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CYCLOPEAN VIRTUAL IMAGING VIA
GENERALIZED PROBABILISTIC
SMOOTHING

TECHNICAL FIELD

The invention relates generally to image processing, and
more particularly to improving video teleconferencing.

BACKGROUND

Digital video cameras are useful in both consumer and
professional contexts. Generally, digital video cameras cap-
ture sequences of digital images, which may then be trans-
ferred to a computer system for display or processing or to a
storage device for storage.

One specific practice employs a digital video camera in a
video conferencing application. In a typical video confer-
ence, an image sequence depicting a conference participant is
transmitted to one or more other participants. Concurrently,
image sequences depicting the other participants are trans-
mitted to the first participant’s display device. In this manner,
each participant can view an interactive video of the other
participants during the conference.

In a typical video teleconferencing environment, a single
video camera is focused on a conference participant, who
views the other participants in a video window in his or her
display device. The video camera is commonly mounted on or
near the display of a computer or television system in an
attempt to minimize the angle between the camera and the
video window. Minimizing this angle can enhance the illu-
sion that the participant is looking into the camera instead of
at the video window in the display device. However, the angle
is never really eliminated and in fact can remain significant,
particularly when the camera is close to the participant. As a
result, for example, the other participants receive a display of
the top or side of the first participant’s head, instead of a
straight-on view of the first participant’s face.

This situation provides a diminished user experience and
limits the effectiveness of such video conferencing. It is dif-
ficult to develop trust between participants in the conference
because of the difficulty in establishing eye contact (i.e., the
displayed participant is looking at his or her display instead of
the camera). Likewise, facial expressions may be distorted or
obscured by the angular discrepancy, thereby losing some
important communication cues.

Conceptually, these problems may be resolved by a physi-
cal camera positioned in the center of the display window,
such that the participant’s focus and the camera’s focus are
aligned—envision a video display with a hole drilled in the
middle of it in which to mount the camera. However, such
configurations are impractical for obvious reasons.

SUMMARY

Implementations described and claimed herein solve the
discussed problems by using multiple cameras to synthesize
a cyclopean view of the camera’s subject. An exemplary
cyclopean view provides a view from a virtual camera placed
symmetrically or midway between calibrated cameras of a
physical stereo camera pair. Generally, by combining images
from two or more digital cameras, a cyclopean virtual image
may be synthesized using Bayesian inelrenice to perform
robust estimation of cyclopean intensities. Such a combina-
tion results in an effective form of “gaze correction”. In a
properly configured environment, the virtual cyclopean cam-
era may appear to be centered in the video window showing
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the other participants in the video teleconference. Further-
more, other imaging applications, such as videography for
movies and television or conversion of stereoscopic images
into printable monoscopic images, can benefit from synthe-
sizing a cyclopean view.

In some implementations, articles of manufacture are pro-
vided as computer program products. One implementation of
a computer program product provides a computer program
storage medium readable by a computer system and encoding
a computer program that determines a cyclopean image asso-
ciated with a left image and a right image related by a stereo
disparity. Another implementation of a computer program
product may be provided in a computer data signal embodied
in a carrier wave by a computing system and encoding the
computer program that determines a cyclopean image asso-
ciated with a left image and a right image related by a stereo
disparity.

The computer program product encodes a computer pro-
gram for executing on a computer system a computer process
for determining a cyclopean image associated with a left
image and a right image related by a stereo disparity. A joint
posterior density of the stereo disparity with a disparity gra-
dient is computed based on a forward probability distribution
of'the stereo disparity and a backward probability distribution
of the stereo disparity. The cyclopean image is estimated
based on the joint posterior density of the stereo disparity with
the disparity gradient.

In another implementation, a method of determining a
cyclopean image associated with a left image and a right
image related by a stereo disparity is provided. A joint pos-
terior density of the stereo disparity with a disparity gradient
is computed based on a forward probability distribution of the
stereo disparity and a backward probability distribution of the
stereo disparity. The cyclopean image is estimated based on
the joint posterior density of the stereo disparity with the
disparity gradient.

