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Fig. 1. A schematic of how Hidden Stereo cancels stereo ghosts for viewers without stereo glasses. Hidden Stereo generates a stereo pair by adding disparity-
inducer patterns to a 2D image. The disparity-inducer patterns are identical except for the contrast polarity. Physical fusion of the stereo pair cancels out the
disparity-inducer components, which makes only the original 2D image visible to viewers without stereo glasses. (The input image is taken from "Big Buck

Bunny" ©by Blender Foundation, www.bigbuckbunny.org)

When a conventional stereoscopic display is viewed without stereo glasses,
image blurs, or ‘ghosts’, are visible due to the fusion of stereo image pairs.
This artifact severely degrades 2D image quality, making it difficult to si-
multaneously present clear 2D and 3D contents. To overcome this limitation
(backward incompatibility), here we propose a novel method to synthesize
ghost-free stereoscopic images. Our method gives binocular disparity to a
2D image, and drives human binocular disparity detectors, by the addition
of a quadrature-phase pattern that induces spatial subband phase shifts.
The disparity-inducer patterns added to the left and right images are iden-
tical except for the contrast polarity. Physical fusion of the two images can-
cels out the disparity-inducer components and makes only the original 2D
pattern visible to viewers without glasses. Unlike previous solutions, our
method perfectly excludes stereo ghosts without using special hardware. A
simple algorithm can transform 3D contents from the conventional stereo
format into ours. Furthermore, our method can alter the depth impression
of a real object without its being noticed by naked-eye viewers by means
of light projection of the disparity-inducer components onto the object’s
surface. Psychophysical evaluations have confirmed the practical utility of
our method.
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1 INTRODUCTION

In standard 3D stereoscopic displays, an image for the left eye is
superimposed on that for the right eye. For the viewers wearing
shutter or polarized stereo glasses, the left and right images are sep-
arately presented to the corresponding eyes, and viewers with good
stereopsis can enjoy the 3D contents with natural vergence angles.
For viewers who unfortunately watch the display without stereo
glasses, however, the superposition of the left and right images pro-
duces uncomfortable image blurs and bleedings, which are called
’ghosts’ in this paper. Stereoscopic ghosts, caused by the binocular
disparity between the stereo image pair, seriously limit the util-
ity of the standard 3D display. In particular, ghosts make the dis-
play unsuitable in situations where the same screen is viewed by a
heterogeneous group of people, including those who are not sup-
plied with stereo glasses or who have poor stereopsis. To overcome
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this limitation, which is referred to as the backward-compatibility
problem [Didyk et al. 2011], several attempts have been made to
make displays that simultaneously present proper 3D contents to
viewers with glasses and ghost-free 2D contents to viewers with-
out them [Didyk et al. 2011, 2012; Fujimura et al. 2012; Lang et al.
2010; Scher et al. 2013]. The previous solutions, however, have con-
siderable shortcomings with regard to image quality and/or com-
patibility with standard hardware (see Related work).

Here we propose a novel method to synthesize completely ghost-
free stereoscopic images. Our technique, named Hidden Stereo, gives
binocular disparity to a 2D image by the addition of a quadrature-
phase pattern that induces spatial subband phase shifts (see Fig-
ure 1). The patterns added to the left and right images, which we
call disparity inducers, are identical except that they are opposite
in contrast polarity. Physical fusion of the two images cancels out
the disparity-inducer components and brings the image back to the
original 2D pattern. This is how binocular disparity is hidden to
viewers without glasses but remains visible to viewers with them.
Although the synthesized stereo images are slightly different from
those obtained in the real 3D world, scientific knowledge about hu-
man stereopsis and binocular fusion suggests that Hidden Stereo
can properly drive the viewer’s binocular vision. In addition to our
basic algorithm that synthesizes a ghost-free stereo pair from a 2D
image and its disparity map, we will also describe a simple way
to transform images from a conventional stereo pair to ours with-
out explicitly estimating the disparity map. Since our technique ex-
cludes stereo ghosts at the stage of stereo image synthesis, it is per-
fectly compatible with standard stereo display hardware. In addi-
tion, since our technique is based on the addition of disparity in-
ducers, when combined with spatial augmented reality (projection
mapping), it can add to real objects such depth structures that are
visible only to viewers with glasses.

In exchange for the ability to present perfect ghost-free 2D im-
ages to viewers without glasses, Hidden Stereo has a slightly lim-
ited ability to present 3D images compared with the conventional
position-shift method. Specifically, there is an upper limit in the dis-
parity magnitude given to the image. Adding a large disparity could
affect the dynamic range and induce perceptual artifacts. We will
discuss how to practically overcome these limitations and demon-
strate the utility of our method by psychophysical evaluation ex-
periments.

In the next section, we briefly describe previous attempts to over-
come stereo ghosts. In the third section, we explain the algorithms
of our proposed method. In the fourth section, we evaluate the per-
formance of our algorithm. In the fifth section, we discuss the util-
ities and limitations of our method. In the Appendix, we briefly
review the mechanisms of human binocular vision related to our
method.

2 RELATED WORKS
2.1 Stereoscopic methods producing ghosts

When conventional stereoscopic images are presented with stan-
dard 3D displays with a temporal multiplexing system or with
a polarized 3D system, viewers without glasses see ghosts. With
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the temporal multiplexing system, stereoscopic images are alter-
natively presented, but as long as the alternation rate is high
enough, they are perceptually mixed due to a sluggish early vi-
sual response [de Lange Dzn 1958] and trajectory-dependent sig-
nal integration [Terao et al. 2010; Watanabe and Nishida 2007] of
the human visual system (HVS). With the polarized system such
as dual-projector polarized displays used in 3D theaters, stereo-
scopic images are spatiotemporally mixed and become inseparable
for polarity-insensitive human viewers. Hidden Stereo is able to re-
move ghosts in both cases.

2.2 Image cancellation

A previous solution to simultaneously present 3D contents and ghost-
free 2D contents with a single display is to make a special image
combination that cancels out, say, the right (R) image component
and leaves only the left (L) image.

The 2x3D display [Fujimura et al. 2012] presents an L-R image
with one projector and an R image with another projector. Without
glasses, viewers see the superimposed image, which is L=(L-R)+R.
With glasses, they see the superimposed L image with the naked
left eye and only the R image with the right eye through a polar-
ized glass. This method, unlike ours, can present arbitrary images
to the left and right eyes. However, it significantly sacrifices the dy-
namic range and makes the L image much brighter in intensity and
much lower in contrast than the R image. In addition, since the im-
ages from the two projectors differ from an ordinary stereo image
pair, this method is incompatible with the standard stereo display
system.

3D+2D TV [Scher et al. 2013] uses a third image to perceptually
cancel out one of the stereo pair. In addition to separate L and R
images in each frame, a third image, invisible through glasses, is
added. In the combined view seen by viewers without glasses, this
method cancels the R image, leaving only the L image. Like the
2x3D display, the problem is low contrast of the resulting 2D (L)
image, since the cancellation of the R component inevitably adds
a uniform gray field. The L contrast can be increased by darken-
ing the R image, but this could cause another artifact caused by the
Pulfrich effect [Pulfrich 1922], in which the difference in the lumi-
nance level of a moving stimuli is interpreted as binocular dispar-
ity by the HVS [Qian and Freeman 2009; Read and Cumming 2005].
3D+2D TV needs a special display and glasses.

