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ABSTRACT

Anaglyph is an inexpensive three-dimensional (3D) displaying technique. It has deficien-
cies like color distortions, retinal rivalry, ghosting effect, etc. In this paper, a new method
is proposed for anaglyph image generation. In contrast to most existing studies which
focus on solving part of the problems, the proposed method tries to minimize the color
distortions, retinal rivalry, and ghosting effect simultaneously. It works in the CIELAB color
space which is perceptually uniform. Rather than matching the L*a*b* values of the stereo
image pair and the perceived anaglyph image as in an existing method (McAllister et al.,
2010 [1]), the proposed algorithm is aimed at matching perceptual color appearance
attributes which can accurately define the color perception of the human visual system
(HVS). Rather than evaluating the performance based on typically 3-5 images as in most
prior studies, subjective tests have been conducted, involving 25 stereo image pairs and
20 subjects, to compare four anaglyph generation methods. The proposed method

demonstrates a very good performance for most of the images in the subjective test.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Among many three-dimensional (3D) displaying techni-
ques, e.g., glasses dependent or auto-stereoscopic [2], ana-
glyph is the least expensive way to make the 3D visual
experience achievable on ordinary monitors or even prints
[3], with no special hardware but only cheap colored glasses.
Despite of its many inherent deficiencies, its resurgence has
been seen recently thanks to the abundance of 3D content
which is more easily accessible nowadays than ever.

Like other 3D displaying techniques, anaglyph can pro-
vide a slightly different view to each of two eyes. From the
disparity between the two views and other visual cues [4],
the human visual system can generate the stereoscopic
representation of spatial relationships in the scene. An
anaglyph image is formed by superimposing two views
(i.e., left and right images of a stereo image pair) in different
colors. When perceived through colored glasses, the two
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images will be separated from the composite one to feed
each eye. The separation is based on color filtering as has
been elaborated in the literature [5,6]. Fig. 1 illustrates how
anaglyph works using the most popular and simplest ana-
glyph method, i.e., Color anaglyph. As shown in Fig. 1, a red-
cyan Color anaglyph image is generated by combining the
red channel {R’;}? of the left image and the blue & green
channels {G';,B’;} of the right image together, ie,
{R’|,G', B'+}. Wearing red-cyan colored glasses, the left eye
perceives {R’;} since the red lens blocks most of the green
and blue colors. And the right eye perceives {G'r, B’;} due to
the opposite color filtering property of the cyan lens.
Anaglyph images mainly suffer from three deficiencies,
i.e., color distortions, retinal rivalry, and ghosting effect.
Color distortions cause the colors perceived through the
glasses to be quite different from those of the original
scene. This can be observed from Fig. 1 by comparing the
original stereo pair with the simulated perception of the
two eyes. Retinal rivalry occurs when the same object
appears to have different colors in the two eyes. This

2 The ‘prime’ symbol denotes gamma-corrected signals.


www.elsevier.com/locate/image
www.elsevier.com/locate/image
http://dx.doi.org/10.1016/j.image.2013.03.004
http://dx.doi.org/10.1016/j.image.2013.03.004
http://dx.doi.org/10.1016/j.image.2013.03.004
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.image.2013.03.004&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.image.2013.03.004&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.image.2013.03.004&domain=pdf
mailto:snli@ee.cuhk.edu.hk
http://dx.doi.org/10.1016/j.image.2013.03.004

598 S. Li et al. / Signal Processing: Image Communication 28 (2013) 597-607

Blue and Green
channels of R

Right image (R)

A
o

Red channel of L

Leftimage (L)

Perceived R

Color glass filtering

=

Perceived L

Fig. 1. An illustration of anaglyph 3D displaying using Color anaglyph.

phenomenon can be observed from Fig. 1 by comparing
the simulated perception of the two eyes. Retinal rivalry is
distracting, and causes visual fatigue and other side effects
[1]. As the color gamuts of our eyes behind the colored
glasses do not overlap [1], retinal rivalry is inevitable.
However, by manipulating the lightness, retinal rivalry can
be significantly reduced. Shown as an example above,
Color anaglyph does not attempt to control the retinal
rivalry effect in its formation. It is evident from Fig. 1 that
fishes perceived by the left eye are much brighter than
those of the right eye. Under this circumstance the retinal
rivalry will be extremely severe. Ghosting is a common
problem for most 3D displaying techniques [7,8]. In
anaglyph, ghosting is caused by the imperfect filtering of
the light wavelengths, so that the unwanted image leaks
through the colored glasses mixing with the intended one.
It is often more obvious in regions where there is a striking
contrast and a large binocular disparity.