In yet another implementation, a system for determining a
cyclopean image associated with a left image and a right
image related by a stereo disparity is provided. A forward-
backward module computes a joint posterior density of the
stereo disparity with a disparity gradient based on a forward
probability distribution of the stereo disparity and a backward
probability distribution of the stereo disparity. A cyclopean
image generator estimates the cyclopean image based on the
joint posterior density of the stereo disparity with the dispar-
ity gradient.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an exemplary system for generating a
cyclopean virtual image.

FIG. 2 illustrates an exemplary video conferencing system
configuration for generating a cyclopean virtual image.

FIG. 3 illustrates stereo disparity as a function of left and
right epipolar lines.

FIG. 4 illustrates disparity and cyclopean axes overlaid on
left and right image axes.

FIG. 5 illustrates a disparity process model.

FIG. 6 diagrammatically illustrates an exemplary forward
algorithm.

FIG. 7 illustrates operations of an exemplary process for
determining a cyclopean image.

FIG. 8 illustrates an exemplary system useful for imple-
menting an embodiment of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

A cyclopean virtual image provides a view from a virtual
camera placed symmetrically or midway between the cali-
brated cameras of a physical stereo pair. By combining the
left and right stereo images captured by the stereo pair, a
virtual image is produced such that the subject appears to be
looking into a cyclopean virtual camera, rather than to the left
or right of a single physical camera. The cyclopean virtual
image is generated by a forward-backward algorithm using a
probabilistic distribution of possible disparity families.

FIG. 1 illustrates an exemplary system 100 for generating
acyclopean virtual image. In the system 100, a left image 102
is captured by a camera mounted on the right side of the video
display, as seen by the user. Likewise, a right image 104 is
captured by a camera mounted on the left side of the video
display, as seen by the user. As such, in both images, the user
can be seen looking into the video display, as opposed to
looking to the right or left of one of the cameras. The left and
right images 102 and 104 are input to a forward-backward
probability module 106, which computes a forward probabil-
ity distribution of the stereo disparity and a backward prob-
ability distribution of the stereo disparity between the left and
right images.

In one implementation, the forward-backward probability
module 106 includes a forward probability computation mod-
ule (not shown) for computing the forward probability distri-
bution of the stereo disparity between the left and right
images, and a backward probability computation module (not
shown) for computing the forward probability distribution of
the stereo disparity between the left and right images. An
exemplary forward probability computing module includes
instructions and/or circuitry for computing the forward prob-
ability (such as by implementing the algorithm of Equation
(11) below). Likewise, an exemplary backward probability
computing module includes instructions and/or circuitry for
computing the backward probability (such as by implement-
ing the algorithm of Equation (12) below).

The output of the forward-backward probability module
106 is input to a cyclopean virtual image generator 108,
which synthesizes a cyclopean virtual image 110 based on a
joint probability density of stereo disparity with the disparity
gradient and an expectation of the cyclopean image intensi-
ties. The cyclopean virtual image 110 shows the user as
appearing to look directly into the camera.

FIG. 2 illustrates an exemplary video conferencing system
configuration 200 for generating a cyclopean virtual image. A
computer system 202 is coupled to a video display 204 having
two cameras 206 and 208 mounted on either side of the video
display 204. A video window 210 displays a remote partici-
pant on the other end of the video conference session.

In a configuration having only a single camera, the user
typically focus his or her eyes on the video window 210, while
the single camera captures images of the user from one side of
the other. As such, the captured images sent to the remote
participant are primarily a side view of the user’s head, not a
straight-on view of the user’s face. The illustrated configura-
tion, however, allows generation of a cyclopean virtual image
from the captured left and right images of the user.

The cyclopean virtual image generation synthesizes the
cyclopean virtual image by treating the disparity field
between corresponding left and right images as a first-class
random variable. As such, the cyclopean virtual image is
estimated over an entire family of possible disparity maps,
rather than over a predetermined, fixed disparity map.

It should be understood that more than two cameras may
also be used to generate a cyclopean virtual image. Likewise,
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4

the cameras may be in alternative orientations, such as at the
top and bottom of the video display. For example, one con-
figuration may include four cameras, each placed at a corner
of the video display.

