found to be functions of not
only spatial frequency, but also of wavelet coefficient variance,
as well as the gray level in both the left and right images.
To avoid a daunting number of measurements during subjective
experiments, a model for visibility thresholds is developed.
The left image and right image of a stereo pair are then
compressed jointly using the visibility thresholds obtained from
the proposed model to ensure that quantization errors in each
image are imperceptible to both eyes. This methodology is then
demonstrated via a particular 3D stereoscopic display system
with an associated viewing condition. The resulting images are
visually lossless when displayed individually as 2D images, and
also when displayed in stereoscopic 3D mode.
Index Terms— Stereoscopic images, visually lossless coding,
JPEG2000, crosstalk, human visual system.

I. I NTRODUCTION

S

TEREOSCOPIC 3D imaging has been applied in diverse
fields such as aerial stereo photography, stereoscopic
surgery, and digital cinema [1]–[3]. Accordingly, it has
received considerable attention over the last few decades.
Recently, consumers are viewing many different types of
stereoscopic content in television and gaming applications due
to inexpensive consumer-grade 3D displays becoming widely
available.
In order to simulate the parallax between the left and right
eyes of a human observer, left and right images of a scene are
taken from two different positions. These two images make
up a stereo pair (stereo image). In a stereo viewing system,
the left and right images of a stereo pair are presented to the
left and right eyes of the observer, respectively. The human
brain fuses the two images to create the perception of 3D [4].
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Typical display technologies for stereoscopic 3D viewing
employ passive or active glasses, although other technologies
are currently available [5], [6]. For passive systems, the left
and right images are displayed sequentially on a display which
polarizes them clockwise and anti-clockwise, respectively.
Polarized glasses enable only the correct image to pass through
to each eye. For active display technologies, active shutter
glasses are synchronized to the display [6]. The left and right
lenses of these glasses switch to an ON state and a DARK
state alternately to allow only the correct signals to be passed
through to each eye [7]. In this paper, we focus on a system
which employs active shutter glasses, based on liquid crystal
technology [7]–[11].
Since two 2D images together form a stereoscopic
3D pair, the amount of data for an uncompressed stereo
image is doubled compared to that for an uncompressed
2D image. Thus efficient compression techniques are of
paramount importance. This paper considers visually lossless
compression of stereoscopic 3D images.
A simple approach to this problem might be to compress
each of the component images of a stereoscopic pair in a
visually lossless manner. To this end, our initial experiments
used the method of [12] to compress the left and right
images of a stereo pair independently. It was verified that
even experienced viewers were unable to perceive any coding
artifacts when the original and compressed left images were
viewed side-by-side as 2D images. The same held for the right
image. Interestingly however, when viewed as a stereo pair,
visual artifacts were readily apparent. Indeed, three separate
observers examined the images. All three could easily identify
significant differences between the original and compressed
stereo pairs when viewed side-by-side in 3D mode.
To investigate the source of these artifacts, a compressed
left image (as prepared above) was paired with an original
uncompressed right image. This pair was then displayed
in 3D mode. The display was then observed with the left eye
covered, yet artifacts were still perceived (by the right eye
viewing the right image), despite the fact that no such artifacts
were present in the right image. This experiment, coupled
with the fact that only still images are considered, firmly
establishes that compression noise leakage is present from
one channel to the other due to crosstalk in the stereoscopic
display system (and not due to any persistence properties of the
human visual system). This phenomenon is discussed further
in Section V.
From the preceding discussion, it can be concluded that
crosstalk must be carefully considered in the design of visually
lossless 3D compression systems. Crosstalk occurs when one

1057-7149 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 24, NO. 2, FEBRUARY 2015
FENG et al.: METHODOLOGY FOR VISUALLY LOSSLESS JPEG2000 COMPRESSION