In this paper, a new algorithm is proposed for anaglyph
image generation, with explicit considerations for lessen-
ing color distortions, retinal rivalry, and ghosting effect.
The study is based on liquid crystal displays (LCDs) and
red-cyan colored glasses. But the principle can also be
applied to other types of displays, e.g., cathode ray tube
(CRTs), plasma display panels (PDPs), digital light projec-
tions (DLPs) etc., and other colored glasses, e.g., green-
magenta (Trioscopic 3D) [9], yellow-blue (ColorCode 3D)
[10], etc. The main reasons for investigating red-cyan
anaglyph are that (1) the technique is patent free and (2)
the performance can be compared with existing work in
the literature most of which also studied red-cyan ana-
glyph. Recently, alternatives to typical anaglyph colors
have been proposed. For example, in magenta-cyan ana-
glyph [11] two primary colors are used to present each
view. According to [11], in comparison to red-cyan ana-
glyph the additional blue color for the left view can help to
reduce the retinal rivalry effect and preserve the color
accuracy. White-white anaglyph (Infitec Dualcolor3D) [12]
was developed using narrow-band interference filters. The
new technique can deliver full colors to each eye similar to
polarization or shutter glasses based methods. But it
cannot be applied to standard display monitors. These
alternative methods are beyond the scope of our study.

This paper is structured as follows. In Section 2, brief
reviews are given on existing studies of anaglyph

generation algorithms. The motivation and novelty of the
proposed method are also explained. Section 3 introduces
a detailed implementation of the proposed method.
Section 4 shows our experimental results. Finally, conclu-
sion is given in Section 5.

2. Related work
2.1. Simple anaglyphs

In this paper, simple anaglyphs refer to those methods
which disregard properties of display and colored glasses.
Representatives include Color anaglyph, Half Color ana-
glyph, Optimized anaglyph, etc., as formulated in [13].
According to the performance comparison in [13] based on
five images of natural scenes, Color anaglyph seems to
demonstrate the least color distortions, but on the other
hand produces severe retinal rivalry, similar to our obser-
vation in Fig. 1. Half Color anaglyph and Optimized
anaglyph address the retinal rivalry problem at the
expense of color reproduction. For example, it has been
claimed in [13] that Optimized anaglyph is almost free of
luminance retinal rivalry, whereas produces no red shades.
Simple anaglyphs are easy to implement and may perform
well in many cases. However, they are empirical methods,
leaving us with no means to fine-tune their behaviors in
accordance with properties of the display and colored
glasses to achieve the superior performance.

2.2. XYZ and LAB anaglyphs

Dubois [5] proposed an anaglyph generation method,
named as XYZ anaglyph in this paper, which takes into
account the spectral distributions of display primaries and
transmission functions of the colored glasses. In general,
the principle of XYZ anaglyph is to minimize the color
distortions, i.e., differences between the perception of the
original stereo pair and that of the anaglyph image
through the colored glasses, in the CIE 1931 XYZ color
space. It can be formulated as

min||C x V—Ca x Va| M
A

where x denotes matrix multiplication. In (1), V=
[R,,Gi, B, Rr,Gr,B;]" represents a pixel of the stereo



S. Li et al. / Signal Processing: Image Communication 28 (2013) 597-607 599

pair,> V4 =[Ra, Ga,Ba]" is the corresponding pixel in the
anaglyph image, C is a 6 x 6 matrix converting V from the
device RGB color space into the CIE XYZ color space, and C,
is a 6 x 3 matrix whose multiplication with V, serves two
purposes, i.e., simulating the filtering of the colored glasses
and converting the passing lights into the CIE XYZ color
space. Element values of matrices C and C, are determined
by spectral distributions of display primaries, and addi-
tionally Cy4 is also dependent on transmission functions of
the glasses. Since the color space conversion from RGB to
CIE XYZ is linear and the distance between two XYZ colors
is measured by the L, norm (Euclidean distance), Eq. (1)
has a closed form solution, i.e., V4= (C} x C4)! x C} x V,
which means that XYZ anaglyph actually is as efficient as
the simple anaglyphs introduced above, if disregarding the
display gamma transfer. It should be noted that V, calcu-
lated in this way will fall out of the gamut of the device
RGB color space. Hence, a scaling of V, is required,
followed by a clipping to ensure that the final results lie
inside the unit RGB cube. A similar approach was proposed
in [14], which still calculates the color distortions in the
CIE XYZ space but replaces the I; norm in Eq. (1) with [,
norm (Chebychev distance). The resultant method requires
solving a linear program for each pixel of the anaglyph
image, thus is quite time-consuming. The authors
exploited color coherence and parallel processing to accel-
erate the execution.

Recently, McAllister et al. [1] proposed an anaglyph
method, namely LAB anaglyph, minimizing the color
distortions in the CIELAB color space. Compared to CIE
XYZ, the CIELAB color space exhibits several major advan-
tages: (a) it is regarded as a uniform color space, i.e., the
Euclidean distance in the CIELAB color space correlates
well with the perceptual color distance; (b) it incorporates
chromatic adaptation transform and non-linear response
compression [15] to more accurately simulate the percep-
tion of the human visual system (HVS); (c) it provides
means for transforming tri-stimulus values to several color
appearance attributes, i.e., lightness, saturation, hue, etc. In
the LAB anaglyph [1], Vand V, in (1) are converted into the
CIELAB color space. This color space conversion is non-
linear, hence as in [14] the resultant formula needs to be
optimized iteratively.