2.3 Depth compression

With the standard stereo system, an effective way to attenuate
ghosts is to compress the magnitude of binocular disparity. Mi-
crostereopsis is a conventional approach in this direction, which re-
duces the distance between stereo cameras shooting a real 3D scene
[Siegel and Nagata 2000]. More recent studies use the depth image
based rendering technique (DIBR), which gives binocular dispar-
ities to an image by shifting pixels on the basis of the associated
depth map [Mark et al. 1997; Zitnick et al. 2004]. Several attempts
have been made to compress the depth map while keeping per-
ceived depth as intact as possible [Kellnhofer et al. 2016; Lang et al.
2010].

Depth compression by itself is not a method for perfectly re-
moving ghosts, but backward compatible stereo [Didyk et al. 2011,
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2012] attempts to render ghosts as invisible as possible to human
viewers. Based on a perceptual model for binocular disparity, this
technique compresses disparity while keeping a specified mini-
mum magnitude of perceived disparity. Compression magnitude
is spatial-frequency dependent. Considering the low sensitivity of
the HVS to very low- and high-frequency components of dispar-
ity modulation, the backward compatible stereo selectively reduces
these components more than the middle-frequency components.
Justification of the low-frequency reduction came from the Craik-
O’Brien-Cornsweet illusion in the depth dimension [Anstis et al.
1978; Brookes and Stevens 1989], similar to the illusion in the
brightness domain [Cornsweet 2012; Kingdom and Moulden 1988;
Purves et al. 1999]. The vision-based depth compression, adopted
by the backward compatible stereo, is potentially useful for many
purposes, including our Hidden Stereo technique.

Instead of using DIBR, Didyk et al. [2013] used an image-based
technique to render multi-view images for autostereoscopic 3D dis-
plays from a single stereo pair. They suggested that the same algo-
rithm can be used for simple disparity manipulations of a stereo
pair. The basic algorithm they used is a phase-based technique
originally developed to magnify invisible motions [Wadhwa et al.
2013]. Our Hidden Stereo also manipulates binocular disparity
based on image-based phase shifts, but our algorithm is different
from theirs: our algorithm is related more to Eulerian video mag-
nification [Wu et al. 2012].
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Fig. 2. The basic mechanism to produce a relative phase-shift in Hidden
Stereo. Here the image is assumed to be a vertical grating whose intensity
profile is a sine wave. (a) An original wave. (b) A wave shifted rightwards in
a quadrature phase (7/2). (c) Addition of (b) to (a) results in a wave whose
phase shift from the original wave is + /4. (d) Subtraction of (b) from (a)
results in a wave whose phase shift is —z /4. Considering (c) and (d) as
a stereo pair, there is a relative phase shift (binocular disparity) of /2.
Fusion of the pair [addition of (c) and (d)] cancels out the effects of (b) and
makes the image profile the same as (a) except for amplitude scale factors.
The shift size in (c) and (d) can be controlled by changing the amplitude of
(b).

3 PROPOSED METHOD

Figure 1 shows a schematic of how our method cancels stereo ghosts
for viewers without glasses while providing disparity for viewers
with glasses. The key concept of our method is that we generate
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Fig. 3. The relationship between phase-shift size and orientation. (a) The
amount of phase shift needed to achieve the identical horizontal displace-
ment decreases as the orientation becomes closer to the horizontal. (b) Pro-
vided that phase of a vertical grating has to be shifted by A, a grating ori-
ented by 6 has to be shifted by Acos to achieve the same horizontal
displacement.

a stereo image pair such that the linear sum of the stereo images
becomes equivalent to an image from the cyclopean view i.e., an
image viewed by a virtual eye placed midway between the left and
right eye positions. (In this paper, we use the term ’cyclopean’ to
refer to this physical image, as well as to a perceptual image created
in the viewer’s brain by fusing two stereo images.) Left and right
stereo images (I1 and IR) are synthesized by linearly adding a dis-
parity inducer (Ip) and the contrast-inverted version of the same
disparity inducer (—Ip), respectively, to a cyclopean-view image I
as

Ir =Ic+1Ip (1)
I =1c —Ip. (2)

Consequently, viewers without glasses can observe the original
cyclopean-view image as I + Ig = 2.

On the other hand, viewers with glasses can enjoy a binocularly
fused image with depth impression induced by the disparity in-
ducer. The binocularly fused image seen by the viewers (perceptual
cyclopean image) should be close to the original image as long as
perceptual binocular integration can be approximated by a linear
summation of the left and right images. See Appendix A.2 for the
relevant mechanisms of human binocular fusion.

The major difference between our method and previous cancel-
lation methods [Fujimura et al. 2012; Scher et al. 2013] is that only
the disparity inducer embedded in a stereo image pair is cancelled
out in our case, while one of the images of the stereo image pair is
entirely cancelled out in the previous cases. Thus, in our method,
the reduction in the dynamic range of stereo images is small. In ad-
dition, unlike the other previous methods, our method has perfect
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compatibility with conventional stereo presentation systems using
shutter/polarization glasses. In the following subsections, we first
describe the mathematical formulations underlying our method.
Then, we show how we generate the disparity inducer in general
image cases.

3.1 Disparity manipulation by adding a
quadrature-phase component

Our method synthesizes a stereo image by linearly adding a dispar-
ity inducer. To realize this process, we manipulate binocular dispar-
ity based on a local phase shift. Unlike a similar previous approach
[Didyk et al. 2013], we do not directly change the phase, but shift it
by adding a quadrature-phase (r/2) shifted component (Figure 2),
since the linearity of the operation is essential to our purpose.

For the sake of simplicity, let us begin with a simple 1D case
where we want to displace a vertical grating whose intensity pro-
file is a sinusoidal wave with frequency w by the size of disparity, d.
When a quadrature-phase-shifted component is added to the orig-
inal wave, the resultant composited wave is obtained as follows:

sinwx+Asin(a)x+%):V1+Azsin(a)x+¢), (3)

where tan¢ = A. Thus, we can control the amount of the phase
shift of the composited wave by adjusting the amplitude of the
quadrature-phase-shifted wave, A.

Importantly, we can generate the second composite wave that is
displaced by the same amount in the opposite direction just by sub-
tracting the same quadrature-phase-shifted wave from the original
one:

sina)x—Asin(a)x+%):\/1+A2 sin (wx — ). (4)

Thus, to obtain the disparity d, we need to shift the phase of the
original wave for each direction in such a way that the size of each
phase shift ¢ becomes equivalent to d/2 in the horizontal displace-
ment size. Since the size of the phase shift increases as spatial fre-
quency increases,

wd
9= )
Consequently, the amplitude of the quadrature-phase-shifted wave

(or a disparity inducer for the 1D sinusoidal wave) is determined to
be:

A =tan C%d 6)
Next, let us consider a 2D case where the target pattern is a si-
nusoidal grating with frequency «, which is oriented 6 from the
vertical. In this case, the amount of phase shift needed to achieve
the identical horizontal displacement d decreases as the orienta-
tion 6 becomes closer to the horizontal (see Figure 3). Therefore,
the amplitude A of the quadrature-phase-shifted grating needed to
achieve the horizontal disparity d can be rewritten as:

A =tan M, (7)

where the range of 6 is [0, 7].
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Obviously, the disparity range that this approach can achieve is
limited. In theory, the maximum possible displacement is less than
a half of the wavelength, which means that the higher the spatial
frequency of the target pattern is, the less disparity our method
can produce for that pattern. In Section 3.2.2, we describe how we
handle this limitation in practical cases.