The cyclopean virtual image Iis synthesized from intensity
functions L={L_, m=0, ..., N} and R={R , n=0, ..., N},
which represent epipolar lines (or scan lines) of observed
(i.e., captured) left and right images. A matched pair (L,,,R,)
has “stereo disparity” of d=n-m, which may be considered a
measure of is “parallax”. The cyclopean virtual image [ may
be inferred using a posterior p(dlz) as the distribution of the
disparity field, wherein z=(L,R) represents an observation of
left and right epipolar lines and p(zll,d) represents an
observer model. In one implementation, each image contains
color pixels in three color channels, such thatL,,, R, e®>. In
a more general setting, however, there may be other features,
such that L,,, R e R, where f is an integer. For example,
groups of pixels may be filtered to obtain improved invariance
to illumination variations or non-uniform camera sensitivi-
ties.

Left and right pixels are assumed to have been generated by
adding noise to the value of the corresponding cyclopean
pixels, such that

L, =L+, and R, =[;+v, (D
where |1, and v,, represent random noise variables, assumed
identical, independently distributed and Gaussian across all
m,n (and isotropic, if the pixel values represents color inten-
sities).

A cyclopean epipolar line (i.e., the corresponding line in
the virtual cyclopean image) is represented by I={I,
k=0, ..., 2N}. The cyclopean virtual image I is constructed
from a set of cyclopean epipolar lines stacked line-by-line to
form the resulting image.

FIG. 3 illustrates stereo disparity as a function of left and
right epipolar lines L. and R, which are defined in terms of
pixel coordinates m and n, respectively. The stereo disparity
between the left and right stereo images is defined as a vector
d={d,, k=0, ..., 2N} having components expressed in cyclo-
pean coordinates k.

A diagram 300 shows an axis 302, representing a sequence
of positions along a left epipolar line L, and another axis 304
representing a sequence of positions along a right epipolar
line R. The correspondence line 306 indicates matches
between pixels in given sequential positions in L. with pixels
in given sequential positions in R. For example, pixel 1 of L
matches pixel 1 of R, as shown by point 308. In contrast, pixel
3 of L matches pixel 2 of R, as shown by point 310. The
disparity associated with a point on the correspondence line
304 is defined as the orthogonal distance of the point from a
zero disparity axis 312. For example, the disparity of the point
308 is zero, whereas the disparity d of the point 310 is shown
by line 314. (As suggested by the disparity axis of FIG. 4, the
disparity of point 310 is “~1".)

Accordingly, the correspondence line 306 represents a
two-dimensional profile of a scan line of the virtual image,
where pixels with a higher disparity (e.g., point 316, which
has a positive disparity relative to the zero parallax line 312)
are closer to the virtual cyclopean camera and pixels with a
lower disparity (e.g., point 310, which has a negative disparity
relative to the zero parallax line 312) are farther away from
the virtual cyclopean camera. Stacking a set of these two-
dimensional profiles, which correspond to individual cyclo-
pean epipolar lines, can yield a three-dimensional profile
surface of the image subject.
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Using a first-class random variable to represent the dispar-
ity field d, such that d has the estimated posterior distribution
p(zll,d), the cyclopean virtual image can be estimated
robustly as the cyclopean image I that minimizes the expec-
tation of the loss L::

i = argrrll,insnz[ﬁ(l/, DIl @

FIG. 4 illustrates disparity and cyclopean axes overlaid on
the L. and R axes. Based on the disparity axis 400, a disparity
vector d in cyclopean coordinates k along the cyclopean axis
402 can be mapped into the pixel coordinates m and n.

The cyclopean coordinate k corresponding to pixel coor-
dinates m and n is computed as k=m+n. Stereo disparity
induces a warp vector h={h,, k=0, . . . , 2N} of image warps
from cyclopean coordinates into the coordinates of the left
and right images. The warp function h probabilistically asso-
ciates image intensities at locations k, m(k), and n(k) in the
cyclopean virtual image, the left image, and the right image,
respectively. Accordingly, a match b, is defined by

| | )
I = Ol i) = 50 =, 506+ )

Conversely, stereo disparity may be expressed as the pixel
coordinate difference d,;=n-m. A pixel 404, corresponding to
(m,n)=(3,2) in pixel coordinates, maps to cyclopean coordi-
nate k=5, such that d;=-1. Likewise, an intermediate pixel
406, corresponding to (m,n)=(2.5,1.5) in pixel coordinates,
maps to cyclopean coordinate k=4, such that d,=-1.