2.3. Ghosting reduction methods

Woods et al. [6] discussed in detail the source of the
anaglyph ghosting. In [16], three methods were proposed
to reduce ghosting, i.e., stereo pair registration, color
component blurring, and depth manipulation. In [17], the
authors proposed to inhibit ghosting by controlling the
amount of saturation. In [18], ghosting reduction was
implemented in a sequential process, i.e., analyzing differ-
ences between the left and right images, detecting the
ghosting area, and eventually adjusting the intensities of
the ghosting area. Tran [19] proposed ghosting reduction
methods which relied on explicit knowledge of properties

3 The RGB values have gone through the display gamma, and have
been normalized to 1.

of the display device and the colored glasses. They can
serve as post-processing components for existing anaglyph
algorithms. Recently, Sanftmann et al. [20] defined a
model to quantify the perceived luminance through the
colored glasses. Five parameters of the model can be
captured by simple subjective tests. Illustration was given
on how to use the model together with several simple
anaglyph methods to reduce the ghosting artifacts.

2.4. Motivation and novelty

The proposed method is mainly inspired by XYZ and
LAB anaglyph methods. As aforementioned, XYZ and LAB
anaglyph methods try to minimize the Euclidean distance
between original and perceived colors in the CIE XYZ and
CIELAB color spaces, respectively. Similarly, the proposed
method also aims at minimizing the perceptual differences
between the original and perceived colors. But instead of
using the XYZ or L*a*b* values, our method is based on
matching the semantically meaningful color appearance
attributes, i.e., lightness, saturation, and hue. According to
[15], color appearance attributes are deemed to be the
color representations in the late stage of HVS. They can be
used to accurately define the HVS color perception. There-
fore, anaglyph methods based on color appearance attri-
butes have the potential to lead to superior performance.

As the LAB anaglyph, the proposed method also works
in the CIELAB color space. Their differences include:

1. LAB anaglyph targets minimizing the L*a*b differences,
while our method tries to match the perceptual color
appearance attributes.

2. LAB anaglyph method formulates the problem as an
optimization process. Our method can manipulate the
lightness, saturation, and hue in a more controllable
manner. For example, since the lightness significantly
influences the retinal rivalry, we intentionally match
the lightness of the left and right views to alleviate the
retinal rivalry effect.

3. LAB anaglyph method needs iterative optimization. On
the other hand, our method has a closed form solution,
hence, is less computationally intensive.

In addition, the proposed method explicitly takes ghosting
reduction into account. As to be elaborated in Section 3,
we employ a subtractive ghosting reduction method. It is
time-efficient and according to experimental results, it
does reduce the ghosting artifacts to certain extent.

3. The proposed method

The systematic framework of the proposed algorithm is
shown in Fig. 2. In general, we convert the stereo pair from
the device RGB color space to the CIELAB color space, and
then calculate three perceptual color appearance attri-
butes for each pixel position, including its lightness,
saturation, and hue. We try to match these color appear-
ance attributes to those of the perceived anaglyph, and
finally convert them back into RGB. Detailed information
on each processing module will be given below.
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Fig. 2. Systematic framework of the proposed algorithm.
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3.1. Gamma transfer r r I 1
Y| = Cs x Gr N Y, | = Cs x G 3)
When visual signals are captured, gamma correction, i.e., Z; B, Z B,

a non-linear transformation of the captured RGB values, is
typically performed in order to compensate the non-
linearity* of the traditional CRT displays to achieve the
correct color reproduction. Although modern displays show
less or even no non-linearity, the same gamma correction for
CRTs is still performed during the signal capture, because the
other major and even more important purpose of the gamma
correction is to minimize the perceptual distortions [21]
introduced by signal compression or during signal commu-
nication. Therefore, the modern displays, such as LCDs, PDPs,
DLPs, must simulate the gamma transfer function of CRT
displays for the correct color reproduction. Therefore, in the
proposed method we implement a gamma transfer function
for CRTs. The 8-bit device RGB values {R’, G’, B’} of the stereo
pair are normalized by multiplying 1/255, and then trans-
formed to {R, G, B}, as shown in Fig. 2, using the sRGB gamma
transfer function. The inverse gamma transfer (i.e.,, gamma
correction) is performed after the derivation of RGB values of
anaglyph images, and ultimately the gamma-corrected
values will be scaled by multiplying 255. For the formulation
of the forward and inverse sRGB gamma transfer functions,
please refer to [21,22].