3.2 Extension to general image cases

In general, any arbitrary image can be represented as a combina-
tion of sinusoids by a 2D Fourier transform. Thus, the disparity
manipulation described above can be easily applied to arbitrary im-
ages as long as the disparity for each sinusoidal component is spa-
tially uniform. However, when we want to add a structured map of
binocular disparity, we need spatially localized information about
the spatial frequency and orientation of an input image. To ana-
lyze this local structure information, we use the steerable pyramid
[Portila and Simoncelli 2000; Simoncelli and Freeman 1995], which
decomposes an image into subband images, each representing lo-
cal responses tuned to different spatial frequency and orientation
bands. Specifically, we use the complex steerable pyramid to obtain
an analytic version of the filter responses, whose imaginary coun-
terpart represents responses for a quadrature-phase shifted version
of an input image. It should be noted that the HVS analyzes binocu-
lar disparity using a bank of multi-scale, orientation-tuned sensors
similar to the steerable pyramid (see Appendix A.2).

3.2.1 Disparity manipulation. Figure 4 shows an overview of
the process for generating a Hidden Stereo pair from a cyclopean-
view image. Here we assume that a disparity map D(x) and a cy-
clopean view image I (x) are given. D(x) represents the disparity
size for each spatial location x, with positive and negative values
indicating crossed and uncrossed disparity, respectively. We first
build a complex steerable pyramid of I-(x) by applying a series of
filters ¥ to the discrete Fourier transform of I (x) as

SNCi,j = INC‘I’i,p (8)
where I is the discrete Fourier transform of I¢, and ¥; j is a steer-
able filter tuned to the ith frequency and jth orientation band. Tak-
ing the imaginary part from the resulting complex steerable pyra-
mid Sc, we get quadrature-phase shifted responses of the pyramid
Scr:

Im[Sc; j(x)]

if 6; <
SC’i,j(X) = { —Im[SCi,j(X)] )

if9j>

[EINE

©)
7
Here, 0; denotes the peak orientation of the jth orientation band
and ranges from 0 to x (angle from the vertical). To obtain re-
sponses consistently shifted in the same direction, we have to switch
the sign of the imaginary responses at the horizontal angle as in
Eq. 9. Alternatively, one can more directly obtain the imaginary fil-
ter responses by decomposing the sine-phase filters of the complex
steerable pyramid.

Then, we multiply each of the subbands S¢+ by the weight func-
tion A:

Scr i,j(X) = Aj j(x)Scr i, (%), (10)
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Fig. 4. Process overview to generate a Hidden Stereo pair from a cyclopean view image (Mona Lisa by Leonardo da Vinci) and a disparity map. (a) The system
first decomposes the input cyclopean-view image I¢c into the steerable pyramid and obtains quadrature-phase shifted version of filter responses, Scr. (b)
The input disparity map D is decomposed into Gaussian pyramid, Gp. (c) The weight A for each of the quadrature-phase responses is computed based on a
disparity size in the Gaussian pyramid (Eq. 11). (d) Each of the quadrature-phase responses is then weighted by A. (e) The disparity inducer Ip is obtained
by reconstructing the weighted filter responses. (f) Finally, the left and right stereo images (Ir and Ir) are generated by the addition/ subtraction of the

disparity inducer to/from the input cyclopean-view image, respectively.

where

GDi(X)a;iICOS 9j|. a1
Here, Gp;(x) denotes a Gaussian pyramid of the disparity map
D(x), which contains spatial frequency bands less than and equal
to the ith level of the steerable pyramid. w; denotes the peak fre-
quency of the ith frequency band. The reason to use a blurred dis-
parity map, Gp, instead of D is that the spatial map of disparity
cannot contain information finer than the subband of the intensity
distribution used to compute the disparity map from binocular cor-
relations [Banks et al. 2004].

Finally, the disparity inducer Ip (x) is obtained by reconstructing
the weighted quadrature-phase pyramid S¢- as

Aj j(x) = tan

Ip = Z‘Pi,jSC'i,j, (12)
L]
where Iy and S¢v are the discrete Fourier transforms of Iy and S¢,
respectively.

The disparity inducer can be computed separately for RGB color
channels. Alternatively, considering the minor role of color infor-
mation in human stereopsis [Howard 2012a; Kingdom and Simmons
1996], one can compute the disparity inducer only in the luminance
channel.

3.22  Maximum disparity bound. In theory, the maximum dis-
placement that can be achieved by our method is less than a half
of the wavelength. However, the amplitude of the disparity inducer
becomes infinitely large near this limit, which means that the con-
trast of the original pattern (including noises) is significantly ampli-
fied as the disparity comes close to this limit. Therefore, we prac-
tically limit the maximum phase shift after composition to +/4.
Under this limit, the disparity bound can be described as follows:

Id| (13)

< —
20| cos 0]

To give a disparity map consistent across subband filters at each
location, one has to compress the entire disparity map such that
the displacement size of the highest frequency vertical component
satisfies Eq. 13. However, this is a rather conservative approach
given that the HVS has independent disparity detection mecha-
nisms, each tuned to various ranges of orientations and spatial fre-
quencies (see Appendix A). Therefore, we decided to independently
clip each level of the Gaussian pyramid Gp according to Eq. 13.
Namely, we substitute the following Gp i,j instead of Gp; into Eq.
11.
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—_ T i . _ T
2w;| cos 0| if GD’ > 2w; | cos 0|
" = 7 T
GDi»j - 2w; | cos 0| if GD’ < 2w;| cos 05| (14)
Gp; otherwise

When the disparity size is different among orientations and/or
scales, reconstructed results could suffer from depth underestima-
tion and visible artifacts. Nevertheless, as we will show in Section
4.2, our method can produce perceptually pleasing results even in
these cases as long as the disparity size is not very large. [Wu et al.
2012] has proposed a similar solution for Eulerian video magnifi-
cation.

3.2.3 Handling dynamic range reduction. Since we limit the max-
imum disparity such that the weights of the quadrature-phase sub-
bands (i.e., A) do not exceed one, the contrast of the disparity in-
ducer (Ip) does not become significantly high. That said, if a large
disparity is added on high-contrast regions in the original image
(Ic), the intensities of the resulting stereo images (Ir, Ir) often
exceed the original dynamic range. For retaining the entire inten-
sity variation under the display’s dynamic range, a straightforward
method is to linearly compress stereo images I, and Ig. However,
this inevitably lowers the contrast of the original image contents.
Moreover, if the stereo content is a sequence of image frames, all
of the frames have to be compressed based on all of their maxi-
mum/minimum intensity values to avoid visual flicker.

As a simple solution to this issue, in this work, we clip the dispar-
ity inducer wherever the intensities in the resulting stereo images
exceed predefined bounds [by, b, ]. Namely, we first calculate the
maximum deviation from the upper and the lower bounds as

My (x) = max(max(IR(x) — by, 0), max(Iy (x) — by, 0)), (15)
M| (x) = min(min(Ig (x) — b, 0), min(Ir (x) — by, 0)). (16)

Then, we subtract these deviated values from the disparity inducer:

Ip(x) = Ip(x) - My (x) — ML (x). (17)

Finally, we obtain a modified stereo image pair by

I1(x) = Ie(x) + Ip (%), (18)
IR(x) = Ie(x) — Ip(x). (19)

The resulting stereo pair is assured to be within the range [by, by, ].
Although this operation sacrifices the disparity size of the clipped
areas, the influence on the perceived depth quality is usually minor
or even unnoticeable since the clipped areas are mostly overlapped
with the high-frequency component where the lower-frequency
(and/or diagonal) component can support the original disparity size.
The evaluation in the user study (Section 4.3) also demonstrated
that clipping disparity inducer does not cause any practical prob-
lems at least in the cases we tested.