eye can see a signal that is intended to be seen only by the
other eye. Since these unintended signals are usually dim,
the crosstalk effect is also sometimes called the ghost effect.
It can lead not only to degradation in the perceived quality
of 3D images, but also to discomfort in some individuals.
Crosstalk is caused by leakage between the left and right channels. For active display technologies, crosstalk is contributed
to by a glasses-dependent factor and a display-dependent
factor [7]. The first factor is related to synchronization between
active shutter glasses and 3D displays, response time between
the ON state and the DARK state of active shutter glasses,
and the various transmittance ratios of the center parts and
marginal parts of active shutter 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 the left and
right images.
There are ongoing efforts to quantify the amount of
crosstalk between the two channels in systems using active
shutter glasses [8], [9], [11], [13]. In these four works, constant
gray level images are displayed in the left and right channels.
The gray levels of these two images are set to various combinations. A photometer is placed behind a lens of the active
shutter glasses (where an eye would normally be) to measure
luminance values. The crosstalk is then characterized by comparing various measured luminance values. In [14], crosstalk is
quantified via subjective experiments for a CRT display system
based on liquid crystal shutter glasses. Two side-by-side spatial
regions R1 and R2 in the left image are set to constant gray
levels g1 and g2 , respectively. Two spatial regions R3 and R4 ,
at the same locations as R1 and R2 , but in the right image
are set to constant gray levels g3 = 0 and g4 , respectively.
Since g3 = 0, it is hypothesized that R3 does not induce
crosstalk in R1 . However, R4 does induce crosstalk in R2 .
Subjects are asked to adjust g1 until the pixel intensity of
R1 and R2 appear identical to the left eye. The crosstalk in R2
due to R4 is then computed as the gray level difference g1 –g2.
These works and others (see [15], [16]) have consistently
demonstrated that crosstalk from one channel to another is
a function of the gray levels in both channels. Additionally,
it was found in [10] that crosstalk is also a function of spatial
frequency, which is consistent with earlier results published
in [17].
As mentioned above, we investigate here the visually
lossless compression of 3D stereoscopic images. To this
end, we consider the contrast sensitivity function (CSF) for
stereoscopic 3D images in the presence of crosstalk. The CSF
describes the sensitivity of the human visual system (HVS) to
different spatial frequencies (in cycles/degree) and has been
a popular avenue of investigation with respect to perceptually
based compression of 2D images. In early work, sinusoidal
gratings were used in perceptual experiments to measure the
CSF. Peak contrast sensitivity has been found to lie between
2 and 6 cycles/degree [18], [19]. More recently, the CSF has
been modeled using the discrete wavelet transform [20]. In that
work, uniform noise was added to each wavelet subband
(one at a time) of an 8-bit constant 128 grayscale image to
generate a stimulus image. Visibility thresholds (VTs) were
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measured for each subband by subjective experiments in
which the level of the noise was adjusted to the point where
it just became imperceptible to a human viewer.
The method of [20] was extended to a more realistic
noise model in [12] and [21]. Specifically, a quantization
noise model was developed for the dead-zone quantization
of JPEG2000 as applied to wavelet transform coefficients.
Then, rather than adding uniform noise to a wavelet subband
as in [20], stimulus images were produced by adding noise
generated via the dead-zone quantization noise model. The
resulting visibility thresholds are functions not only of quantization step size  and spatial frequency/orientation as in [20],
but also of the variance σ 2 of the wavelet data in each subband.
A 2D image compression system was then developed to ensure
that the magnitudes of all quantization errors in a wavelet
subband fall below the corresponding VT.
Building on previous efforts [17], [22], [23], the work
presented in this paper provides a methodology for measuring
VTs in the presence of crosstalk via stimulus images. Since
the crosstalk observed in one channel is a function of the
gray levels in both channels, it is reasonable to suspect that
the resulting VTs depend not only on the parameters studied
previously for 2D images in [12] and [20], but also on the
combination of gray levels displayed in the left and right
channels. Indeed, experimental results presented in Section IV
confirm this suspicion.
Based on all relevant parameters, a model for VTs in
stereoscopic 3D images is proposed. Appropriate VTs derived
from this model are then used to design a JPEG2000 coding
scheme which compresses the left and right images of a
stereo pair jointly. The performance of the proposed JPEG2000
coding scheme is demonstrated by compressing monochrome
stereo pairs. The resulting left and right compressed image
files can be decoded separately by a standard JPEG2000
decoder. The decompressed images are visually lossless when
viewed separately as 2D images, and also when viewed as a 3D
stereo pair. This claim is validated via subjective experiments.
The remainder of this paper is organized as follows.
In Section II, the modeling of visibility thresholds is described.
Methods for measurement of visibility thresholds are presented
in Section III. The proposed visually lossless coding scheme
for stereo pairs is given in Section IV. In Section V, we present
the resulting parameters for the proposed VT model, results
from our proposed coding scheme, as well as validation that
the resulting compressed stereo pairs are visually lossless.
Section VI concludes the work.
II. M ODELING OF V ISIBILITY T HRESHOLDS
To facilitate visually losslessly compression via JPEG2000,
VT models are developed in this section, for both the left
and right images of stereo pairs. Since the procedures for
measuring VTs for one image are identical to the other, the
focus of the following discussion is the measurement of VTs
for the left image.
The VT for a JPEG2000 codeblock of a 2D image is
defined [12] as the largest quantization step size  for which
quantization distortion remains invisible. It is modeled as a
function of the wavelet coefficient variance σ 2 within the
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codeblock, as well as the orientation θ ∈ {LL, LH, HL, HH},
and level k of the (dyadic wavelet decomposition) subband to
which the codeblock belongs.
As mentioned in the introduction, extension to the case
of stereoscopic 3D images requires careful consideration of
the crosstalk effect. The crosstalk effect is considered here
to be a luminance leakage from one channel to the other
channel [7]. When crosstalk occurs, signals intended for the
left eye can be seen by right eye. Therefore, VTs for the
left image must be chosen so that any quantization distortion
(in the left image) is invisible to both the left and right eyes.
To this end, we find two VTs t  and t  . We emphasize that
both thresholds correspond to the visibility of distortion due
to quantization of the left image. The first VT, t  , is chosen so
that the resulting distortion is invisible to the left eye, while
the second VT, t  , ensures that the distortion is invisible to
the right eye. The final VT t is then taken as the minimum
of t  and t  .
Consistent with the properties of crosstalk observed
in [7], [11], and [13], our experiments indicate that the
perceived visibility of distortion by the left and right eyes
is a function of luminance levels in both the left and right
images. Thus, t  and t  are functions not only of σ 2 , θ and k
in the left image, but also of the gray level I in both the
left and right images. Mathematically, the VT for a given
codeblock in the left image at level k and orientation θ is
then
 2

  2

σθ,k,l , Iθ,k,l , Iθ,k,r ,
, Iθ,k,l , Iθ,k,r = min tθ,k,l
tθ,k,l σθ,k,l
 2


σθ,k,l , Iθ,k,l , Iθ,k,r ,
tθ,k,l
(1)
2
where σθ,k,l
is the variance of wavelet coefficients within
the codeblock and Iθ,k,l is a gray level for the left image
representative of the spatial region (in the image domain)
associated with the codeblock. Similarly, Iθ,k,r is a gray level
representative of the same spatial region, but in the right
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 {LL, HL, LH, HH}. For example, the
VT associated with the visibility by the right eye of distortion
introduced in a codeblock of the HL subband of level 2 of