3.2. Converting RGB to CIELAB

After simulating the gamma transfer, RGB values of the
stereo pair are converted into L*a*b* values of the CIELAB
color space. The conversion can be separated into two
steps. The first step is to project the RGB values
{R;, G, B, Ry, Gy, B} of the stereo pair5 into the CIE XYZ
color space

0.4243 0.3105 0.1657
0.2492 0.6419 0.1089 2)
0.0265 0.1225 0.8614

C=

4 The non-linearity refers to the relationship between the device RGB
values and the physical luminance of the display.

5 Subscripts ‘I and ‘r’ indicate variables related to the respective left
and right images of the stereo pair.

The conversion matrix C; is for typical LCD displays. In the
second step, {X;,Y.,Z,,X:,Yr,Z;} are converted into L*a*b*
values, i.e., {L;,a;, b, L, ar, b;}, using equations below:

L,-=116-f<g—vi/>—16
om0 ) )
om0 (1) ()

t1/3 if t > 0.008856
fo= ) (5)
7.787 x t +0.1379 otherwise
where i€{l,r}, and {Xw,Yw,Zyw} are XYZ values of the
white point, i.e., [Xw, Yw,Zw]" = Cs x [1,1,1].

3.3. Matching color appearance attributes in CIELAB color
space

Given L*a*b* values of the stereo pair, our objective is
to get {Lai, Gai ba Lar Qar, bas} Of the perceived anaglyph®
which generate similar lightness, saturation and hue as
those calculated from {L,,a;,b;,L;,a;,b:}. In our method,
one (red) channel is used to present the left image and the
other two channels (green and blue) are used to present
the right one. Therefore, L*a*b™ values of the perceived
anaglyph must be intentionally chosen, so that, when
converted back into RGB, the three-dimensional vector
{Lai, aa, ba} can be represented by a single red value {Ry},
and (La;, aar, bar} can be represented by {Gar, Bar}.

3.3.1. Right image processing

Firstly, we calculate the lightness, hue, and saturation
of the right image of the stereo pair. According to the
definition of the CIELAB color space, L* value, i.e., L, can be
used to represent the lightness. Hue (H,) and saturation (S;)

6 Subscripts ‘A’ and ‘Ar’ indicate variables related to the left and right
views of the anaglyph image, respectively.
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Fig. 3. (a) 256 x 256 colors {R4; =0,G4r =0,1,...,255,B4 =0, 1, ...,255} in the CIELAB color space. (b) The approximation surface modeled by Eq. (9) and
indicated by the red dashed lines. (c) Top views of the original and the approximation surface.

of the right image are represented by

H, = 180 {tan’l (Zr> +7- u(—a,)} (6)

T r

S, =1/a2 + b? 7

where u(-) is the unit step function. {La,, aar, bar} represents
the right view of the perceived anaglyph image in the
CIELAB color space. A good choice of {La,aar, bar} should
satisfy two conditions: (1) they generate lightness, hue,
and saturation values as close to L, H; and S, as possible;
(2) in the RGB color space, they can be represented by
{Rar, Gar, Bar} With Ry = 0. For illustration, all {La;, aar, bar}
that conform to the second condition are plotted in Fig. 3(a).
They are obtained by converting the 256 x 256 RGB values
{Rar =0,G4r=0,1,...,255,B4=0,1,...,255} into the CIE-
LAB color space. The conversion follows the two steps
described in Section 3.2. In this case, the conversion (RGB
to CIE XYZ) matrix Cg, is

0.0153 0.1092 0.1171
Cas, = | 0.0176 0.3088 0.0777 8
0.0201 0.1016 0.6546

which is determined by spectral distributions of display
primaries and also the transmission function of the right
(cyan) lens. [Xwr, Ywr, Zwe]T = Ca, x [1,1,1]7 is taken as XYZ
values of the white point.

To satisfy the second condition, we need to ensure that
{Lar, Qar, bar} lie in the surface shown in Fig. 3(a). However,
it will be very complex to precisely meet this requirement.
Therefore, we approximate the original surface shown in
Fig. 3(a) by a simple surface empirically modeled as

bAr =k- Aar
(apr—0ac)?—(bar—bc)? = a2 + b otherwise

if ar >0

©)

and Ls€[0,100]. The parameters are set as k=-0.7273,
a.=125, b.=172. The dashed lines in Fig. 3(b) represent
the approximation surface. An animation version of Fig. 3
(b) can be found in the project website [23], from which it
can be observed that the original surface shown in Fig. 3(a)
is nearly perpendicular to a*-b* plane. Fig. 3(c) shows the
top view. All {La,aar, bar} derived below will lie in this
approximation surface. When they are converted back into

(aar,bar)

Fig. 4. The red line resembles the top view of the approximation surface
as shown in Fig. 3(c). Examples 1-4 illustrate how Egs. (10) and (11)
project {ar, by} to {as-, ba} in the CIELAB color space. Constant T is from
Eq. (11).

