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JOINT DEPTH ESTIMATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application Serial No.
61/204,485, filed January 7, 2009, and titled “Joint Depth Estimation for Multiple Depth

Maps”, which is incorporated by reference herein in its entirety for all purposes.

TECHNICAL FIELD

Implementations are described that relate to coding systems. Various particular

implementations relate to joint depth estimation.

BACKGROUND

Three-dimensional video (3DV) is a framework directed to generating high-quality

3D rendering at the receiver side. This enables 3D visual experiences with auto-stereoscopic
displays, free-view point applications, and stereoscopic displays. In 3DV applications, a
reduced number of video views and corresponding depth maps, typically referred as multi-
view plus depth (MVD), are transmitted or stored due to limitations in transmission
bandwidth and/or storage constraints. At the receiver side, additional views are rendered

using available views and depth maps.

SUMMARY

According to a general aspect, a first-view depth indicator for a location in a first
view is estimated, and a second-view depth indicator for a corresponding location in a second
view is estimated. The estimating of one or more of the first-view depth indicator and the
second-view depth indicator is based on a constraint. The constraint provides a relationship
between the first-view depth indicator and the second-view depth indicator for corresponding
locations.

The details of one or more implementations are set forth in the accompanying
drawings and the description below. Even if described in one particular manner, it should be
clear that implementations may be configured or embodied in various manners. For
example, an implementation may be performed as a method, or embodied as apparatus, such
as, for example, an apparatus configured to perform a set of operations or an épparatus

storing instructions for performing a set of operations, or embodied in a signal. Other aspects
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and features will become apparent from the following description considered in conjunction

with the accompanying drawings and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure | is an example of a left depth map from a left reference view.

Figure 2 is an example of a right depth map from a right reference view.
Figure 3 is a diagram of an implementation of a depth estimator.

Figure 4 is a diagram of an implementation of a video transmission system.
Figure 5 is a diagram of an implementation of a video receiving system.
Figure 6 is a diagram of an implementation of a video processing device.
Figure 7 is a diagram of an implementation of a first depth estimation process.

Figure 8 is a diagram of an implementation of a second depth estimation process.

DETAILED DESCRIPTION

In many 3DV applications, intermediate views (virtual views) can be generated and
such generating is typically referred to as rendering. Rendering may be performed using, for
example, the technique of Depth Image Based Rendering (DIBR), which takes the
transmitted/stored views (reference views) and the associated per-pixel depth maps as input.
Such input may be, for example, provided by an MVD format. Depth may be captured using
any of a variety of techniques. However, often only video is provided and depth is estimated.
To obtain depth maps, depth estimation techniques are often used to find correspondence
among different views.

It can be a challenging task to generate a virtual view, especially when the input depth
maps are obtained using depth estimation. This is, in part, because the estimated depth maps
may be noisy (not accurate), and there may be no other scene information available such as a
3D surface property of the scene. Noisy depth maps may be inaccurate because they do not
have the correct depth value. Additionally, a sequence of noisy depth maps can have
inaccurate values that are not consistently inaccurate. For example, an object at constant
actual depth may be inaccurately estimated in a first picture with a low depth and
inaccurately estimated in a second picture with a high depth.

Better view rendering quality can typically be achieved if more reference views are
available for DIBR. For example, two reference views may be used to render an
intermediate view. In the case of multiple reference views, the depth map of each reference

view is estimated if not already known. However, the multiple depth maps of different views
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are typically estimated independently from each other. As mentioned, one of the challenges
of DIBR methods is the fact that the estimated depth maps are often inconsistent across
views. This may lead to poor rendering quality when a virtual view is rendered with two or
more inconsistent depth maps.

In at least one implementation, we propose estimating the depth maps of the reference
views with a joint depth estimation. The joint depth estimation performs depth estimation for
multiple reference views in a joint process, rather than independently. The joint depth
estimation obtains depth maps of different views that are more consistent, leading to better
quality in the DIBR rendered views.

In at least one implementation, two depth maps are generated based on an
intermediate view. The implementation develops a constraint that provides a relationship
between corresponding locations in the two depth maps. This constraint can be used in
various ways to provide consistency between the two depth maps.

In at least one implementation, the joint depth estimation involves a summing
operation performed on respective disparity estimation costs (distortions) for disparities
between corresponding pixel locations in two or more views.

In at least another implementation, the joint depth estimation involves the use of a
summing operation based on camera distances. In at least one implementation, the summing
operation is weighted based on the camera distances.

Figure I shows an exemplary left depth map generated for a left reference view
corresponding to an MPEG test sequence known as “Leaving_Laptop”, to which the present
principles may be applied in accordance with an embodiment of the present principles.
Figure 2 shows an exemplary right depth map generated for a right reference view
corresponding to the MPEG test sequence known as “Leaving_Laptop™, to which the present
principles may be applied in accordance with an embodiment of the present principles.
Although not readily apparent from the Figures, it can be observed that for some particular
areas, the depth levels in the depth map pair can be very different. In particular, the
difference can be larger than 40 in the examples of Figures 1 and 2. In such instances, the
ideal difference is zero, but the observed difference is, for example, larger than 40. This is an
example of views that do not have consistent depth maps.

In terms of the number of required input views to estimate one depth map, depth
estimation algorithms may typically be divided into the following three categories: single
view; stereopsis; and multiple views. All three categories assume that no depth map is

known, and use the video from one or more views to generate a depth map.
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In typical implementations, with only one single view as input, the camera focus is
considered as a mean for depth estimation. A method referred to as “depth-from-focus” may
be used to determine the depth based on the amount of defocus or blurring. This method may
not be very reliable because, for example, focus estimation often does not provide good
results.