2
the left image is denoted by t H
L ,2,l (σ H L ,2,l , I H L ,2,l , I H L ,2,r ).
The computation of Iθ,k,l and Iθ,k,r is discussed in Section IV.
The measurement of VTs via psycho-visual experiments
is discussed in Section III. However, exhaustively measuring
VTs for all possible parameter choices would be a daunting
task. For a given σ 2 , there are 2 thresholds × 16 subbands ×
2562 combinations of I , for a total of more than 2 × 106
thresholds to be measured. When σ 2 is varied, the total number
of thresholds to be measured increases proportionally. Measuring this number of thresholds through subjective experiments
is prohibitive. Thus, to reduce the number of experiments to
a manageable level, we consider a separable model for VTs
given by
 2

 2 
, Iθ,k,l , Iθ,k,r = Sθ,k,l σθ,k,l
tˆθ,k,l σθ,k,l


× Tθ,3,l Iθ,3,l , Iθ,3,r . (2)

In this model, we begin with “nominal thresholds”
Tθ,3,l (Iθ,3,l , Iθ,3,r ) measured for level k = 3 and variance
σ 2 = 50 via


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 .
(3)
For the 5 level wavelet decomposition employed here, k = 3
represents the median transform level. As will be evident
from the results presented in Figure 5 of Section V, the value
of σ 2 = 50 is chosen as being near the middle of the range
in which the VTs vary most as a function of variance.
The nominal thresholds Tθ,3,l (Iθ,3,l , Iθ,3,r ) attempt to model
the effect of crosstalk caused by different intensities in the left
and right images for different orientations, but fixed variance
and transform level. The nominal thresholds are then scaled
2 ) which attempts to model the effects
by a factor Sθ,k,l (σθ,k,l
of orientation, variance, and transform level (as considered
in [12]), but with no crosstalk present. To achieve a state of no
crosstalk, the intensities in the left and right images are set to
be equal [11]. To limit the number of required measurements,
as described below, only the median gray level is employed
2 ). Specifically,
in Sθ,k,l (σθ,k,l
 2

, 128, 128
 2  tθ,k,l σθ,k,l
.
(4)
Sθ,k,l σθ,k,l =
Tθ,3,l (128, 128)
A methodology for the measurement of Tθ,3,l and Sθ,k,l is
provided in the next section.
III. M EASUREMENT OF V ISIBILITY T HRESHOLDS
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/m2 brightness,
1,000:1 typical contrast ratio, and 170°/160° 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 in [20, eq. 1].
Since the above-mentioned 3D stereoscopic display system
is frequently used in the office/home, we chose a goal of ensuring visually lossless quality in the work environment [24].
To this end, all visual experiments were conducted with normal
office lighting conditions and a viewing distance of 60 cm.
The results presented herein are only guaranteed to hold
for the specific stereo display system and particular viewing
conditions considered. On the other hand, the methodology
presented can be used to obtain VTs for different display
devices and/or more critical viewing conditions such as those
described in [25] and [26]. It is worth noting that a straightforward application of the proposed methodology would result in
a fixed design for each display device and viewing condition.
An interesting avenue for future work is the development of
a more general model for VTs that could take as input such
parameters as display resolution, veiling luminance, viewing
distance, etc. [27].
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Fig. 1. Stimulus images derived by adding simulated quantization distortion in the HL3 subband with σ 2 = 50. (a) I H L ,3,l is fixed to 128 but the value
of  varies among 30, 10, 5, and 1. (b) The value of  is fixed to 10 but the value of I H L ,3,l is varied among 255, 195, 60, and 0.

For the purpose of measuring VTs, stimulus images are generated by performing the inverse wavelet transform of wavelet
coefficient data containing simulated quantization distortion.
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
of [12]. The inverse wavelet transform is performed, and the
result is added to a constant gray level image having all pixel
intensities set to a fixed value Iθ,3,l between 0 and 255. After
the addition, the value of each pixel in this stimulus image is
rounded to the closest integer between 0 and 255.
In order to measure the visibility thresholds

 (50, I
(50, Iθ,3,l , Iθ,3,r ) and tθ,3,l
tθ,3,l
θ,3,l , Iθ,3,r ), as required
by (3), left 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). In particular,
Figure 1 (a) demonstrates stimulus images for various values
of  with σ 2 = 50 and I H L ,3,l = 128. As described above,
the value of I H L ,3,l corresponds to the background gray level
of the stimulus image. The values of  and σ 2 correspond
to an assumed quantization step size and variance of wavelet
coefficients to be quantized, respectively. From this figure,
we see that when σ 2 and I H L ,3,l are fixed, noise visibility
decreases with  as expected.
In Figure 1 (b), the assumed coefficient variance and quantization step size are held fixed at σ 2 = 50 and  = 10, while
the background intensity I H L ,3,l is varied among 255, 195,
60, and 0. This figure demonstrates, as is well known in the
literature [28], [29], that noise visibility is a function of the
background gray level I H L ,3,l . In fact, as will be seen in
subsequent sections, experiments indicate that when viewed

in 3D mode, the visibility of noise (introduced in only the left
image) is a function of both Iθ,k,l and Iθ,k,r .

Accordingly,
to
find
tθ,3,l
(50, Iθ,3,l , Iθ,3,r )
and
 (50, I
tθ,3,l
,
I
),
a
value
of

is
chosen
and
a
left
θ,3,l θ,3,r
stimulus image (containing noise) is created with parameters,
, θ, Iθ,3,l , k = 3, and σ 2 = 50. This image is paired
with a right constant gray image with all pixels set to Iθ,3,r
(and no noise). The value of  in the left stimulus image
is then adjusted until the noise is just invisible to the left
eye, with the right eye covered. The resulting value of  is

(50, Iθ,3,l , Iθ,3,r ). The experiment is then repeated with
tθ,3,l
the same setup, but with the left eye covered. The value
of  in the left stimulus image is then adjusted so that the
noise is just invisible to the right eye. The resulting value
 (50, I
of  is tθ,3,l
θ,3,l , Iθ,3,r ). We emphasize again that noise
is introduced only in the left image for the measurement of
both t  and t  .