3.24 Transforming existing stereo contents. There are huge
amounts of 3D content in the conventional stereo format. The most
straightforward way to transform them into our ghost-free for-
mat, is to compute a disparity map D(x) from a given stereo pair.
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Then, one can generate a disparity inducer in the same way as de-
scribed above using one of the stereo images as I (x). However,
here we present a more concise way, in which we compute dispar-
ity as phase difference between a given stereo pair and calculate
the weight for the quadrature-phase shifted image directly from
the phase difference.

Figure 5 shows an overview of the process for transforming a
standard stereo pair into the Hidden Stereo format. Let I/ and Ir
represent an input stereo pair. Since we use the left image as a cy-
clopean view image, Ic = Ip. First, we compute the phase dif-
ference between I, and Ig/, following the approach presented in
[Didyk et al. 2013]. We decompose an input stereo pair into com-
plex steerable pyramids, giving Si/; ;(x) and Sg/; j(x). Then, we
compute the phase difference §; j(x) between each of the corre-
sponding complex coefficient pairs. As was done in [Didyk et al.
2013], we correct the phase difference to twice the phase difference
in the level below as

i, j(x) = 28;-1,j(x) (20)

whenever the absolute phase difference in the level below exceeds
/2.

A Hidden Stereo pair is obtained by shifting the phase of a cy-
clopean view image by /2 in each direction. However, phase dif-
ference §/2 may be too large to be expressed in our method. In such
cases, one may scale the phase difference by multiplying a scaling
factor « (or use a more elegant method of disparity compression).
Then, each of the phase differences is clipped by the maximum dis-
parity bounds as

R r/4 if ad; j(x)/2 > /4
0ij(x) =1 -m/4 if ad; j(x)/2 < —m/4 (21)
@b j(x)/2 otherwise

This time, the disparity bounds are directly defined in the phase
angle.

Next, we generate a quadrature-phase-shifted version of the steer-
able pyramid of a cyclopean-view image, Scv, by taking the imag-
inary part from Sys. Instead of reconstructing a cyclopean image
from the two input images, we simply use the left input image as
a cyclopean-view image. Then, we multiply each of the subbands
Scr by the following weight function A:

A j(x) = tan {5; j(x)). (22)

Finally, the disparity inducer Ip (x) is obtained by reconstructing
the weighted phase-shifted subbands in the same way as described
in Section 3.2.

4 EXPERIMENTS

In this section, we first describe the details about the implementa-
tion of our algorithm. Then, we report our psychophysical evalua-
tions of Hidden Stereo with regard to apparent depth and 3D image
quality for viewers with glasses and 2D image quality for viewers
without glasses. We also present an example application to a light
projection system that manipulates a real object’s depth without
degrading its appearance for viewers without glasses.
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Fig. 5. Process overview to generate a Hidden Stereo pair from the conventional stereo format. Here, we show an example where we use the left input image
I}/ as a cyclopean-view image Ic. (a) The system first decomposes the input stereo pair into complex steerable pyramid representations. (b) Then, we compute
the phase difference § between each of the corresponding complex coefficient pairs. (c) From the imaginary responses of the complex steerable pyramid of
the left image, we obtain the quadrature-phase shifted responses of the cyclopean-view image. (d) The weight for each of the quadrature-phase responses
is computed based on the phase difference § (Eq. 22). (e) Each of the quadrature-phase responses is then weighted by A. (f) The disparity inducer Ip is
obtained by reconstructing the weighted filter responses. (g) Finally, the left and right stereo images (Ir. and Igr) are generated by the addition/ subtraction
of the disparity inducer to/from the cyclopean-view image, respectively. (The input stereo pair is taken from "Big Buck Bunny" ©by Blender Foundation).

4.1 Implementation details

We generated the results using a laptop computer with a quad-core
CPU and 16 GB RAM. The algorithm was implemented in a non-
optimized Python code and run in a single thread. We used eight
orientations in the complex steerable pyramid, though just two or
four orientations still give good results. To generate the results be-
low, we computed the disparity inducer independently for each of
the RGB channels. However, one can obtain perceptually compa-
rable results by processing the luminance channel alone after con-
verting an image from RGB to YUV (other formats such as XYZ or
YIQ are also possible). We took this approach when manipulating
depth by light projection (Section 4.4). Under this condition, our
algorithm takes about 16 seconds per channel to transform a stan-
dard stereo image pair (960x540 pixels in resolution) into a Hidden
Stereo pair. When a disparity map is given, the computation time
is reduced to 11 seconds. Since the major performance overhead
in our algorithm is in building and reconstructing the steerable
pyramid, some other approaches [Didyk et al. 2013; Wadhwa et al.
2014] that have accelerated the same process would similarly ben-
efit the performance of our method.

4.2 Perceptual experiment 1: Depth magnitude

As described in Section 3.2.2, Hidden Stereo limits the maximum
disparity independently for each subband. Therefore, the stereo
images made by our method do not provide geometrically correct
disparity, especially when an input disparity map contains large
values. We assume that the disparity detection mechanisms in the
HVS compute disparity in their preferred frequency and orienta-
tion range in parallel and resolve the inconsistency in the integra-
tion stage (see Appendix A). However, it is not known whether

the perceived depth magnitudes in such inconsistent conditions
are comparable to those in consistent (geometrically correct) con-
ditions.

Another possible concern in Hidden Stereo is that the addition of
disparity inducers (Ip and —Ip) often causes artifacts due to incon-
sistent phase shifts as well as inconsistent contrast amplification
among the subbands of the resulting stereo images. If the image
difference produced by the artifacts is large, the cyclopean image
perceived by viewers with stereo glasses may be accompanied by
binocular luster (see Appendix A.2), which could potentially con-
tribute to the visual discomfort of the 3D display [Kooi and Toet
2004].

To address these issues, we conducted two perceptual experi-
ments, one using simple and controlled stimuli for evaluation of
the basic characteristics of our method (reported in this section),
and the other using natural 3D scenes for evaluation of the practi-
cal utility of our method (reported in Section 4.3).

Methods. The first experiment estimated the perceived depth mag-
nitude of Hidden Stereo as a function of the specified disparity by
way of depth matching with standard stereo images, and then es-
timated the binocular luster impression by way of rating. A part
of the images used in the experiment are shown in Figure 6. We
used four natural texture images from [Olmos and Kingdom 2004]
as cyclopean-view images. The reason we used natural textures (in-
stead of more simple random-dot patterns) for evaluation of our
method was that natural images have scale-invariant image statis-
tics. Horizontal sinusoidal gratings were used as disparity maps.
The vertical intensity profile of the disparity maps can be written
as
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Fig. 6. The stimuli used in the perceptual evaluation in Section 4.2.
(a) Four textures used in the experiment as a cyclopean-view image.
The textures were taken from McGill Calibrated Colour Image Database
[Olmos and Kingdom 2004]. (b) Examples of the stereo pairs presented in
the experiment. A sinusoidal undulation was given to the textures by Hid-
den Stereo (referred to as "Hidden") and by pixel warping (referred to as
"Standard"). The disparity magnitude in these examples is eight pixels.
Here, the left and right images are shown side by side for parallel fusion.
However, one can also view an equivalent depth impression by cross fusion
(only the phase of the depth undulation is reversed). A disparity inducer
embedded in the Hidden Stereo pair is shown on the right side.