A stereopsis method may use a pair of views as input to estimate the depth maps for
one of the views. For area-based stereo matching methods, such methods typically match
neighboring pixel values within a window between the two images. It is typically critical to
select an appropriate window size. In some applications, the window size and shape can be
iteratively changed based on the local variation of the intensity and current depth estimates.
Some global constraints may be applied to produce a dense depth map, that is, a depth map
having unique values and being continuous almost everywhere.

With emerging multiple view content, using multiple views as inputs for depth
estimation has been explored. One possible approach is to use three views as inputs (a left
view, a center view, and a right view) in order to estimate the depth for the center view.

[n typical approaches in the art, the aim is to generate a single dense depth map
sequence. When more than one depth map sequence needs to be estimated, the depth
estimation is performed for each target view independently, regardless of the category of the
depth estimation algorithm. Hence, inconsistency across the views is likely to be present.

Figure 3 shows an exemplary depth estimator 300 to which the present principles may
be applied, in accordance with an embodiment of the present principles. The depth estimator
300 receives a target view 1, a target view 2, and one or more reference views as inputs. The
depth estimator 300 provides the estimated depth of target view | and the depth of target
view 2 as outputs. The operation of the depth estimator 300 is described in further detail
herein below.

More generally, the depth estimator 300 provides an estimated depth indicator for
target view 1 and an estimated depth indicator for target view 2. A depth indicator may be a
depth value, or an entire depth map. But a depth indicator may alternatively be, for example,
a disparity value, or an entire disparity map. References to depth in the implementations and
descriptions that follow are intended to include other depth indicators, such as, for example,
disparity. The depth indicator may provide a depth indication for, for example, an entire
target view or a location in a target view. The location may be, for example, a particular

pixel, a partition, a sub-macroblock, a macroblock, a slice, or a field.
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Figure 4 shows an exemplary video transmission system 400, to which the present
principles may be applied, in accordance with an implementation of the present principles.
The video transmission system 400 may be, for example, a head-end or transmission system
for transmitting a signal using any of a variety of media, such as, for example, satellite, cable,
telephone-line, or terrestrial broadcast. The transmission may be provided over the Internet
or some other network.

The video transmission system 400 is capable of generating and delivering
compressed video with depth. This is achieved by generating an encoded signal(s) including
depth information or information capable of being used to synthesize the depth information
at a receiver end that may, for example, have a decoder.

The video transmission system 400 includes an encoder 410 and a transmitter 420
capable of transmitting the encoded signal. The encoder 410 receives video information and
generates an encoded signal(s) with depth. The encoder 410 may include sub-modules,
including for example an assembly unit for receiving and assembling various pieces of
information into a structured format for storage or transmission. The various pieces of
information may include, for example, coded or uncoded video, coded or uncoded depth
information, and coded or uncoded elements such as, for example, motion vectors, coding
mode indicators, and syntax elements.

The transmitter 420 may be, for example, adapted to transmit a program signal having
one or more bitstreams representing encoded pictures and/or information related thereto.
Typical transmitters perform functions such as, for example, one or more of providing error-
correction coding, interleaving the data in the signal, randomizing the energy in the signal,
and modulating the signal onto one or more carriers. The transmitter may include, or
interface with, an antenna (not shown). Accordingly, implementations of the transmitter 420
may include, or be limited to, a modulator.

The video transmission system 400 may also be included, in whole or part, in a
variety of user devices. Such devices include, for example, a cell phone, a laptop or other
computer, and a camcorder.

Figure 5 shows an exemplary video receiving system 500 to which the present
principles may be applied, in accordance with an embodiment of the present principles. The
video receiving system 500 may be configured to receive signals over a variety of media,
such as, for example, satellite, cable, telephone-line, or terrestrial-broadcast. The signals may

be received over the Internet or some other network.
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The video receiving system 500 may be, for example, a cell-phone, a computer, a set-
top box, a television, or other device that receives encoded video and provides, for example,
decoded video for display to a user or for storage. Thus, the video receiving system 500 may
provide its output to, for example, a screen of a television, a computer monitor, a computer
(for storage, processing, or display), or some other storage, processing, or display device.

The video receiving system 500 is capable of receiving and processing video content
including video information. The video receiving system 500 includes a receiver 510
capable of receiving an encoded signal, such as for example the signals described in the
implementations of this application, and a decoder 520 capable of decoding the received
signal.

The receiver 510 may be, for example, adapted to receive a program signal having a
plurality of bitstreams representing encoded pictures. Typical receivers perform functions
such as, for example, one or more of receiving a modulated and encoded data signal,
demodulating the data signal from one or more carriers, de-randomizing the energy in the
signal, de-interleaving the data in the signal, and error-correction decoding the signal. The
receiver 510 may include, or interface with, an antenna (not shown). Implementations of the
receiver 510 may include, or be limited to, a demodulator. The decoder 520 outputs video
signals including, for example, video information and depth information.

Figure 6 shows an exemplary video processing device 600 to which the present
principles may be applied, in accordance with an embodiment of the present principles. The
video processing device 600 may be, for example, a set top box or other device that receives
encoded video and provides, for example, decoded video for display to a user or for storage.
Thus, the video processing device 600 may provide its output to a television, computer
monitor, or a computer or other processing device.