The
thresholds
tθ,3,l
(50, Iθ,3,l , Iθ,3,r )
and

tθ,3,l (50, Iθ,3,l , Iθ,3,r ) are measured for five values of Iθ,3,l
and nineteen values of Iθ,3,r . Specifically, Iθ,3,l ∈ {0, 60,
128, 195, 255} while Iθ,3,r can take any of the eighteen
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}.
2 ) as
We now proceed to the measurement of Sθ,k,l (σθ,k,l
given in (4). The denominator of (4) is a special case
of Tθ,3,l (Iθ,3,l , Iθ,3,r ) and is included in the measurements
2 , 128, 128) remains
described above. The numerator tθ,k,l (σθ,k,l
to be discussed. To this end, the gray levels for both the
left and right images are fixed to 128 but the value of the
2
is varied. For a given
assumed (left) codeblock variance σθ,k,l
2
choice of θ , k, and σθ,k,l , the value of  in the left stimulus
image is again adjusted to the point that the noise is just
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2 , 128, 128)
imperceptible for each eye, resulting in tθ,k,l
(σθ,k,l

2
2
and tθ,k,l (σθ,k,l , 128, 128). Six values of σθ,k,l ∈ {10, 50,
100, 200, 600, 1000} are tested for each value of θ and k.
The total number of thresholds measured for the numerator
of (4) is then 6 variances × 2 thresholds = 12 per subband.
2 , 128, 128) are then obtained for each
Six values of tθ,k,l (σθ,k,l

2 , 128, 128) and
(σθ,k,l
subband as the minimum between tθ,k,l

2
tθ,k,l (σθ,k,l , 128, 128) for each θ and each k ∈ {1, 2, . . . , 5}.
During the experiments described above, an opaque mask
is used to cover the right eye of the subject during the
measurement of t  . Similarly, the left eye is covered during
the measurement of t  . Due to the fact that the central part
of the active shutter lenses 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 values for the VTs, the subject is allowed
to tilt their head during measurements.
Spatial three-alternative forced-choice (3AFC) testing 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 only the left channel) is displayed
randomly at one of three locations. The other two stereoscopic
images contain no noise. The subject is asked to decide which
stereoscopic image contains the noise by means of keyboard
input.
2 , I
For a given combination of θ , k, σθ,k,l
θ,k,l and Iθ,k,r ,
32 trials (each with a different value of ) are conducted. The
value of  in each trial is controlled by the QUEST staircase
procedure obtained from the Psychophysics Toolbox [30].
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 VT is then taken as the value of 
derived from the 75% correct-point on the Weibull function
fitted from the 32 trails [31]. It is worth emphasizing that all
VTs are measured using only (pseudo-randomly generated)
stimulus images. No actual images are used in this regard.
In what follows, 4th order polynomial interpolation is used
to obtain values of the nominal thresholds Tθ,3,l (Iθ,3,l , Iθ,3,r )
for values of Iθ,3,l and Iθ,3,r not employed in the visual
measurements described above. Negative values may result
from this interpolation. Since VTs should be positive, the
nominal threshold is taken as the maximum between its
interpolated value and a small constant δ = 0.25, which
corresponds to approximately 70% of the minimum of all nominal thresholds measured via psycho-physical tests. Similarly,
two term power series interpolation is employed to obtain
2
not employed
values of the numerator in (4) for values of σθ,k,l
in the measurements. The resulting values, when employed
2 ,I
in (2), may cause tˆθ,k,l (σθ,k,l
θ,k,l , Iθ,k,r ) to be negative
2 ,I
or overly small. Thus, the larger of tˆθ,k,l (σθ,k,l
θ,k,l , Iθ,k,r )
and a small constant  = 0.025 is taken as the final VT.
This value of  corresponds to approximately 10% of the
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2 ,I
minimum tˆθ,k,l (σθ,k,l
θ,k,l , Iθ,k,r ) calculated using only measured thresholds (i.e., before interpolation). The value of 10%
is chosen as an overly conservative value, due to the fact that
it is applied to the final VTs.

IV. V ISUALLY L OSSLESS C ODING OF S TEREO PAIRS
The proposed coding method for visually lossless
compression of 8-bit monochrome stereoscopic images is
adapted from the coding method of [12]. In JPEG2000,
a subband is partitioned into rectangular codeblocks.
The coefficients of each codeblock are then quantized
and encoded via bit-plane coding. Three coding passes
(significance propagation, magnitude refinement, and cleanup)
are performed for each bit-plane except the most significant
bit-plane which only has a cleanup pass. The maximum
possible number of coding passes for a codeblock is then
3M − 2 where M denotes a number of bit-planes sufficient
to represent the magnitude of all quantized coefficients in a
codeblock [32]. The actual number of coding passes included
in a compressed code stream can vary from codeblock to
codeblock and is typically selected to optimize mean squared
error over the entire image for a given target bit rate [32].
Rather than minimizing mean squared error, the method
proposed in [12] includes the minimum number of coding
passes necessary to achieve visually lossless encoding of a 2D
image. This is achieved by including a sufficient number of
coding passes for a given codeblock such that the absolute
error of every coefficient in that codeblock is less than
the VT for that codeblock. This is extended to the coding
of 3D images in what follows. Specifically, the coding of
the left image of a stereo pair is carried out using the
left VT for each codeblock of the left image as computed
via the process described in Section III. The right image
is then encoded using the right VT for each codeblock of
the right image. Asymmetries [33] are not considered in
this work. Thus, we compute right VTs in the identical
manner as left VTs, by simply reversing the roles of the
left and right images.
For simplicity, we do not consider visual masking, nor
other more sophisticated perceptual coding tools such as those
described in [12], [21], and [34]. Thus, the resulting compression ratios reported in subsequent results should be considered
as lower bounds to what might be possible. Indeed, in [12]
the VT for each codeblock is modified by a multiplicative
factor to account for visual masking. This masking factor is
computed based on the image data in the supporting region of
a codeblock, and is always greater than or equal to 1.0. The
resulting increased VTs yield an increase in the compression
ratio of approximately 10% over the unmodified VTs, while
still maintaining visually lossless quality.
From (3) and (4), the VT of a codeblock in the left image
depends not only on the variance of the wavelet coefficients
within the codeblock, but also on gray levels from the left and
right images representative of the spatial region corresponding
to the codeblock. In our initial experiments, the requisite gray
levels were computed as the average pixel intensity (in the
left and right images, respectively) over the supporting region
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Fig. 2. Pseudo-code of the proposed coding method for a codeblock from
the left image.