RGB, the resultant small red values (R,,) introduced by the
approximation will be clipped to zero.

aar and by, specify the hue and saturation. Their values
are determined by

{ (ar—0c)*—(bar—bc)® = a2 + b2 & an<0 if H->Hrep  and Hy<Hevan

bar =k - ap&as >0 otherwise
(10
S - @ if |H—Hgep|<T
/a2 2 _ —
aAr + bAT - Sr . Hir ?CYAN lf ‘Hr—HCVAN‘ST (1 1)
Sr otherwise

where Hggp = 41.6°, Heyan = 221.6°, T=15. Fig. 4 illustrates
how the projection from {a,, b;} to {ax, ba;} is performed
according to Eqgs. (10) and (11):

® (Colors in the light green area are projected to the left
part of the approximated surface (examples 1 and 3).

® Colors in the light blue area are projected to the right
part of the approximated surface (examples 2 and 4).

® For colors in the flat area (without slashes), projections
will generate the same saturation value as those of the
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right image of the stereo pair, i.e., \/aﬁr—i—bir:Sr
(examples 1 and 2).
® For colors in the textured area (with slashes),

\/@2, + by, will be smaller than S, (examples 3 and 4).

In examples 3 and 4, the two colors appear similar in the
right image of the stereo pair. If keeping their saturations
during the projection, the resultant colors will be widely
apart, introducing visual artifacts to the anaglyph image.
By de-saturation as in Eq. (11), the projected colors will be
located more closely.

La- represents the lightness, and its value is determined
by

T-|H,—H .
L L- (1_P5r . W) if |Hr_HRED| <T (]2)
Ar =

Ly otherwise

Prnax if S, > Shigh
Ps, = { Pmax 'M if SrSShigh and  Sr2Siow (13)

" Shigh—Stow
0 if S < 5IOW

where Pmax = 0.4, Sioyy =40, Shigh =50, Hgep and T are the
same as in Egs. (10) and (11). It can be observed from
Eq. (12) that for most colors the lightness remains
unchanged after the projection, i.e., L4, = L;. Special treat-
ment is given to red-like colors, i.e.,, a maximum of 40%
lightness reduction (Ls; = 0.6L;). This empirical operation
intends to improve the chrominance accuracy of red-like
colors (at the expense of increasing retinal rivalry and less
lightness accuracy), which can help to improve the overall
visual quality according to our viewing experiences. An
example is given in Fig. 5 which illustrates the improve-
ment on chrominance accuracy. As shown in (12) and (13),
the amount of lightness reduction is dependent on the hue
and saturation values, i.e., H, and S,, respectively. The
maximum reduction is reached when H, equals Hggp and

a

eigigins

Fig. 5. A red strawberry: (a) before the lightness reduction of the right view, (b) after the lightness reduction.

the saturation value is high (Sr > Sp;g). As given by Eq. (13),
for low saturated colors (S, < Sy ), lightness reduction is not
performed (i.e, Ps, =0). The purpose of this is to avoid
abrupt lightness changes for low saturated colors. For the
same reason, Ps, slowly evolves from O to Ppq When the
saturation value S, lies between Sy, and Spign.

3.3.2. Left image processing

To minimize retinal rivalry, left and right eyes should
perceive identical lightness. Assuming that the stereo
image pair is taken under well controlled conditions
(e.g., same shutter speed, aperture, etc.), matching points
in left and right views will have the same color. Therefore,
to match the perceived lightness we simply make

Ly=L (14)

where L, represents the lightness of the left image of the
stereo pair. In the final anaglyph, only the red channel is
used to present the left view. We use it to reproduce the
lightness La. Hence, there is no need to calculate ay and
ba anymore.

It should be noted that because lightness reduction is
applied to red-like colors in the right image, as given by
Egs. (12) and (13), lightness matching for these colors
cannot be achieved. Although this lightness reduction will
cause more retinal rivalry and less lightness accuracy, it
helps to improve chrominance accuracy of red-like colors,
which we find empirically is useful for enhancing the
overall visual quality of perceived images.

3.4. Converting CIELAB to RGB
For the right image, firstly {Ls, aar, bar} are converted to

{XAr, YAra ZAr} USing

Ly +16  a
Xar =Xwe -f 1(Arus +586)
LAr+16)

YAr:YWr 'fq( 116

&
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_ —1(Lar +16 by

Zae=Zwr - ( - —200) (15)
o = t3 if t>0.2069 16

Ol 0.1284 x (t—-0.1379) otherwise (16
Then {Xar, Yar,Zar} are converted to RGB values by

RAr XAr

Gar | = C;rl x | Yar an

BAr ZAr

As discussed in Section 3.3, the small R4, will be clipped to
zero, leaving the right view represented by {Gg,, B4} only.
For the left image, firstly Ly, is converted to Ya;:

_1(La+ 16
YAl:YWl'f1<AI~116 )

(18)

where Yy, is from the XYZ values of the white point, i.e.,
Xwi, Ywi, Zwil = Ca; x [1,1,1]7, and the conversion matrix
for the left lens is

0.1840 0.0179 0.0048
Cq = |0.0876 0.0118 0.0018 (19)
0.0005 0.0012 0.0159

Given Yy, R can be calculated by

_ max(Yy—0.0118Gx—0.0018B,;, 0)
- 0.0876

where 0.0118G,4- and 0.0018B4, quantify the luminance
leakage for the left eye, which are subtracted from the
intended luminance Y. This is a subtractive ghosting
reduction method. If the matrix C4 is accurate, it can
guarantee a perfect ghosting inhibition in regions where
Y, is larger than the luminance leakage. As discussed in
[19,20], for complete ghosting elimination it is required to
suppress the image dynamic range, which will degrade
visual quality intuitively.

It can be observed from Eq. (8) that compared to that of
the left eye, the luminance leakage of the right eye will be
far less severe. In [20], it is also claimed that for red-cyan
glasses the right eye suffers less from the luminance
leakage (about 1/7 of that of the left eye). Therefore, in
the proposed algorithm ghosting reduction is implemen-
ted for the left image only.

Eventually, right and left RGB values are combined
together as {Ra, Gar, Bar}. Each element is clipped in the
range 0-1. They are gamma corrected, and finally scaled by
multiplying 255.

Rai (20)

3.5. Parameterization

For color space conversion and ghosting reduction,
values of the matrices Cs, Ca, and Cu, are cited from [1].
These parameters are fixed and should be suitable for
typical LCD displays and red-cyan glasses. If they are
refined by true properties of the display and glasses, or
by simple subjective tests as in [20], the performance will
be further optimized. The other parameters are set manu-
ally. Values of k, a., b. are chosen so that top views of the
original and approximated surfaces as introduced in
Section 3.3 overlap closely. Siw, Shigh» Pmax, and T are

determined empirically, based on a few stereo pairs which
are excluded from the following subjective performance
evaluation.

4. Performance evaluation

We conduct subjective tests to evaluate performances
of four anaglyph algorithms, i.e., Color anaglyph, XYZ
anaglyph [5], LAB anaglyph [1], and the proposed ana-
glyph. To the best of our knowledge, this is the first
subjective test described in the literature to evaluate the
visual quality of anaglyph images. Experimental data can
be downloaded from the project website [23].

4.1. Overall performance

We download 25 stereo image pairs from the Internet
[24,25], which cover a wide range of colors and scene
types. They are down-scaled to standard-definition
(around 800 x 600) while keeping their aspect ratios.
Right images of these stereo pairs are shown in Fig. 6.
For each stereo pair, four anaglyph images, i.e., Color
anaglyph, XYZ anaglyph, LAB anaglyph, and the proposed
one, are presented simultaneously as illustrated by Fig. 7.
This side-by-side arrangement is to speed up the compar-
ison process in order to lessen the fatigue of subjects. We
implemented Color and XYZ anaglyph generation algo-
rithms. Implementation of the XYZ anaglyph generation
algorithm strictly follows instructions from [22]. The code
of LAB anaglyph was provided by its author.

Evaluation is performed in a room with fluorescent
lights. The display monitor is a 24” 1920 x 1200 Dell LCD
display (2407WFPB), and the viewing distance is about 3
times the screen height. The red-cyan glasses are the
NVIDIA 3D Vision Discover. Totally 20 subjects (non-
experts) attended the tests. They have normal vision (with
or without corrective glasses) and have passed the color
blindness test. For each stereo pair, each subject is asked to
assess the visual quality of four anaglyph images which are
displayed simultaneously. The assessment is reported on a
five-point scale: 5 - Excellent, 4 - Good, 3 - Fair, 2 - Poor,
and 1 - Bad. To lessen fatigue, subjects tell their opinions
to another person who is responsible for recording the
scores. There is no limitation on the viewing duration, and
subjects are encouraged to express their feelings about
what factors they attribute the quality to. The order of the
25 images and positions of the four anaglyph methods are
randomized for each subject. Each test lasts around
30 min. At the beginning, three anaglyph images are
arranged as a training process to familiarize the subjects
with the anaglyph 3D viewing and test the possible stereo
blindness of the subjects.

We use the proposed method as a reference. Subjective
ratings of the proposed method are subtracted from those
of the corresponding Color, XYZ, and LAB anaglyphs.
Difference values are processed using the method
described in the BT.500 standard [26] to derive the
difference mean opinion scores (DMOS) and 95% confi-
dence interval for each anaglyph image. The g, test
suggested in [26] is used to identify the subjects whose
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Fig. 6. Right images of the 25 stereo pairs used in the subjective tests.