The video processing device 600 includes a front-end (FE) device 605 and a decoder
610. The front-end device 605 may be, for example, a receiver adapted to receive a program
signal having a plurality of bitstreams representing encoded pictures, and to select one or
more bitstreams for decoding from the plurality of bitstreams. Typical receivers perform
functions such as, for example, one or more of receiving a modulated and encoded data
signal, demodulating the data signal, decoding one or more encodings (for example, channel
coding and/or source coding) of the data signal, and/or error-correcting the data signal. The
front-end device 605 may receive the program signal from, for example, an antenna (not

shown). The front-end device 605 provides a received data signal to the decoder 610.
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The decoder 610 receives a data signal 620. The data signal 620 may include, for
example, one or more Advanced Video Coding (AVC), Scalable Video Coding (SVC), or
Multi-view Video Coding (MVC) compatible streams.

AVC refers more specifically to the existing International Organization for
Standardization/International Electrotechnical Commission (ISO/IEC) Moving Picture
Experts Group-4 (MPEG-4) Part 10 Advanced Video Coding (A VC) standard/International
Telecommunication Union, Telecommunication Sector (ITU-T) H.264 Recommendation
(hereinafter the “H.264/MPEG-4 AVC Standard” or variations thereof, such as the “AVC
standard” or simply “AVC”).

MVC refers more specifically to a multi-view video coding ("MVC") extension
(Annex H) of the AVC standard, referred to as H.264/MPEG-4 AVC, MVC extension (the
"MVC extension" or simply “MVC?).

SVC refers more specifically to a scalable video coding ("SVC") extension (Annex
G) of the AVC standard, referred to as H.264/MPEG-4 AVC, SVC extension (the "SVC
extension” or simply “SVC”).

The decoder 610 decodes all or part of the received signal 620 and provides as output
a decoded video signal 630. The decoded video 630 is provided to a selector 650. The
device 600 also includes a user interface 660 that receives a user input 670. The user
interface 660 provides a picture selection signal 680, based on the user input 670, to the
selector 650. The picture selection signal 680 and the user input 670 indicate which of
multiple pictures, sequences, scalable versions, views, or other selections of the available
decoded data a user desires to have displayed. The selector 650 provides the selected
picture(s) as an output 690. The selector 650 uses the picture selection information 680 to
select which of the pictures in the decoded video 630 to provide as the output 690.

In various implementations, the selector 650 includes the user interface 660, and in
other implementations no user interface 660 is needed because the selector 650 receives the
user input 670 directly without a separate interface function being performed. The selector
650 may be implemented in software or as an integrated circuit, for example. In one
implementation, the selector 650 is incorporated with the decoder 610, and in another
implementation, the decoder 610, the selector 650, and the user interface 660 are all
integrated.

In one application, front-end 605 receives a broadcast of various television shows and
selects one for processing. The selection of one show is based on user input of a desired

channel to watch. Although the user input to front-end device 605 is not shown in Figure 6,
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front-end device 605 receives the user input 670. The front-end 605 receives the broadcast
and processes the desired show by demodulating the relevant part of the broadcast spectrum,
and decoding any outer encoding of the demodulated show. The front-end 605 provides the
decoded show to the decoder 610. The decoder 610 is an integrated unit that includes
devices 660 and 650. The decoder 610 thus receives the user input, which is a user-supplied
indication of a desired view to watch in the show. The decoder 610 decodes the selected
view, as well as any required reference pictures from other views, and provides the decoded
view 690 for display on a television (not shown).

Continuing the above application, the user may desire to switch the view that is
displayed and may then provide a new input to the decoder 610. A fter receiving a “view
change” from the user, the decoder 610 decodes both the old view and the new view, as well
as any views that are in between the old view and the new view. That is, the decoder 610
decodes any views that are taken from cameras that are physically located in between the
camera taking the old view and the camera taking the new view. The front-end device 605
also receives the information identifying the old view, the new view, and the views in
between. Such information may be provided, for example, by a controller (not shown in
Figure 6) having information about the locations of the views, or the decoder 610. Other
implementations may use a front-end device that has a controller integrated with the front-
end device.

The decoder 610 provides all of these decoded views as output 690. A post-processor
(not shown in Figure 6) interpolates between the views to provide a smooth transition from
the old view to the new view, and displays this transition to the user. After transitioning to
the new view, the post-processor informs (through one or more communication links not
shown) the decoder 610 and the front-end device 605 that only the new view is needed.
Thereafter, the decoder 610 only provides as output 690 the new view.

The system 600 may be used to receive multiple views of a sequence of images, and
to present a single view for display, and to switch between the various views in a smooth
manner. The smooth manner may involve interpolating between views to move to another
view. Additionally, the system 600 may allow a user to rotate an object or scene, or
otherwise to see a three-dimensional representation of an object or a scene. The rotation of
the object, for example, may correspond to moving from view to view, and interpolating
between the views to obtain a smooth transition between the views or simply to obtain a
three-dimensional representation. That is, the user may "select" an interpolated view as the

"view" that is to be displayed.
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In at least one described implementation it is proposed to perform depth estimation
for the target views in a joint way rather than independently.
From camera geometry, disparity (d) between two views and object depth (z) are

convertible using the follow equation:

d=2"t 1)
4

In Equation (1), fis the focal length of the camera lens, / is the baseline spacing (also
known as camera distance), and du is the difference in the principal point offset.

To briefly explain du, let u; indicate the difference between the center of the image
and the center of the optical system, for a given camera i. That is, u is the offset of the
center of the image from the center of the optical center, for camera i. Then du, or more
specifically du;, is the difference between w; and u;, where i and j are two cameras/views.

