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with accurate depth is, however, very dif:

1cult. Computer generated content can be used to generate high-quality 3D video reference

database for 2D-to- 3D conversion. The method transfers depth mformation from frames i the 3D reference database to the target
frame while respecting object boundaries. It computes depth maps from the depth gradients, and outputs a stereoscopic video.
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Title: 2D-to-3D Video frame conversion

Description of Invention

We present a data-driven technique for 2D-to-3D video conversion. Our
technique Is based on transferring depth gradients from a database of high
quality synthetic images. Such images can be collected from video games,
which are often available in a wide variety of genres I.e. sports and its sub-
categories, actions and its sub-categories, normal graphics, etc.... Using such
synthetic images as the 2D+Depth repository eliminates the requirement of
having expensive stereo cameras. This makes our technique more scalable to
general data than state of the art. In addition, unlike previous data-driven
techniques, our approach does not require global similarity between a query
image and the database. Rather it only requires similarity on a local patch
(portion). This substantially reduces the required 2D+Depth database size
while maintaining similar depth quality. The result is easier scalability to more

general data and easier adaption on consumer products.

INTRODUCTION

Stereoscopic 3D (S3D) movies are becoming popular with most of big
productions being released in this format. However, in practice, most movies
are shot in 2D and then they are up-converted to S3D by manually painting
depth maps and rendering corresponding views. This process yields very good
results but it is extremely costly and time-consuming. S3D production of live
events is much harder. Manual up-conversion is not possible. Shooting live
events, such as soccer games, directly in stereo requires placing multiple
stereo rigs in the stadium. This is challenging and it is rarely being attempted.

Therefore, a high-quality, automated 2D-to-3D conversion method is highly
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desired for live events. Current automated conversion methods are lacking.
Most of the methods are general - they can be applied to any video stream.
However, the output is either marred with artefacts that are not acceptable to
many viewers or the up-conversion method is extremely conservative - adding

only very little depth to the resulting video.

We show how to develop high-quality automated 2D-to-3D conversion. Our
approach is to develop a domain-specific up-conversion instead of a general
method. In particular, we propose a method for generating S3D soccer video.
Our method is data-driven, relying on a reference database of S3D videos.
This is similar to previous work (13, 11]; however, our key insight Is that
iInstead of relying on depth data computed using computer vision methods or
acquired by depth sensors, we can use computer generated depth from
current computer sports games for creating a synthetic 3D database. Since the
video quality of current computer games has come close to that of real videos,
our approach offers two advantages: 1) we obtain a diverse database of video
frames to facilitate good matching with input video frames; and 2) for each
video frame, we obtain an accurate depth map with perfect depth
discontinuities. Given a query image, we infer its depth based on similar
Images in the database and their depth maps. We propose to transfer the
depth gradients (i.e., the rate of change in depth values along the x and y
directions) from similar images in the synthetic 3D database to the query
image. In one aspect of the invention we divide a query into blocks (portions)
and transfer the depth gradients from matching blocks (portions) that may
belong to different frames in the synthetic 3D database (reference database).
This is quite different from previous approaches that use absolute depth over
the whole frame [13, 11]. Our approach offers multiple advantages: (i) finer
depth assignment to smaller regions/objects (e.g., players), (i) much smaller
database, as we match only small patches (portions) not whole frames (frames
can have too many varieties), and (iii) more robustness to the (in)accuracy of

similar images chosen as references, since we only use individual blocks



10

15

20

25

30

CA 02994514 2018-02-01

WO 2017/021731 PCT/GB2016/052388

(portions) in the depth calculation. After transferring the depth gradients, we
recover the depth from these gradients by using Poisson reconstruction.
Poisson reconstruction is a robust technique traditionally used to recover an
iImage from its gradient information by solving a Poisson equation [18, 7].
Preferably, to maintain clear player boundaries our method handles depth
discontinuities by creating object masks and detecting object boundaries. We
show the ability of handling a wide spectrum of soccer video shots, with

different camera views, occlusion, close-ups, clutter and motion complexity.