D(y) = dsin 27 f + ¢), (23)

where d denotes disparity magnitude and ¢ is a random con-
stant. The spatial frequency f was 0.46 cpd (cycles per degree),
which is close to the optimal frequency for disparity detection by
the HVS [Bradshaw and Rogers 1999]. Since the sinusoidal depth
map was irrelevant to the texture pattern, we could evaluate the ef-
fects of binocular disparity independent of other monocular depth
cues (which would be difficult with natural scene pictures as we
used in the next experiment). Another merit of the sinusoidal depth
structure was that there was no ambiguity for the observers to spec-
ify the regions of maximum depth. There were five conditions in the
disparity magnitude of Hidden Stereo images: 2, 4, 8, 16 and 32 pix-
els, with one pixel corresponding to 0.76 min in visual angle. The
Hidden Stereo pairs were generated as described in Section 3.2.1.
We limited the maximum disparity for each subband as mentioned
in Section 3.2.2. To test the basic property of our method, we did
not clip the disparity inducer as in Section 3.2.2, but linearly com-
pressed the intensities of the left and right image based on the max-
imum/minimum intensity of all the stimuli such that they could be
presented in the display’s dynamic range. As a result, the texture
patterns were presented at relatively low contrasts. The standard
stereo pairs were generated by pixel-warping the cyclopean-view
images with linear interpolation according to the disparity map.

ACM Transactions on Graphics, Vol. 36, No. 4, Article 147. Publication date: July 2017.

o

£ 32
o

@

o

2 16 et
g é‘ "’
[T e
© “t‘
£

> 8

T %

© o

aQ K

5

S o

- 4 o

[0} .0‘

S +*

2

(©

> 2

=

o
o
[
a S
A I T
v T
a0 T .
S I é i
Rl ——
E, 9 9. ...... ?
£l
= 2]
o n
32V
e 3
o 5 2
& 2 4 8 16 32 (pixels)
£ 452 304 607 121  24.3(min)

Disparity magnitude of Hidden Stereo pair

Fig. 7. The psychophysical data showing the effective disparity range of
Hidden Stereo. The error bars show + 95 % confidence intervals. (a) The per-
ceived depth magnitude of the Hidden Stereo image measured by matching
the disparity magnitude with the standard stereo image. (b) Ratings of rela-
tive binocular luster impression as a function of the disparity magnitude of
the Hidden Stereo image. The positive scores indicate that stronger luster
was perceived in the Hidden Stereo image, and the negative scores indicate
that stronger luster was perceived in the standard stereo image.

16 naive human observers with normal visual acuity (11 females
and 5 males, aged from 20 to 40) participated in the experiment.
In each trial, an observer with stereo glasses viewed two images
presented by a stereo projector (Vivitek Q7 Plus QUMI, 1280 x 720
pixels, 120Hz) on the left and right sides of the screen, where the left
was the stereo pair generated by our method and the right was the
standard stereo pair. Each image spanned 10.5X21.0 cm (256x512
pixels) on the screen. The viewing distance was 190 cm. During
the experiment, the observer was asked to manipulate, by press-
ing keys, the disparity in the standard stereo image pair in such
a way that the perceived depth magnitude of the standard stereo
image matched that of the Hidden Stereo image. After being satis-
fied with their matching, the observers had to compare the impres-
sion of ’luster/glare’ between the two images and rate the relative
strength of the binocular luster on the following scale: -2 (the left
image is obviously more lustrous), -1 (the left image is slightly more
lustrous), 0 (almost the same), 1 (the right image is slightly more
lustrous), 2 (the right image is obviously more lustrous). For the
second task, the observers were instructed to check if there were
any unnaturally lustrous or glared areas in the images, and com-
pare their strength between the two images.
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Results. The experimental results are shown in Figure 7. Figure
7a shows the perceived depth magnitude of the Hidden Stereo im-
age. The horizontal axis indicates the disparity magnitude of the
Hidden Stereo image, while the vertical axis indicates the matched
disparity magnitude of the standard stereo image. The data were
averaged across subjects as well as texture types. The result shows
that Hidden Stereo can produce perceived depth magnitude compa-
rable to the standard stereo at least when the disparity magnitude
is equal to or smaller than eight pixels, which corresponds to 6.08
min in visual angle in the condition we tested. Beyond this range,
the perceived depth tends to level off. Figure 7b shows the rated
scores of relative binocular luster impressions as a function of the
disparity magnitude of the Hidden Stereo image. Here, the positive
scores indicate that the binocular luster was higher in the Hidden
Stereo image, and the negative scores indicate that it was higher
in the standard stereo image. The data showed that the binocular
luster tended to appear stronger in the Hidden Stereo image when
the given disparity magnitude exceeded eight pixels. In summary,
the first experiment suggested that the effective disparity limit of
Hidden Stereo is around 6 min in visual angle.

4.3 Perceptual experiment 2: Image quality

Next, to see whether our method can be applied for practical uses,
we conducted a user study in which stereo image pairs of natural
3D scenes were used as the stimuli.

Methods. As the experimental stimuli, we took three scenes named
Lego, Flower, and Cardsfrom "The (New) Stanford Light Field Archive"
(http://lightfield.stanford.edu). The image sizes of the stimuli (in
pixels) were 1280 X 960 (Lego), 900 X 1080 (Flower), and 1024 X
1024 (Cards). A set of four different stereo pairs was chosen for each
scene. Within each set, the horizontal position of the right camera
was changed while the position of the left camera was fixed. The
disparity size of each stereo pair is shown in Table 1. The disparity
size was computed as the maximum (95 percentile) of the absolute
value of disparity from the screen.

Using these stereo pairs as inputs, we generated Hidden Stereo
pairs in the way described in Section 3.2.4 with a scaling factor a =
1. This time, we clipped the disparity inducers as mentioned in Sec-
tion 3.2.3 such that the original image contrast (dynamic range) was
kept intact (i.e., we set by = 0 and b, = 1). Figures 11-13 shows the
resulting images with the second and the fourth (largest) disparity
for each scene. In Table 1, we show PSNR and SSIM [Wang et al.
2004] of the obtained Hidden Stereo images as objective measures
of the image quality. To calculate these objective measures, we used
camera images from the corresponding view points ! in the light
field dataset as reference images. We calculated the objective mea-
sures both for the left and right images, and averaged them to ob-
tain the single values shown in Table 1. For cells with missing val-
ues, the corresponding reference images were not available in the
light field datasets.

20 naive participants (11 females and 9 males, aged from 29 to 45)
took part in this second experiment. All participants had normal

!Given that the horizontal camera positions (L,R) of the input standard stereo pair is
(0,1), our method generates synthesized views from (-0.5,0.5). Thus, we used camera
images from (-0.5,0.5) as references, not the input images.

147:9

Table 1. Objective Image quality scores of Hidden Stereo images

Disparity ~ Disparity ~ Disparity

Scene level size (pixels) size (min) PSNR SSIM
1 4.0 4.21 35.9 0.938

Lego 2 5.9 6.24 - -
3 7.9 8.34 31.3 0.907
4 12.0 12.6 28.7 0.876
1 3.0 3.15 30.9 0.938

Flower 2 4.9 5.13 - -
3 6.1 6.37 27.7 0.887
4 9.3 9.72 26.5 0.857

1 3.1 3.29 - -
Cards 2 7.1 7.43 24.3 0.868

3 10.1 10.6 - -
4 13.9 14.7 19.56  0.684

visual acuity, and were able to discriminate the depth direction of
random-dot stereogram with 2.1 min disparity. In the experiment,
the stimuli were presented on a 3D LCD display (ASUS ROG SWIFT
PG248Q, 24 inch, 1920 X 1080 pixels, 120Hz) with stereo glasses
(NVIDIA 3D Vision 2). The display gamma was linearized by using
a colorimeter. The viewing distance was 90 cm.