Disparity refers to the shift or translation between a location in one view and a
corresponding location in another view. Depth refers to the distance from the camera plane
to the object in the video. Both disparity and depth can vary from pixel to pixel. Depthisa
value that applies to a single view. Additionally, focal length applies to a single view.
However, disparity and du are relative values that describe a relationship between
corresponding pixels within two views. Additionally, / describes the distance between two
cameras, or more generally / descries a relationship (distance) between two views (cameras
are at the view locations).

It is noted that in many depth estimation methods, disparity (d) is first estimated and
then converted to depth (z), because disparity is the correspondence between two views and
can be identified by searching for the most similar pixel in the other view(s) with a cost
function (also referred to as a distortion) such as mean-squared error (MSE) or sum of
absolute difference (SAD), and so forth.

Without sacrificing generality, we provide an example of how one might generate
depth maps based on the captured views. We assume that we have video for 5 views
captured, namely view | to view 5, and we want to estimate the depth maps for view 2 and
view 4. In one possible process, video from views 1, 2, and 3 is used as input so as to
estimate the depth map of view 2. Similarly, video from views 3, 4, and 5 is used as input in
order to estimate the depth map of view 4. In this manner, the depth maps of view 2 and

view 4 are generated independently. It is worth noting that view 3 is shared in the two depth



WO 2010/144074 PCT/US2009/006568

map estimation processes we just described. But the depth estimation for views 2 and 4 are
still independent.

We propose at least one embodiment that uses the video from view 3 to link the two
estimation processes in the following way. For each pixel in view 3, let d3, denote the
disparity from view 3 to view 2, and let d3, denote the disparity from view 3 to view 4.
When the pixel is not occluded in any of the three views, that is, ds; and dj34 are valid
disparities, they shall satisfy Equation (2) provided that the du's in Equation (1) are zero and
the cameras are equally spaced (same /) and all cameras share the same focal length (¥).

Equation (2) is as follows:
dsz=-d34 2

Without the simplifications of zero du's, equally spaced cameras and the same focal
lengths, Equation (2) can be replaced with a more complicated form, as explained below. In
other words, the relationship between d; and ds, can still be determined (that is, there are
constraints that ds; and dj;, should satisfy).

The fact that d, and d34 should satisfy certain constraints can be used for a joint depth
estimation for a depth map of view 2 and a depth map of vfew 4.

A slightly more general constraint is now developed.

From equation (1), we have:

Ll 4 gy, 3)

dyy =
32 Z3

Equation (3) can be rearranged as:

Similarly, from equation (1), we have:

dyy =22 4 dus, (5)
Equation (5) can be rearranged as:

R ©)

d3a—dugz,

The right-hand side of equations (4) and (6) can be equated as:

10
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f3laz  __ fzla,

d3yp—dus,  dze—duszs (7)
Equation (7) can be rearranged as:

(d3q — dusy) = % (d3z — dus,) (8)
Equation (8) simplifies to:

(d3q — dug,) = :_: (d3; — dus,) %)

[f the cameras are equally spaced, then /3, = -/3;. Accordingly, equation (9) simplifies
to equation (2) if the du values are zero, and the cameras are equally spaced. Equation (9)
does illustrate, however, a slightly more general constraint between d;, and d35. Of course,
other constraints are also possible and envisioned.

Both of equations (2) and (9) describe a constraint that provides a relationship
between a depth indicator (disparity) for one view (for example, d;) and a depth indicator for
another view (for example, ds,), for corresponding locations in the two views. The locations
typically refer to actual pixels. The depth indicator in equations (2) and (9) may,’
equivalently, be represented as depth.

The constraint is based on one or more camera parameters, such as, for example, dus,,
dusy, 134, and I3;. du;s; and dus, can be derived from camera parameters by taking the
difference in principal point offsets of two views. Principal point offset is one of the intrinsic
camera parameters. Additionally, f(focal length of the camera lens) is also an intrinsic
" camera parameter, and may be part of a constraint in other implementations. /3, and /3,

(baseline camera spacings) can calculated from extrinsic camera parameters.

Embodiment 1

In this embodiment, four steps are proposed. Variations, however, may include a

different number of steps.

Step 1. For a current pixel in view 3, ds; and dj, are estimated and stored
respectively. [f the two disparities ds; and dj, satisfy (or almost satisfy within a given
threshold) the relationship in Equation (2), indicating that both are reliable, then the two
disparities will be updated, for example using Equation (10) as set forth below. Then the

process moves on to the next pixel and performs from Step 1. Equation (10) is as follows:
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d's2=(dsz—dsq) /2 (10)
d'syy=-(dsy—dsy) /2

Otherwise, if ds; and d34 do not satisfy Equation (2) within a given threshold, then go
to Step 2.

Estimating a disparity, such as for example djs;, can be performed in various ways. In
one implementation, a block-based comparison is performed between a block centered on the
current pixel in view 3 and a similarly sized block in view 2 centered on a selected pixel.
The selected pixel reflects a particular disparity. The block-based comparison may be a
computation of MSE of SAD, for example, and a distortion (or cost) is determined for the
particular disparity. The selected pixel (and, therefore, the particular disparity) can then be
changed, and a new block-based comparison can be performed and a new distortion can be
determined. A series of possible disparities can be evaluated, and the disparity resulting in

the lowest distortion can be selected as the estimate for dj,.