We conduct extensive user studies with diverse video segments. We follow the
ITU BT1.2021 recommendations [6] in conducting these studies. The results
show that: (i) our method produces 3D videos that are almost indistinguishable
from videos originally shot in stereo, (ii) the perceived depth quality and visual
comfort of videos produced by our method are rated Excellent by the subjects,
most of the time, and (i) our method significantly outperforms the state-of-the-
art method [11].

PRIOR ART

Over the last few years, applications for 3D media have extended far beyond
cinema and have become a significant interest to many researchers. Liu et al.
[15] discuss 3D cinematography principles and their importance even for non-
cinema 3D content. Wu et al. [23] adapt 3D content quality for tele-immersive
applications in real-time. Calagari et al. [9] propose a 3D streaming system
with depth customization for a wide variety of viewing displays. Yang et al. [24]
prioritize 3D content streaming in a tele-immersive environment based on the
client viewing angle. While such systems propose useful 3D applications, the
limited 3D content remains a main bottleneck for 3D technology. To tackle this
ISsue many researchers have explored 2D-to-3D conversion techniques.
However, previous methods are either semi-automatic [19, 26] or cannot

handle complex motions [12, 21, 13, 10, 11]. There has not been a 2D-to-3D
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conversion technique for soccer capable of handling complex motions with

variety of scene structures, to the best of our knowledge.

In 2D-t0-3D conversion, an image or a sequence of images is augmented with
the corresponding depth maps. Using this information stereo image pairs can
be synthesized. Depth maps can be computed using traditional computer
vision approaches such as structure from motion or depth from defocus.
Rzeszutek et al. [19] estimate the background depth based on motion. Zhang
et al. [26] propose a semi-automatic 2D-to-3D conversion system based on
multiple depth cues including motion and defocus. A survey on automatic 2D-
to-3D conversion techniques and depth cues can be found in [25].
Furthermore, strong assumptions are often made on the depth distribution
within a given scene. For example, Ko et al. [12] classity shots into long or
non-long, where long shots are assumed to have a large field view and a
depth ramp is assigned to the whole image, and players are assigned a
constant depth. Similarly Schnyder et al. [21] detect players and assign
constant depth to them. This, however, generates the well-known card-board

effect’ where objects appear at when viewed In stereo.

Data-driven methods provide an alternative way of synthesizing depth maps
and the corresponding stereo views. Holem et al. [10] segment a scene into
planar regions, and assign an orientation to each region. This method provides
a relatively coarse depth estimation. Konrad et al. [13] infer depth for an input
Image based on a database of image and depth map pairs. Their work is
designed for still Images and assumes that images with similar gradient-based
features tend to have a similar depth. For a query image, the most similar
images from the database are found. The query image depth is estimated as
the median over depths of the retrieved images. Karsch et al. [11] extended
this approach to image sequences. They also use a large database of image
and depth map pairs. For a query frame, they find the most similar images In

the database and then warp the retrieved images to the query image. Finally,
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the warped depth maps are combined to estimate the final depth. The work In

[11] Is the closest to ours and we compare against it.

There are a tfew commercial products that provide automated 2D-to-3D
conversion, sold as stand-alone boxes (e.g., JVC's IF-2D3D1 Stereoscopic
Image Processor, 3D Bee), or software packages (e.g., DDD's TriDef 3D).
While the details of these systems are not known, their depth quality is still an

outstanding issue [25].

The following prior art has been considered relevant to aspects of the

iInvention and their main differences to certain aspects.

Patent Document No. US 2013/0147911 A1, Inventor: Karsch et al., Date:
06/2013:

The method of US 2013/0147911 chooses the most similar images to the
query frame from the database (candidates). Warps the candidates and fuses
their depth to estimate the depth of the query. This method does not perform
local search (block matching) and is not based on depth gradients, nor
performs depth reconstruction based on gradients using the Poisson equation.
The following aspects distinguish our method from this prior art work because
we:

e Use a synthetic 3D database (database of 2D images and depth
iInformation).

e Preform local search (block matching) on the candidates: for each block
in the query we search through all blocks (portions) in the candidate
iImages to find the best matching block.

e (Copy the spatial gradients of the candidates’ depths to the query, rather
than the absolute depths..

e Reconstruct the query depth map from its gradients using the Poisson

equation.
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e Delineate object boundaries, and allow depth discontinuities by cutting

the Poisson equation on the object boundaries.