The user study consisted of two separate sessions, a 3D session
with stereo glasses and a 2D session without stereo glasses. The
experimental procedure was based on the double-stimulus impair-
ment scale method [BT.500-13 2012].

In the 3D session, the observers wore the stereo glasses, and eval-
uated the impairment in the image quality along with that in the
depth impression of the Hidden Stereo image (test image) in com-
parison to the original standard stereo image (reference image). In
addition to the stimulus conditions shown in Table 1, the session
included control conditions, where the standard stereo image (with
the minimum disparity for each scene) was presented as a test stim-
ulus (i.e., the same standard stereo image was repeatedly presented
both as reference and test). Thus, there were in total 15 conditions
(4 disparity levels X 3 scenes + 3 controls). In each trial, the refer-
ence image was displayed for 5 seconds, then the test stimulus for
5 seconds. This was repeated twice. Between every two stimuli, a
blank gray screen was inserted for 2 seconds. After the stimulus
presentation, the observer was asked to evaluate the impairment
in perceived image quality (which we expected to include image
glare and luster) of the test image relative to the reference image
on the following scale: 1 (very annoying), 2 (annoying), 3 (slightly
annoying), 4 (perceptible, but not annoying), and 5 (imperceptible)
2 During the judgment period, the task and the meaning of each
number were clearly indicated on the monitor screen. After an-
swering the questionnaire for the image quality, the observer was
requested to evaluate the impairment in perceived depth structure
using the same five-grade impairment scale. Each observer evalu-
ated all of the 15 conditions presented in a pseudo-random order.
For familiarization of the task and establishment of a proper rating

%In order to avoid overestimation of performance of Hidden Stereo, we took a pro-
cedure that conservatively assumed that the 3D image quality of Hidden Stereo could
not be better than that of the reference standard stereo. However, the 3D image quality
can be better for Hidden Stereo in such a case where the crosstalk impairs that of the
standard stereo, as we discuss in Section 5.
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Fig. 8. Subjective quality impairments as a function of disparity sizes when natural scene images were used as test stimuli. The images used in the experiment
are shown in Figures 11-13. The error bars show +95% confidence intervals. (a) Ratings for the image quality of perceived cyclopean image viewed with stereo
glasses. (b) Ratings for the quality of perceived depth impressions viewed with stereo glasses. (c) Ratings for the image quality viewed without stereo glasses.

scale, prior to every session, each observer performed a training
session using images of a scene that were not used in the main
experiment, and then previewed the whole image set that would
appear in the following main session.

In the 2D session, the observers evaluated the impairment of
the image quality of the stereoscopically presented stimuli without
wearing glasses. The reference stimulus was binocular presentation
of the same monocular image (the left image of a standard stereo
pair was presented to both eyes), while the test stimulus was either
the Hidden Stereo image or the standard stereo image. In control
conditions, the same monocular image was presented both as ref-
erence and test. There were in total 27 conditions (i.e., 4 disparity
levels X 3 scenes X 2 (Hidden and standard) + 3 controls). Only the
impairment in image quality was evaluated. Otherwise, the exper-
imental procedure was the same as in the 3D session.

Each observer ran the 3D and 2D sessions successively, with the
order of sessions being counterbalanced across observers.

Results. The results of the 3D session, i.e., the averaged scores of
the image quality and the depth quality, are shown in Figure 8a and
8b, as a function of the disparity size. The errorbars show the 95 %
confidence intervals. The thick gray curve in each plot indicates a
non-symmetrical logistic function fit to the data. The Pearson cor-
relation coefficients after fitting the logistic function were 0.90 for
the image quality data, and 0.93 for the depth quality data. When
the fourth grade score ("perceptible, but not annoying") is used as
the tolerable threshold, both the image quality evaluation and the
depth quality evaluation suggest that the disparity sizes up to about
6 min are the effective range of our Hidden Stereo method. That is,
when the maximum absolute disparity of an image is less than 6
min, 3D presentation with Hidden Stereo has acceptable percep-
tual quality. The limitation is close to the value estimated in the
first experiment in Section 4.2.

In comparison with the disparity size, the objective measures of
image impairment (PSNR and SSIM) were not good predictors of
the subjective rating scores. The Pearson correlation coefficients
after fitting the logistic function were 0.55 for the image quality
scores vs PSNR, 0.76 for the depth quality scores vs PSNR, 0.67 for
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the image quality scores vs SSIM, and 0.85 for the depth quality
scores vs SSIM.

The results of the 2D session are shown in Figure 8c. Except
for the smallest disparity condition of the scene "Cards", the im-
age quality of the standard stereo images was significantly worse
than that of the monocular images, and was well below the fourth
grade score (tolerable threshold). On the other hand, we did not find
any significant difference in the image quality impairment scores
between the Hidden Stereo images and the monocular images re-
gardless of the disparity size and scene.

Taken together, the results of our experiments suggest that Hid-
den Stereo is practically useful under the condition where most of
disparities in an image are less than 6 min. Under this condition, for
viewers with stereo glasses, the 3D image quality of Hidden Stereo
is almost comparable to that of the standard stereo, and for viewers
without glasses, the 2D image quality of Hidden Stereo is as good
as that of monocular image presentation, and better than that of
the standard stereo. Beyond the 6-min limit, however, the 3D im-
age quality of Hidden Stereo could be significantly worse than the
standard stereo.

However, the results of the 3D session also suggest that dispar-
ity size in terms of visual angle is not the only determinant of the
3D image quality of Hidden Stereo, since the rating value plotted
against disparity does not perfectly overlap among the three scene
conditions. Further investigation is necessary to achieve a good
control over the image and depth quality obtained by our Hidden
Stereo method.

4.4 Manipulation of real object’s depth by light projection

An important aspect of Hidden Stereo is that the disparity inducer
can be independently presented on a 2D image content. Here we
show one such example, where patterns containing only the dispar-
ity inducer are projected on the surface of a printed picture using
a 3D projector. Figure 9 shows a schematic depiction of the setup.
The projector was a commercially available 3D projector with ac-
tive shutter glasses. Using a printed picture as a cyclopean view im-
age I, we generated a disparity inducer Ip in the way described in
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Fig. 9. Light projection system to give depth impressions to a real ob-
ject. (a)The disparity-inducer patterns are presented on the target painting
(Mona Lisa by Leonardo da Vinci) from a 3D projector. (b) The projection
patterns visible only through stereo glasses. Since the patterns are identical
except for contrast polarity, they are fused into a neutral gray pattern when
viewed without stereo glasses (see the regions outside of the glasses in the
images)

Section 3.2 with a manually designed disparity map. The projected
left and right patterns (P;, and Pg) were generated by

PL(x) = W(X)Ip(x) + 0.5, (24)
Pr(%) = -W(x)Ip(x) +0.5, (25)

where W(x) is a weight function that compensates for the pro-
jector’s light attenuation according to the surface albedo of the pro-
jection target. As for the details about the geometric and photomet-
ric calibration, please refer to [Bimber et al. 2007]. We only com-
puted the disparity inducer in the luminance channel, and thus the
projection patterns P;, and Pg contain luminance alone. The dis-
parity inducer was clipped such that W (x)Ip(x) did not exceed the
bound [-0.5,0.5]. Therefore, the projected patterns are fused into
aneutral gray pattern when viewed by naked eyes. Although there
are differences in colors and resolutions between a real picture and
the projected patterns, the HVS resolves those small dissociations
in a way similar to Deformation Lamps [Kawabe et al. 2016], where
a motion impression is added to a static object by projecting lumi-
nance motion signals. Consequently, viewers with shutter glasses
perceive the natural depth impression added by the light projection,
while viewers without glasses can still enjoy the original appear-
ance of the picture. The light projection system proposed here can
be used, for example, in an art museum to present additional depth
impressions onto existing paintings without causing any conflicts
with observers who want to appreciate their original appearances.
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5 LIMITATIONS AND FUTURE WORKS