Step 2. Step 2 relates to the case when d32 and dj, do not satisfy Equation (2) within
a given threshold. The given threshold may be, for example, an offset or a scale factor. In
one implementation, the estimated value of d3> must be within four pixels (a threshold offset)
of the constrained value of d;, (as predicted, for example, by Equation (2) or Equation (9)).
In another implementation, the estimated value of d3; must be within five percent (a scale
factor threshold) of the constrained value of ds; (as predicted, for example, by Equation (2)
or Equation (9)).

Let E;; and E3, represent the estimation cost (distortion) for d3;, and djy, respectively.
For example, the MSE between pixels is a typical estimation cost for disparity estimation.
That is, because the estimates are not perfect, there is a cost (penalty) in rendering new views
based on the estimated disparity. Of course, other cost functions can also be utilized, while
maintaining the spirit of the present principles. Since we already know that at least one of
the estimations of d3; and d3, is not reliable as it/they does/do not satisfy (2), if one of £;, and
E3,4is significantly larger than the other, it is likely that the disparity estimation with the
larger estimation cost has failed to find a good matching pixel. We will mark that disparity
estimation as a hole in the disparity map and keep only the disparity with smaller estimation

cost, and then proceed to Step 3. In various implementations, the determination of whether
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one of £3; and £3yis significantly larger than the other is made by determining whether the
difference between Ej; and Ej, is larger than a given threshold.

If E3; and E3, are not significantly different (for example, the absolute value of the
difference between Ej3; and Ej, is not larger than the given threshold), it becomes ambiguous
for us to determine which one is more reliable. We propose for this scenario to go back to
Step 1 and perform disparity estimation with updated search parameters. For example, the
search range can be increased in order to find better matches. The block size may also be
changed. Equation (2) will be checked again as well as £3, and Ej, to determine if we can
proceed to Step 3. The number of iterations should be monitored to avoid an infinite
estimation loop. If a given number of iterations has been performed but the process still
cannot find reliable disparity values, then a hole pixel will be marked for each disparity map
(view 2 and view 4) and the method proceeds to Step 3.

Note that we have used thresholds to determine whether the disparities adequately
satisfy the constraint. We have also used thresholds to determine whether the distortions are
significant different. However, other implementations assign a confidence to the pair of
disparity values in one or more of these scenarios. Based on the measure of confidence, any
of a number of actions may be taken. Some implementations provide the measure of

confidence to a user or a rendering device.

Step 3. If there are remaining pixels to be processed, then move on to the next pixel

and go to Step 1. Otherwise, go to Step 4.

Step 4. Hole-filling: If there are hole-pixels in the disparity maps of view 2 and/or
view 4, the hole-pixels are being filled in this step. In one implementation, the holes can be
filled using some interpolation algorithm based on the neighboring disparity pixels. In other
implementations, the hole can just be filled using the neighboring depth level that is further
away (background preferred) from the cameras (that is, simply select the smaller disparity /
larger depth).

Note also that the above process of building a disparity (for example, for view 2)
determines disparity for locations in view 2 that correspond to locations in view 3. However,
the loop is taken over locations in view 3. Accordingly, there may be locations in view 2 for
which no location in view 3 has a corresponding location. Such locations in view 2 are

simply retained as holes in the view 2 disparity map.
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Conversely, multiplé locations in view 3 may produce a disparity that maps to the
same location in view 2. In such cases, the larger disparity (smaller depth) is preferred

because it indicates a foreground object.

The procedure of Embodiment 1 is shown in Figure 7. Figure 7 shows an exemplary
method 700 for estimating depth in accordance with an embodiment of the present principles.
Method 700 may be performed, for example, by depth estimator 300 of FIG. 3. Note that the
view numbers in Figure 7 and the following text are simply for illustration/explanation
purposes. The general concept can be applied to jointly estimate depth map of two views. At
step 705, pixel 7 is set to the next pixel in view 3. At step 710, disparity estimation is
performed on target view 2 to get disparity d3,. At step 715, disparity estimation is
performed on target view 4 to get disparity ds,. At step 720, it is determined whether or not
d3; and djq satisfy Equation (2) within a given threshold. If so, then the method proceeds to
step 725. Otherwise, the method proceeds to step 730. At step 725, ds; and dj34 are updated
as per Equation (10). Note that this step 725 provides consistency for the corresponding
disparity values for depth maps for views 2 and 4. At step 730, it is determined whether or
not the estimation costs E3; and £, are close to each other (for example, within a threshold
amount). If so, then the method proceeds to step 735. Otherwise, the method proceeds to
step 760. At step 735, the disparity search parameters are updated. At step 740, it is
determined whether or not the number of iterations is greater than a threshold (number of
iterations). If so, then the method proceeds to step 745. Otherwise, the method returns to
steps 710 and 715. At step 745, hole pixélé in the two disparity maps view 2 and view 4 are
marked. At step 760, a hole pixel in the disparity map with larger disparity error is marked.
At step 750, it is determined whether or not there are more pixels to be processed in view 3.
[f so, then the method returns to step 705. Otherwise, the method proceeds to step 755. At
step 755, hole pixels, if any, in the disparity maps are filled.