When k+d, is even, (m(k),n(k)) are integers, so that h,
warps directly onto the left and right coordinate grids. In this
case, the warp is referred to as being “even” (e.g., pixel 404).
“0dd” warps, however, do not result in direct mapping to
between the cyclopean coordinates and integer coordinates in
the right and left coordinate grids (e.g., pixel 406). Therefore,
odd warps are deemed to be transitory states.

In one implementation, the space of matches between left
and right images is constrained and conditioned by a prob-
ability distribution P(d,Id,_;) which specifies a random pro-
cess for disparities at successive locations on the cyclopean
epipolar line. It is assumed that d, depends directly on the
immediate preceding disparity d,_;.

The joint likelihood of observations is denoted by p(z/1,d)
and can be decomposed into a product over pixels and pixel
pairs using the independence of p,, and v,. The history of
observations “preceding” the match h, is denoted as:

thE(Lla cees Lm(k)> Ry, ooty Rn(k) 4)
and the complementary set of “future” observations is

denoted as:

thE(Lm(k)+1> ws Lag Rn(k)+la - Ry) &)

FIG. 5 illustrates a disparity process model. The disparity
process model specifies the distribution of disparity gradients
8,=d,~d,_,. In one implementation, an ordering constraint
10,/=1 and an occlusion penalty (when 18,1=1) are applied to
achieve a reasonable model, although alternative restrictions
are also contemplated. These selected restrictions yield a
disparity process distribution:

w
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6

1 if hy_y is odd and 6)
& =0 (e, dy =diy)

q if Ay is even and

Paldy | di-1) = |6kl =1 (e, di = di1 £1)

1-2g if k) is even and
& =0 (e, dy=diy)

0 otherwise

with some appropriate occlusion probability, satistying q<'4
(e.g., g=V10). Other values of q, however, are also contem-
plated.

As such, in the grid 500, which is illustrated in relation to
pixel coordinate axes 502 and 504 and the cyclopean axis 506,
a disparity process between pixels 508 and 510 shows an even
warp h,_, for pixel 508 and a disparity gradient of -1 (i.e.,
d,~1). Likewise, the disparity process between pixels 508 and
512 shows an even warp h,_, for pixel 508 and a disparity
gradientof +1 (i.e., ,=1). In both of these cases, the disparity
process for these disparity gradients yields occlusion prob-
abilities of q as the disparity process values.

In contrast, the disparity process between pixels 508 and
514 shows an even warp h,_, for pixel 508 and a disparity
gradient of zero (i.e., §,=0). As such, the disparity process for
this disparity gradient yields a disparity process value of
1-2q. Furthermore, the disparity process between pixels 514
and 516 shows an odd warp h,_, for pixel 514 and a disparity
gradient of zero (i.e., §,=0). As such, the disparity process for
this disparity gradient yields a disparity process value of
1-2q.

The marginal prior distribution for cyclopean virtual image
values is represented by p,(Ilk) and useful special cases
include the stationary case p,(Ilk)=p,(I) and the uniform case
po(1)=1/V, where V is the volume of the color space. Alterna-
tively, prior p, can be modeled as a Gaussian or mixture of
Gaussians learned from patches in appropriate neighbor-
hoods of the left and right images. The pixels in the cyclopean
image are taken to have mutually independent prior distribu-
tions.

The observation density p(zld) is defined as a marginaliza-

tion of the full conditional density with respect to intensity:
pEld)=]pILdpod) M

and decomposed using Bayes” Rule as a product:

pizld)=| | @ de den) ®
k
where the observation function f is defined as
Pz \zn_ 1 di, dy) if By is even (&l

otherwise

f dk,dk71)={1

(where \ denotes a set difference operation). In the case of odd
warps, szk\zhk—IJ equals zero. Hence, the observation function
f is defined to be unity.
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The observation function f may be approximated in the
form:

A2 , (10)
(2] exp=MlLn = Ruwll® Ay even, 6 =0

fz di, diy) =3 PolLmi) I even, 8 = —1
Po(Rnw)) Jy even, 8 =1
1 By odd

where s=1 for monochrome observations and s=3 for color
observations, and A is a constant such that 1/A represents the
mean variability of the norm-difference under the conditions
of matching pixels L, and R,,.