of the codeblock. Due to inadequate spatial granularity, this
approach results in clearly visible distortion. To illustrate
the lack of spatial granularity, consider a codeblock of size
32 × 32 in level k = 5. Such a codeblock has a spatial support
in the image domain of size 1024 × 1024. The average gray
level over such a large area provides little information about
the potential for crosstalk in disparate regions within this area.
In order to find a conservative VT for a codeblock of the
left image, the codeblock is partitioned into sub-codeblocks.
As in the example above, codeblocks are taken to be of
size 32 × 32. The dimensions of the sub-codeblocks are taken
as W ×W, where W = 32/2k . The supporting region of each
sub-codeblock in the image domain is then 32 × 32. For each
sub-codeblock, the average pixel intensity is then computed
over its supporting region for both the left and right images.
These values are taken as Iθ,k,l and Iθ,k,r for the subcodeblock. Similarly, the variance of the wavelet data is
2
for the subcomputed for the sub-codeblock and taken as σθ,k,l
codeblock. In the level k = 5 subbands, all sub-codeblocks are
of size 1 × 1, and thus have a variance of zero. Although rare,
a variance of zero can also occur in subbands with k < 5.
To avoid numerical problems, any zero valued variance is
replaced by the arbitrarily chosen value α = 10−4 . The values
2
of Iθ,k,l , Iθ,k,r , and σθ,k,l
are then used to compute tˆθ,k,l
for each sub-codeblock. Finally, the VT for a codeblock is
chosen as the minimum tˆθ,k,l over all sub-codeblocks in the
codeblock.
As described previously, the maximum absolute error over
all coefficients in a codeblock should be smaller than the VT of
the codeblock in order to obtain a visually lossless encoding.
In other words, let D (Z ) be the maximum absolute error that
would be incurred if only coding passes 0 through Z were
decoded. Starting with coding pass 0, encoding proceeds until
the first coding pass Z such that D ( Z ) is smaller than the
VT for the codeblock. Pseudo-code for the compression of
a codeblock from the left image is provided in Figure 2.
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V. R ESULTS
A. Visibility Thresholds

Figure 3 shows the measured values of tθ,3,l
 (50, I
(50, Iθ,3,l , Iθ,3,r ) and tθ,3,l
,
I
)
for
the
LL3,
θ,3,l θ,3,r
HL3, and HH3 subbands of the left image. VTs for LH
subbands are similar to those for HL subbands. Thus,
thresholds measured for the HL subbands are used for the

LH subbands in what follows. In Figure 3, left eye VTs tθ,3,l
are plotted in blue, while the red curves denote right eye

VTs tθ,3,l
(both due to distortion introduced only in the left
image). The VTs for LL3, HL3 and HH3 are represented
by circle, triangle and asterisk symbols, respectively. Each
subfigure provides graphs of VTs as a function of Iθ,3,r for
a fixed value of Iθ,3,l .
Consider for a moment only the blue curves, which correspond to the visibility of noise (in the left image) by the left
eye, but plotted as a function of the background gray level in
the right image Iθ,3,r . As might be expected, these curves are
relatively flat, indicating low sensitivity to Iθ,3,r . Keeping in
mind that larger thresholds correspond to lower noise visibility,
a comparison between different subplots also yields expected
results. That is, the sensitivity of the left eye to noise in the left
image is reduced for both low and high background intensities,
as discussed previously in connection with Figure 1 (b). To see
this, it is important to note the different scales of the vertical
axes in each of the subplots.
Consider now the red curves of Figure 3. These depict the
sensitivity of the right eye to noise introduced only in the left
image. In the absence of crosstalk, there would be no such
sensitivity and all corresponding VTs would be infinite. The
shape of the red curves indicate that the sensitivity to noise
due to crosstalk decreases for both low and high background
intensity levels in the right image. Careful examination of the
vertical axis scales in the different subfigures shows that the
visibility of noise in the right eye due to noise in the left image
also decreases for both low and high background intensity
levels in the left image. This indicates that noise visibility due
to crosstalk is a function of the intensity levels in both images,
as claimed earlier.