Embodiment 2

Different from Embodiment 1, we propose a joint estimation cost (distortion) function
such that the two disparity (ds; and d;,) search procedures are combined into a single one.
The relationship shown in Equation (2) is used to design a joint disparity search process. For
every candidate disparity d;;, we have a corresponding disparity ds, based on Equation (2)
and thus a joint estimation cost function from dj, and d;4 can be calculated. For example, the

joint estimation cost function can be as simple as the sum of £, and E3q, Ejoie = E32 + E3y,
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where dj;; and dj, satisfy Equation (2). Advanced metrics, such as, for example, a weighted
sum based on camera distances can be used as alternative metrics. Different disparity pairs
are evaluated and the one resulting in the lowest estimation cost Ejoim 1s selected. The
different disparity pairs are generated in a manner similar to Embodiment 1, which loops
over a predetermined range of possible disparity values for d;,. For each pixel, the selected
disparity in this embodiment will produce disparity vectors that satisfy Equation (2), leading
to consistency in the two depth maps.

The procedure of Embodiment 2 is shown in Figure 8. Figure 8 shows another
exemplary method 800 for estimating depth in accordance with an embodiment of the present
principles. Method 800 may be performed, for example, by depth estimator 300 of FIG. 3.
Note that the view numbers in Figure 8 and the following text are simply for
illustration/explanation purposes. The general concept can be applied to jointly estimate
depth map of two views. At step 805, pixel / is set to the next pixel in view 3. At step 810,
Enin is set to INT_MAX, which is the largest available integer. At step 815, for the next
candidate disparity ds;, ds, is calculated based on Equation (2). At step 820, the joint
estimation error E is calculated based on dj, and ds4. At step 825, it is determined whether or
not £ is smaller than E,;,. If so, then the method proceeds to step 830. Otherwise, the
method proceeds to step 835. At step 830, dszpest is set 10 dsz, digpes: is set to diq, and E,ypy is
set to £. The method proceeds to step 835. At step 835, it is determined whether or not there
exists any more candidate disparity to be evaluated. If so, then the method returns to step
815. Otherwise, the method proceeds to step 840. At step 840, it is determined whether or
not there are any more pixels in view 3. If so, then the method returns to step 805.
Otherwise, the method is terminated.

Embodiments 1 and 2 are used together in some implementations. For example,
although embodiments | and 2 may work equally well in many or all conditions, it is
possible that embodiment 2 may work better than embodiment 1 if there are few holes.
Accordingly, an implementation uses embodiment 1 in regions where holes are expected, and

uses embodiment 2 elsewhere.

It should be clear that implementations can be performed at an encoder or a decoder.
In one implementation, depth estimation is performed at an encoder (or, for example, a pre-
processor) and then the estimated depth is transmitted with, or without, the video. In another
implementation, video is transmitted without any depth, and a receiver performs the depth

estimation.
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In cases for which the depth is not estimated before transmission of the video, and so
no depth is transmitted, various implementations transmit information about camera
parameters. In several implementations, one or more constraints are transmitted so that the
receiver knows the constraints to use in estimating multiple depth maps jointly. In one such
implementation, a standardized format is used in transmission to encode and transmit the
number of cameras, the spacing between the cameras, the du values, and the focal lengths. In
another implementation, due to assumptions that the focal lengths are the same for each
camera and that the du values are zero for each camera, the system encodes and transmits
only the spacing between cameras for the determination of the constraints.

We note that joint depth estimation for multiple depth maps may be performed in
which the muitiple maps are from different views, or from the same view. For example, the
multiple maps may be from the same view at different times.

Further, implementations may jointly estimate depth maps in various relative
positions with respect to a common video picture from a given view. For example, several
implementations jointly estimate depth maps for views 1 and 2, using video from view 3. In-
one such implementation, view 3 is positioned between views 1 and 2. In another such
implementation, view 3 is positioned as the left-most view of views 1-3. In yet another such
implementation, view 3 is positioned as the right-most view of views 1-3.

Additionally, other implementations jointly estimate three or more depth maps. In
such implementations, one or more constraints are determined that provide a relationship
among the three or more depth maps. For example, view 3 in the examples above may be
used to determine the depth maps not only for views 2 and 4, but also for view 5. It is
straightforward to determine the relationship between ds;, ds4, and d;s using the above-
derived equations.

Several of the implementations and features described in this application may be used
in the context of the H.264/MPEG-4 AVC (AVC) Standard, or the AVC standard with the
MVC extension, or the AVC standard with the SVC extension. However, these
implementations and features may be used in the context of another standard (existing or
future), or in a context that does not involve a standard,

We thus provide one or more implementations having particular features and aspects.
However, features and aspects of described implementations may also be adapted for other
implementations.

Implementations may signal information using a variety of techniques including, but

not limited to, SEI messages, slice headers, other high level syntax, non-high-level syntax,
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out-of-band information, datastream data, and implicit signaling. Accordingly, although
implementations described herein may be described in a particular context, such descriptions
should in no way be taken as limiting the features and concepts to such implementations or
contexts.

Reference in the specification to “one embodiment” or “an embodiment” or “one
implementation” or “an implementation” of the present principles, as well as other variations
thereof, mean that a particular feature, structure, characteristic, and so forth described in
connection with the embodiment is included in at least one embodiment of the present
principles. Thus, the appearances of the phrase “in one embodiment” or “in an embodiment”
or “in one implementation” or “in an implementation”, as well any other variations,
appearing in various places throughout the specification are not necessarily all referring to
the same embodiment.

It is to be appreciated that the use of any of the following “/”, “and/or”, and “at least
one of”, for example, in the cases of “A/B”, “A and/or B” and “at least one of A and B>, is
intended to encompass the selection of the first listed option (A) only, or the selection of the
second listed option (B) only, or the selection of both options (A and B). As a further
example, in the cases of “A, B, and/or C” and “at least one of A, B, and C”, such phrasing is
intended to encompass the selection of the first listed option (A) only, or the selection of the
second listed option (B) only, or the selection of the third listed option (C) only, or the
selection of the first and the second listed options (A and B) only, or the selection of the first
and third listed options (A and C) only, or the selection of the second and third listed options
(B and C) only, or the selection of all three options (A and B and C). This may be extended,
as readily apparent by one of ordinary skill in this and related arts, for as many items listed.