FIG. 6 diagrammatically illustrates an exemplary forward
algorithm. In one implementation, a variation of a forward-
backward algorithm is employed to determine a joint poste-
rior density p(dy, 8,1z). In a stereo problem, such as is pre-
sented here, a forward-backward algorithm is generalized to
an observation history z,,, which depends on both the cyclo-
pean coordinate k and the disparity value d, of the inferred
intensity z at coordinate k.

Forward probabilities are, therefore, defined by a,(d,)=P
(dilz,). Bach value of a;(d,) is generated iteratively as:

@ (dy) o Z @1 (de-1)p(di | de-1)f (25 A, di—1)- an

i1

This is shown diagrammatically in a grid 600, which is
illustrated in relation to pixel coordinate axes 602 and 604 and
the cyclopean axis 606. Considering the observation function
f defined in Equation (10), evidence from the observations
characterizes the process model for a current cyclopean coor-
dinate k (i.e., pixel 608) relative to a previous cyclopean
coordinate k-1 (i.e., pixel 610)—see relation arrow 612.

Backward probabilities are defined by B,(d,)—p(z"Id,).
Each value of §,(d,) is propagated as:

Pildy) e Z,Bk+1(dk+1)P(dk+1 | d)f(25 devrs di) 12

1

The forward and backward probabilities are combined to
compute the posterior marginal distribution of disparity:

Vi (i) a3

PRACY
4,

3

Yildy) = pld 1 2) =

where

Yl d)=0(d)Brldy).-

To allow for occlusion, the posterior forward and backward
probabilities also yield P(d,,d,_,z), the joint density of the
disparity d, with the disparity gradient d,:

14

£ (dy. 5) 15

ng(dkaék)

di Ok

Sildy, 6) = pldy, & | 2) =
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-continued

where

i, 8) = ar (d = SO PLldy | di = SOBOf(Z; dey dir). (16)

It is possible to estimate the cyclopean image intensities
using the joint posterior density p(d,,d,/z). At cyclopean pixel
k, the intensity I, is estimated as an expectation, first over the
observation noise variables, then over the posterior distribu-
tion for disparity. The expectation of noise variables is
denoted as 1,(d,,d,) Given a uniform intensity prior p,(I), the
intensity expectation is:

1 . 17
E(Lm(k) + Ryy) if 8 =0

Lot if & = -1
Rt if & = +1

I(de, ) = ell | ] =

wherein the three conditions cover the cases of: no occlusion,
right occlusion, and left occlusion.

Variations in the Equation (17) exist for the case of Gaus-
sian priors. The algorithm is defined strictly only when the
warp is even (so m,n are integers). This definition provides
two options:

(1) Cyclopean intensities are estimated from the even

warps only; or

(2) Left/right intensities are interpolated for fractional indi-

ces of m,n. For example,

_ Lm+Lm+l
B 2

L 18)

m+

=

Given the intensity expectation and the joint density of the
disparity over the disparity gradient, estimation of the cyclo-
pean intensity is obtained by optimizing the expected loss,
such as shown in Equation 19 below. There are various
approaches for representing loss, including without limita-
tion a quadratic loss approach for which the estimated inten-
sity is the posterior mean. Using a quadratic loss approach,
the estimated cyclopean intensity at cyclopean coordinate k
is:

R - . 19
T = epa[Tede, 80) = > Telder 06 (de, ) 4

dy Sy

Other loss functions are contemplated, including without
limitation a “0-1" loss function. The sum defined in Equation
19 includes odd warps. Therefore, left/right intensities may
be interpolated where needed.