Anaglyph Anaglyph
image 1 image 2
Anaglyph Anaglyph
image 3 image 4

Fig. 7. Four anaglyph images are displayed simultaneously in the original
resolution.

quality judgments deviate from the distribution of the
normal scores significantly. Two subjects are rejected.

Fig. 8 shows final results of 75 anaglyph images. Red,
green, and blue circles indicate DMOS of Color, XYZ, and
LAB anaglyphs, respectively. The vertical line passing
through each circle represents the 95% confidence interval.
Larger mean score denotes better visual quality. With the
circle below the dashed zero line, it means that the
proposed method demonstrates better visual quality. In
general, it can be observed from Fig. 8 that the proposed
method achieves very good performance. Most circles are
below the dashed zero line.

Table 1 gives a brief summary of the performance
comparison. For each method, the 1st row shows the
DMOS on the 25 images (higher value indicates better
performance), and the 2nd/3rd/4th row lists the number of
rank in top 1/2/3 (i.e.,, a count for how many times the
method is ranked first/second/third). Notice that there are

ties for the best performer, so the sum of values in the 2nd
row does not add up to 25. Similarly, for the 3rd or 4th
row, the sum of values does not add up to 50 or 75 either.
In general, it can be seen from Table 1 that the proposed
method performs relatively well on this data set.

However, it is also evident that performances are
content-dependent. No method consistently outperforms
another on all images, and the 95% confidence intervals in
many cases are large, as shown in Fig. 8. According to
comments from subjects collected during tests, there is a
variation between individuals about which factor is con-
sidered more important for good visual quality, e.g., less
retinal rivalry, or better chrominance accuracy, etc. The
large 95% confidence intervals shown in Fig. 8 can be
attributed to this variation.

4.2. Chrominance accuracy, retinal rivalry
and ghosting effect

Five images are selected in another experiment to
evaluate the image quality regarding specific visual factors,
e.g., chrominance accuracy,’ retinal rivalry, and ghosting
effect. To analyze the reason why one method has parti-
cularly good performance on a certain image, we select
images based on subjective quality evaluation results
shown in Fig. 8. Four images, i.e., women, garden, straw-
berry and gate, are chosen, because they are associated
with best performances of the four anaglyph methods, i.e.,
Color, XYZ, LAB, and the proposed one, respectively. One
additional image, i.e., penguin, is selected because it is
commonly used for comparing anaglyph methods [25].

7 Color accuracy include both lightness and chrominance accuracy. In
this experiment, only chrominance accuracy is tested, since we found in
the previous experiment that our method may not be good at chromi-
nance reproduction.
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Fig. 8. Performance comparison on 25 images among four anaglyph methods using the proposed one as a reference. The dashed zero line: proposed
method; red: Color anaglyph; green: XYZ anaglyph; blue: LAB anaglyph. Each circle corresponds to an anaglyph image. The vertical line passing through
each circle represents the 95% confidence interval. Larger mean score indicates better visual quality. The proposed method produces better quality if the

circle is below the dashed zero line.

Table 1

A brief summary of the performance comparison among four anaglyph
generation methods, i.e., Color, XYZ, LAB, and the proposed method, on
25 images.

Fig. 9 shows experimental results. From top to bottom,
subfigures demonstrate evaluation results for chromi-
nance accuracy, retinal rivalry, ghosting effect, and overall
visual quality. The horizontal axis indicates different

Methods Color  XYZ LAB Proposed images, and vertical axis indicates DMOS - higher DMOS,
: better chrominance accuracy (less retinal rivalry, less
Mean score on 25 images  -0.260 -0176 -0173 0 ghosting effect, or better overall quality). Red, green, and
No. of rank in top 1 4 9 8 8 blue b tivel iated with Color. XYZ d
No. of rank in top 2 7 14 13 19 ue bars are respectively associated with Color, , an
No. of rank in top 3 15 18 22 22 LAB anaglyph methods. Positive DMOS means the corre-

The main differences between this experiment and the
previous one described in Section 4.1 include:

(1) Subjects need to give four quality scores for each
anaglyph image, evaluating its chrominance accuracy,
retinal rivalry, ghosting, and overall quality. Therefore,
in the training stage, to each subject we explain the
concepts of these visual phenomena by using image
examples. These image examples do not include the
five images used in the testing stage.

(2) The original image is shown to each subject, so that
the subject can memorize its color and evaluate the
chrominance accuracy of the anaglyph images. Speci-
fically, for each of the five images in the test, the left
view of the stereo image pair is shown in 2D to the
subject. He/She can take as much time as he/she needs
to memorize the colors. Then, he/she is asked to put on
the 3D glasses and evaluate four anaglyph images
which are arranged in the way shown in Fig. 7. To
prevent memory fading, the chrominance accuracy is
evaluated first, followed by retinal rivalry, ghosting,
and overall quality.