Also, as used herein, the words “picture” and “image” are used interchangeably and
refer to a still image or a picture from a video sequence. As is known, a picture may be a
frame or a field.

The implementations described herein may be implemented in, for example, a method
Or a process, an apparatus, a software program, a data stream, or a signal. Even if only
discussed in the context of a single form of implementation (for example, discussed only as a
method), the implementation of features discussed may also be implemented in other forms
(for example, an apparatus or program). An apparatus may be implemented in, for example,
appropriate hardware, software, and firmware. The methods may be implemented in, for
example, an apparatus such as, for example, a processor, which refers to processing devices

in general, including, for example, a computer, a microprocessor, an integrated circuit, or a
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programmable logic device. Processors also include communication devices, such as, for
example, computers, cell phones, portable/personal digital assistants (*PDAs”), and other
devices that facilitate communication of information between end-users.

Implementations of the various processes and features described herein may be
embodied in a variety of different equipment or applications, particularly, for example,
equipment or applications associated with data encoding and decoding. Examples of such
equipment include an encoder, a decoder, a post-processor processing output from a decoder,
a pre-processor providing input to an encoder, a video coder, a video decoder, a video codec,
a web server, a set-top box, a laptop, a personal computer, a cell phone, a PDA, and other
communication devices. As should be clear, the equipment may be mobile and even installed
in a mobile vehicle.

Additionally, the methods may be implemented by instructions being performed by a
processor, and such instructions (and/or data values produced by an implementation) may be
stored on a processor-readable medium such as, for example, an integrated circuit, a software
carrier or other storage device such as, for example, a hard disk, a compact diskette, a
random access memory (“RAM”), or a read-only memory (“ROM”). The instructions may
form an application program tangibly embodied on a processor-readable medium.
Instructions may be, for example, in hardware, firmware, software, or a combination.
Instructions may be found in, for example, an operating system, a separate application, or a
combination of the two. A processor may be characterized, therefore, as, for example, both a
device configured to carry out a process and a device that includes a processor-readable
medium (such as a storage device) having instructions for carrying out a process. Further, a
processor-readable medium may store, in addition to or in lieu of instructions, data values
produced by an implementation.

As will be evident to one of skill in the art, implementations may produce a variety of
signals formatted to carry information that may be, for example, stored or transmitted. The
information may include, for example, instructions for performing a method, or data
produced by one of the described implementations. For example, a signal may be formatted
to carry as data the rules for writing or reading the syntax of a described embodiment, or to
carry as data the actual syntax-values written by a described embodiment. Such a signal may
be formatted, for example, as an electromagnetic wave (for example, using a radio frequency
portion of spectrum) or as a baseband signal. The formatting may include, for example,
encoding a data stream and modulating a carrier with the encoded data stream. The

information that the signal carries may be, for example, analog or digital information. The
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signal may be transmitted over a variety of different wired or wireless links, as is known.
The signal may be stored on a processor-readable medium.

A number of implementations have been described. Nevertheless, it will be
understood that various modifications may be made. For example, elements of different
implementations may be combined, supplemented, modified, or removed to produce other
implementations. Additionally, one of ordinary skill will understand that other structures and
processes may be substituted for those disclosed and the resulting implementations will
perform at least substantially the same function(s), in at least substantially the same way(s),
to achieve at least substantially the same result(s) as the implementations disclosed.
Accordingly, these and other implementations are contemplated by this application and are

within the scope of the following claims.
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CLAIMS:

l. A method comprising:

estimating a first-view depth indicator for a location in a first view and a second-view
depth indicator for a corresponding location in a second view, the estimating of one or more
of the first-view depth indicator and the second-view depth indicator being based on a
constraint that provides a relationship between the first-view depth indicator and the second-

view depth indicator for corresponding locations.

2. The method of claim 1 wherein the constraint is based on one or more camera
parameters.
3. The method of claim 2 wherein the one or more camera parameters include at

least one of a location of a first-view camera, a location of a second-view camera, a location
of a third-view camera, a principal point offset of the first-view camera, a principal point

offset of the second-view camera, or a principal point offset of the third-view camera.

4. The method of claim | wherein:

the first-view depth indicator is based on video from the first view and video from a
third view, and

the second-view depth indicator is based on video from the second view and video

from the third view.

5. The method of claim | wherein estimating the first-view depth indicator and
the second-view depth indicator comprises:

determining a preliminary value for the first-view depth indicator;

determining a preliminary value for the second-view depth indicator; and

updating at least one of the first-view depth indicator and the second-view depth
indicator, based on the constraint, if the preliminary value for the first-view depth indicator
and the preliminary value for the second-view depth indicator are within a given threshold of

satisfying the constraint.
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6. The method of claim 5 wherein determining the preliminary value for the
first-view depth indicator comprises:

performing a plurality of block-based comparisons of the video for the first view and
the video for the third view, each block-based comparison being based on a different value
for the first-view depth indicator and resulting in distortion;

determining a distortion-minimizing value for the first-view depth indicator that
results in the block-based comparison, from among the plurality of block-based comparisons,
that has the lowest distortion among the plurality of block-based comparisons; and

setting the preliminary value for the first-view depth indicator to the determined

distortion-minimizing value.