(blue) typically lie below
As expected, the values of tθ,3,l

those of tθ,3,l (red) indicating that distortion introduced in
the left image is generally more visible to the left eye. It is
important to note however that significant exceptions exist.
For some combinations of luminance values, the red curves
fall below the corresponding blue curves, indicating that noise
in the left image is more easily seen by the right eye. The
existence of this effect can be understood as an extension of
the fact that noise visibility is a function of background gray
level, as discussed previously for 2D images in conjunction
with Figure 1. In the measurement of thresholds as discussed
above, flat (constant gray level) left and right images are
created. Noise of a given variance is then added only in the left
image. Consistent with Figure 1, certain choices of background
gray level in the left image may render the noise invisible by
the left eye, while others may not. Consider selecting for the
background gray level of the left image one of the values that
conceals the noise from the left eye. Now, due to crosstalk,
a certain (reduced) amount of noise from the left image will
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 (50, I
Fig. 3. Visibility thresholds measured via subjective experiments. tθ,3,l
(50, Iθ,3,l , Iθ,3,r ) and tθ,3,l
θ,3,l , Iθ,3,r ) are represented by blue and red curves,
respectively. Circle symbols, triangle symbols, and asterisk symbols are used for LL3, HL3, and HH3, respectively. From (3), it can be seen that the
nominal thresholds are equal to the minimum between the red and blue curves for each set of parameter choices.

leak through to the right eye. It is reasonable to expect that
certain choices of background gray level in the right image
may result in no distortion perceived by the right eye, while
other choices may not. That is, there may exist choices for
the left and right gray levels which result in the noise being
imperceptible by the left eye, yet perceptible by the right
eye. This effect is particularly evident in the subfigure with

and
Iθ,3,l = 195. This justifies the need to consider both tθ,3,l



tθ,3,l and to choose tθ,3,l = min{tθ,3,l , tθ,3,l } to ensure that
noise introduced into the left image is imperceptible to both
the left and right eyes.
As mentioned previously, values of Tθ,3,l (Iθ,3,l , Iθ,3,r ) for
values of Iθ,3,l and Iθ,3,r not employed in the psychovisual
experiments are rendered using 4th order polynomial interpolation. Specifically,

TABLE I
PARAMETERS FOR 4th O RDER P OLYNOMIAL I NTERPOLATION OF Tθ,3,l

Tθ,3,l (Iθ,3,l , Iθ,3,r )
2
= p00 + Iθ,3,l p10 + Iθ,3,r p01 + Iθ,3,l
p20

+
+
+
+

2
3
Iθ,3,l Iθ,3,r p11 + Iθ,3,r
p02 + Iθ,3,l
p30
2
2
3
Iθ,3,l Iθ,3,r p21 + Iθ,3,l Iθ,3,r p12 + Iθ,3,r
p03
4
3
2
2
Iθ,3,l p40 + Iθ,3,l Iθ,3,r p31 + Iθ,3,l Iθ,3,r p22
3
4
Iθ,3,l Iθ,3,r
p13 + Iθ,3,r
p04 .

(5)

The interpolation parameters pi j are given in Table I, while
Figure 4 (a), (b), and (c) depict the interpolated surfaces
for Tθ,3,l (Iθ,3,l , Iθ,3,r ) with θ equal to LL, HL, and HH,
respectively. As can be seen in the figures, the VT surfaces
are somewhat “bowl shaped”. Consistent with previous
discussions, this indicates that noise visibility is decreased
when the gray levels of either image are low or high, and

clearly demonstrates that Tθ,3,l (Iθ,3,l , Iθ,3,r ) is a function of
both Iθ,3,l and Iθ,3,r . It is worth noting (see (3)) that the
interpolation is performed after taking the point-by-point
minimum between the appropriate red and blue curves
of Figure 3. Thus, the interpolation does not need to preserve
the sudden drops and peaks seen in the individual red and
blue curves of Figure 3.
2 , 128, 128) as a function of
Figure 5 shows tθ,k,l (σθ,k,l
2
σθ,k,l for the LL, HL, and HH subbands for level
k ∈ {1, 2, 3, 4, 5}. As discussed previously, these thresholds
are used in the numerator of the scaling factor in (4),
2
∈ {10, 50, 100, 200, 600, 1000}.
and are measured for σθ,k,l
2
Measured tθ,k,l (σθ,k,l , 128, 128) for levels 1, 2, 3, 4, and 5 are
represented by magenta asterisk, red triangle, green cross, cyan
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VTs as a function of Iθ,3,l and Iθ,3,r . (a) TL L ,3,l (I L L ,3,l , I L L ,3,r ), (b) TH L ,3,l (I H L ,3,l , I H L ,3,r ), and (c) TH H,3,l (I H H,3,l , I H H,3,r ).

2 , 128, 128). The measured t
2
Fig. 5. tθ,k,l (σθ,k,l
θ,k,l (σθ,k,l , 128, 128) for k = 1, 2, 3, 4, and 5 are represented by magenta asterisk symbols, red triangle symbols,
2 , 128, 128).
green cross symbols, cyan circle symbols, and black plus sign symbols, respectively. The blue curves in each figure denote interpolated tθ,k,l (σθ,k,l

TABLE II
2 ∈[0, 100])
PARAMETERS FOR P OWER S ERIES I NTERPOLATION (σθ,k,l

circle, and black plus sign symbols, respectively. The blue
curves depicted in Figure 5 are the interpolated versions of
2 , 128, 128), rendered using two term power series as
tθ,k,l (σθ,k,l

 2 b
 2
, 128, 128 = a σθ,k,l
+ c.
(6)
tθ,k,l σθ,k,l
In order to obtain high-quality fits, the range of the variance
2
σθ,k,l
is partitioned into two segments, from 0 to 100 and
from 100 to infinity, respectively. The constant parameters

a, b, and c for each segment are provided in Tables II and III.
Sufficient parameters are provided in the tables to accommodate wavelet transforms employing from 1 to 5 levels.
However, exactly 5 levels of transform are employed in
all visually lossless compression experiments that follow.
As can be seen in the figure, the curves rise steeply for
2
between 0 and 100, especially for small values of k.
σθ,k,l
2
is large, the curves are relatively
When the value of σθ,k,l
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TABLE III
2 ∈ [100, ∞])
PARAMETERS FOR P OWER S ERIES I NTERPOLATION (σθ,k,l