The other experimental procedures are similar with
those described in Section 4.1. For each subject, the whole
session needs around 20-30 min to complete. 18 subjects
in total participate in the experiment. The assessment is
also reported on a five-point scale. As in Section 4.1,
subjective ratings of our anaglyph images are subtracted
from those of the other anaglyph methods. The difference
values are processed using the method described in the
BT.500 standard [26] to derive the difference mean opi-
nion score (DMOS). The g, test [26] is used to identify
outlier subjects. In this experiment, no subject is rejected.

sponding method performs better than the proposed one,
while negative DMOS means that it is outperformed by the
proposed one.

It can be observed from Fig. 9 that regarding chromi-
nance accuracy, Color anaglyph outperforms the proposed
method on all five images. It is the best performer for
penguin, gate, women, and garden, and second best for
strawberry. LAB anaglyph is also relatively good at chro-
minance reproduction, shown by penguin (a very colorful
image) and especially strawberry. The XYZ anaglyph per-
forms relatively worse than others in terms of the chro-
minance accuracy, but better at presenting greenish colors,
as shown in the test image garden.

Regarding the retinal rivalry effect, we can see that in
general XYZ and our method outperform Color and LAB
anaglyph methods obviously except for the test image
women in which all methods generate little retinal rivalry.
When comparing Color with LAB anaglyph, it can be seen
that in many cases (4 out of 5) LAB anaglyph is better at
reducing retinal rivalry.

Regarding the ghosting effect, there is less variation
between different methods compared to that of chromi-
nance accuracy and retinal rivalry. Generally, the proposed
method seems to perform the best, closely followed by
XYZ, LAB and lastly Color anaglyph.

Comparing Figs. 8 and 9, we can see that overall quality
scores in these two figures exhibit similar trends. In
particular, the top performing method remains the same
for each of the five tested images. On the other hand,
differences between these two sets of results are due to
the variation of opinions between different subjects as
analyzed in Section 4.1, and also from the fact that this
experiment uses the original image as a reference, while
the previous one does not. The use of reference images
does have influence on the overall quality judgement. As
exemplified in a very colourful image penguin, since
subjects can refer to the original colors, the large overall
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Fig. 9. From top to bottom, subfigures demonstrate evaluation results for
chrominance accuracy, retinal rivalry, ghosting effect, and overall visual
quality. The horizontal axis indicates different images, while the vertical
axis indicates DMOS. Higher DMOS, better chrominance accuracy/less
retinal rivalry/less ghosting effect/better overall quality. The red, green
and blue bars are associated with Color, XYZ, and LAB anaglyph methods,
respectively.

quality differences shown in Fig. 8 now diminish in Fig. 9.
The advantages of less retinal rivalry of XYZ and the
proposed method are weakened by their disadvantages
in chrominance reproduction. However, retinal rivalry
indeed plays a very important role in the overall quality,
despite the presence of reference colors. We simply
calculate the linear correlation coefficient (LCC) between
different groups of quality scores. The LCC between overall
quality scores and chrominance accuracy scores is 0.319,
while the LCC between overall quality scores and retinal
rivalry scores is 0.511, which means that retinal rivalry may
be more closely related to the overall quality of perceived
anaglyph images. However, this does not mean chromi-
nance accuracy is not important. It can be observed from
Fig. 9 that when retinal rivalry is subtle, chrominance will
dominate the overall quality judgment, as exemplified by
women and strawberry.

It should be noted that limited by the experiment
duration, the above analysis is only based on five images
which may be inadequate. Future works need to be done
for a more detailed statistical analysis.

4.3. Complexity

Among the four anaglyph generation algorithms, Color
anaglyph is the simplest one. If disregarding the gamma
transfer, XYZ anaglyph is as time-efficient as Color ana-
glyph. LAB anaglyph has the greatest complexity, since it
involves a non-linear transform in the minimization pro-
cess, as discussed in Section 2, which needs to be solved
iteratively. Compared to LAB anaglyph, the proposed
method is much simpler. Without specific optimization,
the Matlab code of the proposed method needs about 2 s
to process an 800 x 600 sized image.

5. Conclusion

In this paper, a new algorithm is proposed for anaglyph
image generation. Distinguished from the existing techni-
ques which aim at matching the perceived anaglyph image
to the stereo pair in terms of RGB, XYZ or L*a*b* values,
the proposed method tries to match the three perceptual
color appearance attributes, i.e., lightness, hue, and satura-
tion, since they can more precisely define the HVS color
perception. Subjective tests are conducted to evaluate
performances of the various anaglyph generation meth-
ods. It turns out that the proposed algorithm performs
quite well. The subjective test also reveals that the perfor-
mance is content-dependent. Besides, it shows that there
is a large variation between individuals about which factor
is considered more important in the evaluation of visual
quality of anaglyph images. A further point to note is that
incorporating color enhancement into the proposed ana-
glyph generation method is extremely easy by tuning the
lightness and saturation values.
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