FIG. 7 illustrates operations of an exemplary process for
determining a cyclopean image. A reception operation 700
receives two or more stereo images. Such images may be
captured by a pair of stereo cameras, received from a storage
device or communication network, or received through other
means, including other types of imaging devices. A compu-
tation operation 702 computes a forward probability distri-
bution of disparity between the pixels of the stereo images—
see, for example, Equation (11). A computation operation 704
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computes a backward probability distribution of disparity
between the pixels of the stereo images—see, for example,
Equation (12).

A computation operation 706 computes a joint density of
the disparity with the disparity gradient using the forward and
backward probability distributions of disparity—see, for
example, Equation (15). An estimation operation 708 esti-
mates the cyclopean image based on the joint density of the
disparity with the disparity gradient and the expectation of the
cyclopean intensities—see, for example, the intensity expec-
tation shown in Equation (19). The image data determined by
this process may be displayed in the video window of a
display device to provide a gaze corrected image of a remote
conference participant.

The exemplary hardware and operating environment of
FIG. 8 for implementing the invention includes a general
purpose computing device in the form of a computer 20,
including a processing unit 21, a system memory 22, and a
system bus 23 that operatively couples various system com-
ponents include the system memory to the processing unit 21.
There may be only one or there may be more than one pro-
cessing unit 21, such that the processor of computer 20 com-
prises a single central-processing unit (CPU), or a plurality of
processing units, commonly referred to as a parallel process-
ing environment. The computer 20 may be a conventional
computer, a distributed computer, or any other type of com-
puter; the invention is not so limited.

The system bus 23 may be any of several types of bus
structures including a memory bus or memory controller, a
peripheral bus, and a local bus using any of a variety of bus
architectures. The system memory may also be referred to as
simply the memory, and includes read only memory (ROM)
24 and random access memory (RAM) 25. A basic input/
output system (BIOS) 26, containing the basic routines that
help to transfer information between elements within the
computer 20, such as during start-up, is stored in ROM 24.
The computer 20 further includes a hard disk drive 27 for
reading from and writing to a hard disk, not shown, a mag-
netic disk drive 28 for reading from or writing to a removable
magnetic disk 29, and an optical disk drive 30 for reading
from or writing to a removable optical disk 31 such as a CD
ROM or other optical media.

The hard disk drive 27, magnetic disk drive 28, and optical
disk drive 30 are connected to the system bus 23 by a hard disk
drive interface 32, a magnetic disk drive interface 33, and an
optical disk drive interface 34, respectively. The drives and
their associated computer-readable media provide nonvola-
tile storage of computer-readable instructions, data struc-
tures, program modules and other data for the computer 20. It
should be appreciated by those skilled in the art that any type
of computer-readable media which can store data that is
accessible by a computer, such as magnetic cassettes, flash
memory cards, digital video disks, Bernoulli cartridges, ran-
dom access memories (RAMs), read only memories (ROMs),
and the like, may be used in the exemplary operating envi-
ronment.

A number of program modules may be stored on the hard
disk, magnetic disk 29, optical disk 31, ROM 24, or RAM 25,
including an operating system 35, one or more application
programs 36, other program modules 37, and program data
38. A user may enter commands and information into the
personal computer 20 through input devices such as a key-
board 40 and pointing device 42. Other input devices (not
shown) may include a microphone, joystick, game pad, sat-
ellite dish, scanner, or the like. These and other input devices
are often connected to the processing unit 21 through a serial
port interface 46 that is coupled to the system bus, but may be
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connected by other interfaces, such as a parallel port, game
port, or a universal serial bus (USB). A monitor 47 or other
type of display device is also connected to the system bus 23
via an interface, such as a video adapter 48. In addition to the
monitor, computers typically include other peripheral output
11 devices (not shown), such as speakers and printers.

The computer 20 may operate in a networked environment
using logical connections to one or more remote computers,
such as remote computer 49. These logical connections are
achieved by a communication device coupled to or a part 15
of'the computer 20; the invention is not limited to a particular
type of communications device. The remote computer 49
may be another computer, a server, a router, a network PC, a
client, a peer device or other common network node, and
typically includes many or all of the elements described
above relative to the computer 20, although only a memory
storage device 50 has been illustrated in FIG. 8. The logical
connections depicted in FIG. 8 include a local-area network
(LAN) 51 and a wide-area network (WAN) 52. Such network-
ing environments are commonplace in office networks, enter-
prise-wide computer networks, intranets and the Internal,
which are all types of networks.