2 , 128, 128) for
constant. In general, the values of tθ,k,l (σθ,k,l
lower levels (higher frequency) are larger than those for higher
levels.
To conclude this sub-section, we discuss several practical
matters regarding the measurement of VTs. First, we note
that the measured value of VTs can vary somewhat from
observer to observer. The measured VTs may even vary
between the two eyes of a single observer. Thus, a very
conservative approach might be to employ many observers
to obtain a VT for each eye of each observer for each
fixed choice of parameter settings. For each such choice, the
“final measured VT” could then be taken as the minimum
over all measured VTs for that choice. However, we do not
follow such a labor intensive approach here. Indeed, Figures
3 and 5 represent measurements from only the right eye of
only one observer, yet represent many weeks of observation
effort.
Second, also due to labor intensity, we had to carefully consider which parameter choices to employ in the measurement
of VTs. The main motivation for this work is the surprising
fact that the right eye can sometimes perceive distortion in
the left image, even when that distortion is not visible by
the left eye. For this reason, we put more effort into the
 (50, I
measurement of the right eye thresholds tθ,3,l
θ,3,l , Iθ,3,r ).
From a limited set of experiments, it was determined that
the perceived distortion to the right eye is more dependent
on Iθ,3,r than Iθ,3,l . For this reason, nineteen values of Iθ,3,r
were employed, while only five values of Iθ,3,l were
utilized.
Although no theoretical justification has been provided to
support our use of the proposed separable model, and it is
not possible to directly evaluate the “goodness of fit” of
the proposed model for parameter values not used in the
experiments, it will be demonstrated in Subsection V.C that a
compressor based on this model indeed yields visually lossless
imagery. On the other hand, that does not imply that a more
sophisticated model might not yield visually lossless imagery
with smaller compressed file sizes than those presented here.
For example, a more sophisticated model might consider both
the variance of the wavelet data in left and right images.
Similarly, the value of the variance used in the measurement
of the nominal thresholds might be selected more carefully,
even on a subband by subband basis, rather than using the
fixed value of 50 as proposed herein.

B. Coding Results
Thirteen 8-bit monochrome stereo pairs are compressed
and results are reported in units of bits/pixel. The stereo

pairs used in this experiment are from the Middlebury stereo
datasets [35]–[38]. The left image of each stereo pair is shown
in Figure 6. Each left image is compressed as described
in Section IV. The identical process is carried out for the right
image, interchanging the roles of left and right. The encoder
is implemented in Kakadu V6.1 [39]. Performance is reported
in Table IV for three encoding methods: information lossless
JPEG2000, visually lossless JPEG2000 for 2D images [12],
and our proposed visually lossless JPEG2000 for stereoscopic
3D images. In every case, decompression can be performed
using as unmodified JPEG2000 decoder (kdu_expand).
As validated in the following section, the proposed coding
method achieves visually lossless performance for each image
when viewed as a stereoscopic 3D pair, (as well as for the
left and right images viewed separately in 2D). On the other
hand, as mentioned in the Introduction, when the visually
lossless coding method for 2D images from [12] is adopted to
compress the left and right images independently, compression
artifacts are clearly visible when a compressed stereo pair is
displayed in 3D mode. This is despite the fact that the left
and right images are indeed visually lossless when viewed
separately in 2D mode. This result holds for the VTs reported
in [12], as well as for VTs designed specifically for the
Samsung monitor used in this work. The results reported
in Table IV are for the latter VTs. Evidently, larger bitrates
are required to achieve visually lossless coding for 3D stereoscopic images than for 2D images for the display and viewing
conditions employed. This increased bit rate is due to crosstalk
as discussed previously.
Comparing the performance of the method from [12] for
2D images with the performance of our proposed method for
stereoscopic 3D images, the average bitrate produced by the
proposed method is higher, as expected. On the other hand,
the average bitrate of the proposed coding method is lower
than that for information lossless coding by roughly a factor
of 1.36, for a compression ratio of about 4 to 1 without any
loss in visual quality.
C. Validation
In [12] and [40], spatial 3AFC testing was performed to
validate that 2D images obtained after decompression were
visually lossless. As a part of that procedure, three copies
of a 2D image were displayed side-by-side on the screen.
Unfortunately, three full resolution stereo pairs do not fit
side-by-side on the screen. Visibility of artifacts, as well
as 3D perception of stereoscopic images can be adversely
impacted if the dimensions of the images are decreased by
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Fig. 6. The thirteen monochrome stereo images used in the experiments (only the left image of each stereo pair is shown). (1) Aloe, (2) Art, (3) Computer,
(4) Wood2, (5) Teddy, (6) Moebius, (7) Dwarves, (8) Drumsticks, (9) Bowling2, (10) Dolls, (11) Midd1, (12) Reindeer, and (13) Books.
TABLE IV
B ITRATES FOR ( A ) I NFORMATION L OSSLESS JPEG2000, ( B ) V ISUALLY L OSSLESS C ODING FOR 2D I MAGES [12], AND
( C ) T HE P ROPOSED V ISUALLY L OSSLESS M ETHOD FOR S TEREOSCOPIC 3D I MAGES

cropping or subsampling. Thus, such techniques should be
avoided during perceptual testing. For this reason, spatial
3AFC testing was found to be inappropriate for this work.
Sequential 3AFC testing has been used previously in subjective sound quality evaluations [41]. In this method, three audio
clips were presented sequentially to subjects. Two of the clips
were original and one of the clips had been compressed. The
subjects were forced to choose the clip that was different from
the other two.