7. The method of claim 5 wherein updating comprises setting the first-view
depth indicator to an updated value that is based on an average of the magnitude of the
preliminary value for the first-view depth indicator and the magnitude of the preliminary

value for the second-view depth indicator.

8. The method of claim 1 further comprising:

comparing the first-view depth indicator and the second-view depth indicator; and

assigning a measure of confidence to both the first-view depth indicator and the
second-view depth indicator based on the comparing, with the measure of confidence being
higher when the depth indicators are similar, and lower when the depth indicators are

dissimilar.

9. The method of claim | wherein estimating the first-view depth indicator and
the second-view depth indicator comprises:

determining that the depth indicators have values differing by more than a depth-
indicator threshold from the relationship provided by the constraint;

determining a first-view distortion for the first-view depth indicator;

determining a second-view distortion for the second-view depth indicator;

marking the location in the first view as a hole if the first-view distortion is greater
than the second-view distortion by a distortion threshold; and

marking the corresponding location in the second view as a hole if the second-view

distortion is greater than the first-view distortion by the distortion threshold.
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10. The method of claim 9 further comprising filling the hole using a depth
indicator, for a location neighboring the marked location, that indicates the largest depth

among locations neighboring the marked location.

I1. The method of claim | wherein estimating the first-view depth indicator and
the second-view depth indicator comprises:

determining a preliminary value for the first-view depth indicator; and

determining a preliminary value for the second-view depth indicator based on the

preliminary value for the first-view depth indicator and on the constraint.

12.  The method of claim 11 wherein:

determining a joint distortion for the preliminary value for the first-view depth
indicator and the preliminary value for the second-view depth indicator; and

determining, based on the joint distortion, whether to select the preliminary value for
the first-view depth indicator as the estimated first-view depth indicator and whether to select
the preliminary value for the second-view depth indicator as the estimated second-view depth

indicator.

13, The method of claim 12 wherein determining the joint distortion comprises
summing a distortion for the preliminary value for the first-view depth indicator and a

distortion for the preliminary value for the second-view depth indicator.

14.  The method of claim 12 wherein determining the joint distortion comprises
computing a weighted sum of a distortion for the preliminary value for the first-view depth
indicator and a distortion for the preliminary value for the second-view depth indicator, with
the weights being based on at least one distance between cameras in a group including a first-

view camera, a second-view camera, and a third-view camera.

I15. The method of claim 1 wherein the method is implemented in at least one of a

video encoder or a video decoder.

16.  The method of claim | wherein the first-view depth indicator comprises one
or more of a depth value for the location in the first view or a disparity value for disparity

between the location in the first view a corresponding location in another view.
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I7.  The method of claim 1 further comprising rendering an additional view based

on one or more of the first-view depth indicator or the second-view depth indicator.

18.  The method of claim | wherein the location in the first view is one of a pixel
in the first view, a partition in the first view, a sub-macroblock in the first view, a

macroblock in the first view, a slice in the first view, or a field in the first view.

19. An apparatus comprising;:

means for estimating a first-view depth indicator for a location in a first view and a
second-view depth indicator for a corresponding location in a second view, the estimating of
one or more of the first-view depth indicator and the second-view depth indicator being
based on a constraint that provides a relationship between the first-view depth indicator and -

the second-view depth indicator for corresponding locations.

20. A processor readable medium having stored therein instructions for causing a
processor to perform at least the following:

estimating a first-view depth indicator for a location in a first view and a second-view
depth indicator for a corresponding location in a second view, the estimating of one or more
of the first-view depth indicator and the second-view depth indicator being based on a
constraint that provides a relationship between the first-view depth indicator and the second-

view depth indicator for corresponding locations.

21.  An apparatus, comprising a processor configured to perform at least the
following:

estimating a first-view depth indicator for a location in a first view and a second-view
depth indicator for a corresponding location in a second view, the estimating of one or more
of the first-view depth indicator and the second-view depth indicator being based on a
constraint that provides a relationship between the first-view depth indicator and the second-

view depth indicator for corresponding locations.
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22, An apparatus comprising:

a depth estimator for estimating a first-view depth indicator for a location in a first
view and a second-view depth indicator for a corresponding location in a second view, the
estimating of one or more of the first-view depth indicator and the second-view depth
indicator being based on a constraint that provides a relationship between the first-view depth

indicator and the second-view depth indicator for corresponding locations.

23.  Anapparatus comprising:

a depth estimator for estimating a first-view depth indicator for a location in a first
view and a second-view depth indicator for a corresponding location in a second view, the
estimating of one or more of the first-view depth indicator and the second-view depth
indicator being based on a constraint that provides a relationship between the first-view depth
indicator and the second-view depth indicator for corresponding locations; and

a modulator for modulating a signal that includes an encoding of one or more of the

first-view depth indicator or the second-view depth indicator.

24.  An apparatus comprising:

a demodulator for demodulating a signal that includes video from a first view and
video from a second view; and

a depth estimator for estimating a first-view depth indicator for a location in the first
view and a second-view depth indicator for a corresponding location in the second view, the
estimating of one or more of the first-view depth indicator and the second-view depth
indicator being based on a constraint that provides a relationship between the first-view depth

indicator and the second-view depth indicator for corresponding locations.

25. A method comprising:

estimating a pair of depths for a given pixel location with one or more constraints
based on camera positions, where a depth for the given pixel location in a first view is
estimated using video from the first view and video from a third view, and a depth for the
given pixel location in a second view is estimated using video from the second view and the

video from the third view.
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