The major limitations of Hidden Stereo emerge when stereoscopic
images contain large disparity. First, the maximum disparity it can
add is a quarter cycle of the subband frequency. The upper limit
of disparity, in terms of image pixels or visual angle, decreases as
the subband scale becomes finer. Second, with an increase in dis-
parity, the contrast of the disparity inducer image increases. This
reduces the effective dynamic range of the image and makes the
perceptual artifact (binocular luster) more visible to viewers. The
artifacts are clearly visible in Figure 10 wherein the disparity size
is about three times larger than the disparity level four conditions
of Table 1. According to our user study, Hidden Stereo can produce
stereoscopic images with acceptable 3D image/depth qualities as
long as the maximum binocular disparity (from the horopter) does
not exceed ~6 min, at least under the image and viewing condi-
tions we used. The 6-min disparity limit implies the reproducible
depth range, with the inter-pupillary distance of 63 mm, to be [493,
507] mm at the viewing distance of 500 mm, [973, 1029] mm at
1000 mm, [1895, 2117] mm at 2000 mm, and [2770, 3272] mm at
3000 mm. For comparison, the horizontal disparity within which
human observers can binocularly fuse monocular patterns with-
out vergence eye movements (Panum’s fusional radius) is ~10 min
for spatially fine patterns presented in the fovea [Howard 2012a;
Schor et al. 1984]. Although this is the same order as the limit of our
method, the fusion limit extends as the spatial frequency is lowered
or the retinal eccentricity is increased, and the upper depth per-
ception limit is generally higher than the fusion limit. Concerning
3D viewing with vergence, the comfortable disparity range within
which the vergence-accommodation conflict is tolerable is 1-2 deg
[Lambooij et al. 2009; Shibata et al. 2011], and thus is an order of
magnitude larger than the limit of our method. It should be also
noted that image re-alignment with vergence cannot perfectly over-
come binocular image mismatches produced with Hidden Stereo.
Our technique is not intended for large 3D disparities that would
induce a strong vergence.

Due to the limitations in effective disparity, for translation of
standard stereo images to our ghost-free format, one may have to
consider depth compression in many cases. While we have only
tested simple linear compression, the utility of Hidden Stereo would
be greatly improved by combining it with the perception-based dis-
parity compression [Didyk et al. 2011, 2012; Masia et al. 2013]. It
should be noted that depth compression per se is functionally use-
ful, since it contributes to comfortable viewing of 3D stereo im-
ages. [Didyk et al. 2012; Kellnhofer et al. 2016]. Where all the im-
age disparities are compressed into the Panum’s fusion range, the
vergence-accommodation conflict [Lambooij et al. 2009; Shibata et al.
2011] is not a problem anymore. For natural scenes containing many
depth cues, inconsistency in the magnitude, and sometimes the
sign, of binocular disparity with other cues, as well as with the
grand truth, does not have a critical influence on human depth per-
ception [Didyk et al. 2011; Gregory 1970; Landy et al. 1995].

Having said that, to increase the utility of Hidden Stereo, we
think it worthwhile to pursue a method to enlarge the maximum
perceived depth. One possible direction is to enhance the con-
tribution of coarse subbands to depth perception, and another is
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Fig. 10. Hidden Stereo pair obtained by transforming a stereo pair with
huge disparities (the maximum disparity is ~36 pixels in the original res-
olution of 1024 x 1024 pixels). In this case, the significant binocular luster
is visible when the two stereo images are binocularly fused. The bottom
row shows the original standard stereo pair taken from "The (New) Stan-
ford Light Field Archive" (http://lightfield.stanford.edu). The image pairs in
the left and middle columns are for cross fusion, and those in the middle
and right columns are for parallel fusion. (The images in the left and right
columns are identical.)

to suppress the contribution of fine subbands. The stereo images
produced by Hidden Stereo are different from standard stereo im-
ages in several respects, including monocular occlusion. Standard
stereo images often contain image regions that are occluded to
one eye, and visible only to the other eye. The HVS is able to use
such monocular regions as a depth cue [Nakayama and Shimojo
1990]. Nevertheless, Hidden Stereo does not properly handle this
occlusion cue. Although the contribution of monocular occlusion
is likely to be minor for images with small disparities suited to Hid-
den Stereo, we have not perfectly understood the perceptual conse-
quence of the lack of monocular occlusion. Likewise, since Hidden
Stereo "cheats" human vision in an unprecedented way, the cur-
rent understanding of human binocular processing is insufficient
to precisely predict how the depth and cyclopean image (including
binocular lusters) are perceived for specific Hidden Stereo images.
Further evaluation under a wide range of conditions will be neces-
sary.

Our method provides a simple way to linearly decompose a stereo
image pair into a single (cyclopean) image and a depth pattern
(disparity inducer). If the disparity inducer is given, it is easy to
change any 2D content into 3D, as we demonstrated in Section 4.4.
It remains to be studied whether this decomposition contributes to
other applications. One promising direction is effective image data
compression. It should be also noted that this image decomposition
works effectively only for pairs of slightly shifted images, not for
arbitrary image pairs.

Crosstalk, the imperfect separation of the left- and right-eye im-
ages, produces perception of ghosts when standard stereo images
are viewed with stereo glasses. Hidden Stereo effectively excludes
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the stereo ghosts of this type in addition to those seen without
glasses. Specifically, crosstalk only reduces the effective contrast
of the disparity inducer pattern. As a result, the perceived depth
is compressed in proportion to the magnitude of crosstalk, but the
perceived cyclopean image remains clear. Given that crosstalk has
been regarded as the main display-related perceptual factor degrad-
ing image quality and causing visual discomfort [Lambooij et al.
2009], this is a clear advantage of Hidden Stereo over the standard
method even for the purpose of genuine stereoscopic presentation.
Since crosstalk is also the key problem for autostereoscopic dis-
plays, one may be able to develop the notion of disparity cancella-
tion to improve their image qualities.

The present algorithm adds only horizontal disparities to a cy-
clopean image, but it is easy to add vertical disparities in the same
manner. Vertical disparities play significant roles in proper view-
ing of stereoscopic displays by human observers [Held and Banks
2008].

The current implementation of our method assumes a linear re-
lationship between the image pixel value and the final image inten-
sity. We therefore linearized the monitor response in advance in our
user experiments. However, the display response is generally non-
linear, with the typical gamma value (y) being 2.2. If one applies
our algorithm without considering gamma correction, the positive
and negative disparity inducers will not be perfectly cancelled out.
A simple way to avoid this artifact is: (1) Transform the input cy-
clopean image by Joutc = I signalé, where Iout is the expected monitor
output and Isignal is the image pixel value. (2) Generate the disparity
inducer Ip from Ioutc and obtain the right and the left images by

Iouty = Ioutc — Ip and Ioutg = Ioutc + Ip, respectively. (3) Transform

the left and right images by Isignaiy = I outi/ ¥ and Lsignalg = I out}lg/ Y,

By presenting Isignal; and Isignalg through the display, the perfect
cancellation of Ip will be achieved.