When used in a LAN-networking environment, the com-
puter 20 is connected to the local network 51 through a
network interface or adapter 53, which is one type of com-
munications device. When used in a WAN-networking envi-
ronment, the computer 20 typically includes a modem 54, a
type of communications device, or any other type of commu-
nications device for establishing communications over the
wide area network 52. The modem 54, which may be internal
or external, is connected to the system bus 23 via the serial
port interface 46. In a networked environment, program mod-
ules depicted relative to the personal computer 20, or portions
thereof, may be stored in the remote memory storage device.
It is appreciated that the network connections shown are
exemplary and other means of and communications devices
for establishing a communications link between the comput-
ers may be used.

In an exemplary implementation, computation modules or
an estimation module may be incorporated as part of the
operating system 35, application programs 36, or other pro-
gram modules 37. The forward and backward probability
distributions, intensity expectations, and the resulting cyclo-
pean image Is data may be stored as program data 38.

The embodiments of the invention described herein are
implemented as logical steps in one or more computer sys-
tems. The logical operations of the present invention are
implemented (1) as a sequence of processor-implemented
steps executing in one or more computer systems and (2) as
interconnected machine modules within one or more com-
puter systems. The implementation is a matter of choice,
dependent on the performance requirements of the computer
system implementing the invention. Accordingly, the logical
operations making up the embodiments of the invention
described herein are referred to variously as operations, steps,
objects, or modules.

The above specification, examples and data provide a com-
plete description of the structure and use of exemplary
embodiments of the invention. Since many embodiments of
the invention can be made without departing from the spirit
and scope of the invention, the invention resides in the claims
hereinafter appended.

What is claimed is:

1. A method of determining a cyclopean image associated
with a left image and a right image, the method comprising:

computing a joint posterior density £(d,, 9,) of a stereo

disparity d, in conjunction with a disparity gradient J,,
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wherein the joint posterior density is based on a forward
probability distribution of the stereo disparity and a
backward probability distribution of the stereo disparity;
and

estimating the cyclopean image based on the joint posterior

density of the stereo disparity with the disparity gradi-
ent.

2. The method of claim 1 wherein the disparity gradient
represents a difference between stereo disparity values at
adjacent cyclopean coordinates of the cyclopean image.

3. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and further comprising:

computing the forward probability distribution of the ste-

reo disparity based on a distribution of disparity gradi-
ents for the current cyclopean coordinate given a previ-
ous cyclopean coordinate.

4. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and further comprising:

computing the forward probability distribution of the ste-

reo disparity based on an observation given the current
cyclopean coordinate and a previous cyclopean coordi-
nate.

5. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and further comprising:

computing the backward probability distribution of the

stereo disparity based on a distribution of disparity gra-
dients for a next cyclopean coordinate given the current
cyclopean coordinate.

6. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and further comprising:

computing the backward probability distribution of the

stereo disparity based on an observation given the cur-
rent cyclopean coordinate and a next cyclopean coordi-
nate.

7. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and estimating the cyclopean

image comprises:

computing an intensity expectation at the current cyclo-

pean coordinate over observation noise.

8. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and estimating the cyclopean

image comprises:

optimizing a loss function to estimate the cyclopean inten-

sity at the current cyclopean coordinate.

9. The method of claim 1 wherein the cyclopean image is
associated with a

current cyclopean coordinate and estimating the cyclopean

image comprises:
computing an intensity expectation at the current cyclo-
pean coordinate over observation noise; and

computing a posterior mean based on the intensity expec-
tation and the joint posterior density of the stereo dis-
parity with a disparity gradient.

10. A computer-readable storage medium

product encoding a computer program for executing on a

computer system a computer

process for determining a cyclopean image associated with

a left image and a right image, the computer process
comprising:

computing a joint posterior density £(d,, 9;) of a stereo

disparity d, in conjunction with a disparity gradient J,,
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wherein the joint posterior density is based on a forward
probability distribution of the stereo disparity and a
backward probability distribution of the stereo disparity;
and

estimating the cyclopean image based on the joint posterior

density of the stereo disparity with the disparity gradi-
ent.