In this work, we employed sequential 3AFC testing for
the validation of compressed monochrome stereo pairs.
Fifteen subjects with normal or corrected-to-normal vision
participated in the validation. Each subject viewed the full
sequence of thirteen stereo pairs a total of six times. The order
of the thirteen stereo pairs was randomized in each of the
six sequences. The total number of subjective trials was then
15 × 13 × 6 = 1170. In each such trial, one compressed
copy and two original copies of a stereo image were
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TABLE V
T HE R ESULTING S AMPLE P ROPORTION OF C ORRECT C HOICES FOR S TEREOSCOPIC 3D I MAGES

displayed in stereo mode, with the subjects wearing 3D shutter
glasses. These three copies were displayed sequentially in
random order. The subjects could move backward/forward
between the three copies of the image via the left/right keys
on the keyboard. The subjects were allowed to observe each
copy of the image as many times and for however long they
wanted. To avoid the phenomenon of persistence of vision,
a black screen was displayed for 0.5 seconds while switching
between copies. Despite the fact that our VTs were designed
at a typical viewing distance υ = 60 cm between subject and
display, the subjects were allowed to approach the screen as
closely as they wanted during the validation. According to
a number shown in the upper left corner of the screen, the
subjects were asked to use the keyboard to indicate which
copy was different from the other two. No guidance was
provided to the subjects regarding the types of differences that
they might encounter, e.g., image quality, depth, naturalness,
or discomfort. Additionally, no feedback was provided to the
subjects to indicate whether their choices were correct.
It is possible that the 3AFC test detailed above may bias
the observer by implying that one image is different. However,
it is worth noting that any resulting bias would be against the
hypothesis that the images are visually lossless, and thus would
not invalidate a finding that the images were indeed visually
lossless.
For a given compressed stereo pair, the resulting sample
proportion of correct choices obtained from the subjective
validations is computed as
p̂ = n C /n,

(7)

where n C is the number of correct choices out of the
n = 15 × 6 = 90 trials for that stereo pair. Under the
assumption that the images are visually lossless, the population
proportion of correct choices would be 1/3. A confidence
interval for the population percentage can be
calculated [42] via
 

(8)
p̂ ± Z ∗ × p̂ 1 − p̂ /n,
where the value of Z ∗ is tabulated in [42] according to the
desired confidence level. For a 95% confidence interval, the
value of Z ∗ is 1.96. The number of correct responses for
each image, together with the resulting values of p̂ and 95%
confidence intervals are provided in Table V. Figure 7 presents
the same information in graphical form. Specifically, the height
of the blue bars represent the values of p̂, while the green

Fig. 7. Validation results. The blue rectangular bars represent the individual
sample proportion of correct choices for each image individually. The green
vertical bars denote the 95% confidence interval for each image separately.
The assumed population proportion of 1/3 is represented by the red dotted
line.

error bars indicate the 95% confidence intervals. The value
of the hypothesized population fraction of correct responses
(i.e., 1/3) is shown by the red dots. As can be seen in the figure
and the table, the confidence intervals for individual images are
rather loose (approximately ±0.1). On the other hand, taken
in aggregate (over all 13 images), n C = 377 which results
in p̂ = 377/1170 = 0.322, and a 95% confidence interval
with lower and upper bounds of 0.349 and 0.295, respectively
(0.322 ± 0.027). Since the hypothesized population mean
of 1/3 is well within this 95% confidence interval, it is claimed
that the compressed monochrome stereo pairs are visually
lossless.
It should be emphasized that these results are for
the specific 3D stereoscopic display system and lighting
conditions described in Section III. On the other hand, results
for other display systems and/or lighting conditions may
be obtained via the proposed methodology. Although only
images from the Middlebury stereo datasets [35]–[38] were
employed in the formal validation studies, results are similar
for other stereo images. In particular, 3D images of natural
scenes were obtained by extracting the first frame from
video sequences in the RMIT3DV database [34], [43], [44].
Informal validation studies verify that visually lossless quality
is also obtained for these images. This is not surprising
since no actual images were employed in the design of VTs.
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Indeed, only pseudo-randomly generated stimulus images were
used in this regard. Thus, while the compressor depends on the
particular stereoscopic display system and viewing conditions
employed, it does not depend on any particular image source.
VI. C ONCLUSIONS
A methodology for visually lossless compression of
monochrome stereoscopic 3D images was provided. Since
the crosstalk effect is an inherent perceivable problem in
current 3D display technologies, the measurement of VTs
in this work considered not only the factors characterized
for 2D images in [12], but also the various combinations
of luminance values in both the left and right channels of
stereoscopic images. To ensure that neither eye can perceive
quantization errors when crosstalk occurs, the final VT for
the left image is taken as the minimum between the VTs
of the left eye and the right eye for distortion introduced in
only the left image. The same considerations apply to the
right image, simply reversing the roles of left and right.
It is prohibitive to measure VTs for all possible
combinations of coefficient variance and left/right image gray
levels. Thus, a separable model for VTs was proposed. The
VTs obtained via the proposed model were then employed
in the development of a visually lossless coding scheme for
monochrome stereoscopic images. Compressed codestreams
created via the proposed encoder can be decompressed using
any JPEG2000 compliant decoder.
The bitrate required for visually lossless compression
of 3D monochrome stereo pairs is larger than that required
for visually lossless 2D compression of the individual left
and right images. However, the resulting left and right images
obtained via the proposed method are visually lossless in both
2D and 3D mode, while the images compressed individually
are not visually lossless in 3D mode. Additionally, the
proposed method results in a significantly lower bit rate than
required for information lossless encoding, while still resulting
in visually lossless quality. Sequential 3AFC testing was
conducted to validate that compressed monochrome stereo
pairs obtained from the proposed system are visually lossless.
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