Finally, it is challenging for Hidden Stereo to produce ghost-
free images for one of the popular stereo presentation systems,
anaglyph 3D. Since the disparity inducer components are opposite
in sign between the left and right images, when two images in dif-
ferent colors (e.g., red and cyan) are superimposed, the disparity
inducer components become reddish or cyanish depending on the
direction of the disparity. This problem is hard to solve, since de-
composing multi-sensor images into luminance (average) and color
(difference) components is computationally similar to decomposi-
ing stereo images into a cyclopean image and a disparity pattern
(see [Adelson and Bergen 1991] for related discussion). However,
an advanced wavelength-multiplexing anaglyph [Jorke et al. 2009]
may provide a solution.

6 CONCLUSIONS

This paper proposed a novel method to generate perfectly ghost-
free stereoscopic images. Our method gives binocular disparity to
a 2D image by the addition of a quadrature-phase pattern that in-
duces spatial subband phase shifts. Physical fusion of the two im-
ages cancels out the disparity-inducer components. This makes only
the original 2D pattern visible to viewers without glasses. At the
same time, viewers with glasses are able to enjoy 3D contents with-
out significant loss of image quality. As far as we know;, this is the
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first method to present perfectly backward compatible 3D using
standard stereo hardware.
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A  HUMAN BINOCULAR VISION

A conventional stereoscopic image pair is geometrically correct
in that it consists of two images of the same scene viewed from
slightly different vantage points. The stereo images made by our
method do not strictly follow this principle. In consideration of hu-
man brain processing, however, geometrical correctness is not a
critical condition for a stereo image pair to produce binocular depth
perception. In order to justify an apparent anomaly of our method,
here we briefly explain two mechanisms of human binocular pro-
cessing relevant to Hidden Stereo. One is stereopsis, depth compu-
tation from binocular disparity. The other is binocular combination
of two retinal images into a single cyclopean image.

A.1 Stereopsis

The disparity energy detector [Ohzawa etal. 1990] is the
current standard model of human binocular disparity detec-
tion [Blake and Wilson 2011; Cumming and DeAngelis 2001;
Henriksen et al. 2016; Howard 2012a]. The frontend of this detec-
tor is a pair of oriented Gabor-shaped receptive fields for the two
eyes. (A Gabor function is a sinusoid multiplied by a Gaussian
envelope.) The monocular receptive field for one eye is spatially
shifted in phase from that for the other eye. An idealized model
assumes a quadrature-phase (r/2) shift, although in reality the
phase shift may not be limited to 7/2, and/or it may be accom-
panied by a position shift of the receptive field [Henriksen et al.
2016]. Disparity energy is the squared sum of the outputs of the
two monocular receptive fields. This response reflects binocular
cross-correlation at the spatial location, spatial frequency (scale),
and orientation falling within the preferred range of the detector.
The size of the window (i.e., receptive field) within which the
cross-correlation is computed determines the spatial resolution
of depth processing [Banks et al. 2004]. As the preferred spatial
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frequency is lowered and the window size is increased, the spatial
resolution becomes worse. A bank of detectors measures local
disparity energies in parallel for a range of scales and orientations.
How these disparity-energy measurements are integrated into
the final depth perception remains to be investigated, yet it
has been suggested that spatial alignments of the peak of the
correlation across the scale could be evidence of true disparity
[Henriksen et al. 2016].

It should be noted that a disparity energy detector responds to
disparity whenever there is a phase shift in the preferred range of
spatial frequency. Driving the first stage disparity processing does
not require a shift of the whole pattern, i.e., a coherent shift at all
scales. This is a basic idea underlying the disparity manipulation
in Hidden Stereo. However, it is difficult to predict the perceived
depth magnitude with this technique. Therefore, we examined this
issue in Section 4.2.

A.2 Binocular combination

Computation of a cyclopean image from a binocular combination
is not directly linked with stereoscopic processing, since binoc-
ular depth is perceived with disparities well above the percep-
tual fusion limit [Lee and Dobbins 2006; Palmer 1961]. The rule
of binocular combination, specifically supra-threshold image con-
trast summation, depends on the magnitude of the discrepancy
between the images on the two retinae [Legge and Rubin 1981].
First, when the two images are fairly similar to each other, the
combined image can be approximated by a linear average. Second,
as the image difference is increased, the image with the stronger
contrast contributes more to the cyclopean image. Quadratic sum-
mation was proposed as a rule to describe this non-linear in-
tegration [Legge 1984], but more recent studies have proposed
more elegant and complicated mechanical models to account for
a broader range of binocular combination phenomena [Ding et al.
2013; Ding and Sperling 2006; Georgeson et al. 2016; Meese et al.
2006]. Third, when the two images are very different and incom-
patible with each other (e.g., luminance increment vs. luminance
decrement), binocular rivalry produces a shiny, lustrous appear-
ance of the incompatible area, which is known as binocular lus-
ter [Anstis and Ho 1998; Formankiewicz and Mollon 2009; Howard
2012b; Ludwig et al. 2007; Mausfeld et al. 2014].

As long as the image difference between a stereo image pair
made by Hidden Stereo is small enough, we can expect the cyclo-
pean image seen with glasses to be close to a linear average of the
two images, which is the same as the original 2D image. On the
other hand, when the addition of a large disparity causes a large im-
age difference, the quality of the cyclopean image may be impaired
by binocular luster. It is difficult to precisely predict "what happens
when" only from the reported psychophysical data obtained using
simple artificial stimuli such as a sinusoidal grating. We therefore
tested this issue in Section 4.2.
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Fig. 11. Comparison of image quality to the conventional standard stereo images for Lego scene (from "The (New) Stanford Light Field Archive;
http://lightfield.stanford.edu). The images shown here were also used in the user study in Section 4.3. The images in odd rows are Hidden Stereo images
(Hidden) and those in even rows are the standard stereo images (Standard) used to generate the corresponding Hidden Stereo images. The upper-half rows
and the lower-half rows show stereo images in the disparity level 2 and those in the disparity level 4 in Table 1, respectively. (a) Comparison of 3D scenes.
The image pairs in the left and middle columns are for cross fusion, and those in the middle and right columns are for parallel fusion. (The images in the
left and right columns are identical.) The images are seen in the same visual angle as in the experiment when viewed from a distance 2.5 times larger than
the image width. (b) Comparison of 2D scenes viewed without stereo glasses. Here, we presented synthetic results generated by averaging the left and right
images. For the standard stereo images, the physically fused images show stereo ghosts and blurs. On the other hand, for the Hidden Stereo pair, the fusing
process just returns the image pair back to one of the input stereo images, and thus never produces ghosts or blurs. Please refer to supplemental materials
for more results in large image size.
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Fig. 12. Comparison of image quality to the conventional standard stereo images for Flower scene (from "The (New) Stanford Light Field Archive,
http://lightfield.stanford.edu). (a) Comparison of 3D scenes. The images are seen in the same visual angle as in the experiment when viewed from a dis-
tance 3.6 times larger than the image width. (b) Comparison of 2D scenes viewed without stereo glasses.
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Fig. 13. Comparison of image quality to the conventional standard stereo images for Cards scene (from "The (New) Stanford Light Field Archive,'
http://lightfield.stanford.edu). (a) Comparison of 3D scenes. The images are seen in the same visual angle as in the experiment when viewed from a dis-
tance 3.2 times larger than the image width. (b) Comparison of 2D scenes viewed without stereo glasses.
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