11. The computer-readable storage medium product of
claim 10 wherein the disparity gradient represents a difter-
ence between stereo disparity values at adjacent cyclopean
coordinates of the cyclopean image.

12. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and the computer process fur-
ther comprises:

computing the forward probability distribution of the ste-

reo disparity based on a distribution of disparity gradi-
ents for the current cyclopean coordinate given a previ-
ous cyclopean coordinate.

13. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and the computer process fur-
ther comprises:

computing the forward probability distribution of the ste-

reo disparity based on an observation given the current
cyclopean coordinate and a previous cyclopean coordi-
nate.

14. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and the computer process fur-
ther comprises:

computing the backward probability distribution of the

stereo disparity based on a distribution of disparity gra-
dients for a next cyclopean coordinate given the current
cyclopean coordinate.

15. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and the computer process fur-
ther comprises:

computing the backward probability distribution of the

stereo disparity based on an observation given the cur-
rent cyclopean coordinate and a next cyclopean coordi-
nate.

16. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and estimating the cyclopean
image comprises:

computing an intensity expectation at the current cyclo-

pean coordinate over observation noise.

17. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and estimating the cyclopean
image comprises:

optimizing a loss function to estimate the cyclopean inten-

sity at the current cyclopean coordinate.
18. The computer-readable storage medium product of
claim 10 wherein the cyclopean image is associated with a
current cyclopean coordinate and estimating the cyclopean
image comprises:
computing an intensity expectation at the current cyclo-
pean coordinate over observation noise; and

computing a posterior mean based on the intensity expec-
tation and the joint posterior density of the stereo dis-
parity with a disparity gradient.

19. A system for determining a cyclopean image associated
with a left image and a right image, the system comprising:
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a forward-backward module computing a joint posterior
density &(d,, 9,) of a stereo disparity d, in conjunction
with a disparity gradient §,, wherein the joint posterior
density is based on a forward probability distribution of
the stereo disparity and a backward probability distribu-
tion of the stereo disparity; and

a cyclopean image generator estimating the cyclopean
image based on the joint posterior density of the stereo
disparity with the disparity gradient.

20. The system of claim 19 wherein the disparity gradient
represents a difference between stereo disparity values at
adjacent cyclopean coordinates of the cyclopean image.

21. The system of claim 19 wherein the cyclopean image is
associated with a current cyclopean coordinate and further
comprising:

a forward probability module computing the forward prob-
ability distribution of the stereo disparity based on a
distribution of disparity gradients for the current cyclo-
pean coordinate given a previous cyclopean coordinate.

22. The system of claim 19 wherein the cyclopean image is
associated with a current cyclopean coordinate and further
comprising:

a forward probability module computing the forward prob-
ability distribution of the stereo disparity based on an
observation given the current cyclopean coordinate and
a previous cyclopean coordinate.

23. The system of claim 19 wherein the cyclopean image is

associated with a current cyclopean coordinate and further
comprising:
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a backward probability module computing the backward
probability distribution of the stereo disparity based on a
distribution of disparity gradients for a next cyclopean
coordinate given the current cyclopean coordinate.

24. The system of claim 19 wherein the cyclopean image is
associated with a

current cyclopean coordinate and further comprising:

a backward probability module computing the backward
probability distribution of the stereo disparity based on
an observation given the current cyclopean coordinate
and a next cyclopean coordinate.

25. The system of claim 19 wherein the cyclopean image is
associated with a current cyclopean coordinate and the cyclo-
pean image generator computes an intensity expectation at
the current cyclopean coordinate over observation noise.

26. The system of claim 19 wherein the cyclopean image is
associated with a current cyclopean coordinate and the cyclo-
pean image generator optimizes a loss function to estimate
the cyclopean intensity at the current cyclopean coordinate.

27. The system of claim 19 wherein the cyclopean image is
associated with a current cyclopean coordinate and the cyclo-
pean image generator computes an intensity expectation at
the current cyclopean coordinate over and a posterior mean
based on the intensity expectation and the joint posterior
density of the stereo disparity with a disparity gradient.