Patent Document No. US 2015/0093017 A1, Inventor: Hefeeda et al., Date:
5 04/2015:
US 2015/0093017 is a completely different system with different inputs and

outputs. The main differences are:

e The inputis a 3D video (unlike our proposed system where the input is
a 2D video), and the output is a unique signature for that video (unlike
10 our proposed system where the output is the 3D version of that video).
¢ In this system SIFT is used as a tool to match the pixels in the left and
right views and measure their distance, while we use SIFT as a tool to
search the database for the best matching block to each block in the
query and copy its depth gradients.
15 ¢ Since the aim of this system is different, no depth maps are estimated
and thus none of the following techniques are used: visual search, local
search (block matching), gradient mapping, boundary cuts, and Poisson

reconstruction.

20 Patent Document No. US 8,953,905 B2, Inventor: Sandrew et al., Date:
02/2015:
US 8,953,905 B2 method is a semi-automatic method compared to our fully
automated method. Aspects of this invention assume that “many movies now
iInclude computer-generated elements (also known as computer graphics or

25  CG, or also as computer-generated imagery or CGl) that include objects that
do not exist in reality, such as robots or spaceships for example, or which are
added as effects to movies, for example dust, fog, clouds, etc.” These objects
are the only objects which depth is inferred for them automatically prior art
recites: "Embodiments of the invention import any type of data file associated

30  with a computer-generated element to provide instant depth values for a
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portion of an image associated with a computer-generated element.” "All
objects other than computer-generated objects are artistically depth adjusted.”

The main differences between this prior art and our approach are:

e Unlike our method, this this prior art is unable to automatically infer
5 depth of non-computer-generated objects from the database. Given that
most scenes in sports videos are non-computer-generated, this

iInvention iIs therefore not suitable for sports videos.

e This prior art, in addition to the non-computer-generated objects, object
masks for the key frames are also manually adjusted using interface
10 tools, while in our method object boundaries are delineated

automatically.

e Visual search, local search (block matching), gradient mapping, and
depth reconstruction from depth gradients are not used in this prior art
while being the core parts of our approach.

15
Calagari, Kiana, et al. “Anahita: A System for 3D Video Streaming with Depth
Customization.” Proceedings of the ACM International Conference on
Multimedia. ACM, 2014.
The goal and input/outputs of Calagari’s system are completely different. The

20  main differences are:

¢ The main goal of this system is enhancing a 3D video, while the goal of
our proposed system Is generating a 3D video. The input in this system
IS a 3D video, while the input of our proposed system is a 2D video.

e No 3D database is used.

25 e This system does not include depth estimation since the video is
already 3D. Thus none of the following techniques are used: visual
search, local search (block matching), gradient mapping, boundary
cuts, and Poisson reconstruction (depth reconstruction from depth
gradients).

30
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Corrigan, David, et al. “A video database for the development of stereo-3D
post-production algorithms.” Visual Media Production (CVMP), 2010
Conference on. IEEE, 2010.
The aim of Corrigan’s work is to provide a database of stereo-3D videos,

5 which are representative examples of footage generated during a typical
production to allow researchers to better understand the technical challenges
iInvolved in 3D post-production such as colour imbalances, stereo pair

rectification, depth editing. The main differences with our method are:
e This work only presents a 3D database not a conversion method.

10 e This 3D database is aimed to enhance the quality of videos shot in 3D,

while our method uses the database to convert a video shot in 2D to
3D.

e Unlike our database, this database is not synthetic and thus high quality
depth maps are not available.
15
Dominic, Jean Maria, and J. K. Arsha. “Automatic 2D-to-3D Image and Video
Conversion by Learning Examples and Dual Edge-Confined Inpainting.”
International Journal of Advanced Research in Computer Science and
Software Engineering (2014).

20  The main ditfferences between Dominic’s method and our technique are:
e The database used here Is not synthetic.

e This method uses the absolute depth of the database images, instead

of using depth gradients of the database images.

e After finding the image candidates, this method does not perform local

25 search (block matching), gradient mapping, boundary cuts, or Poisson
reconstruction (depth reconstruction from depth gradients); rather it

simply uses the median of the candidate depth maps as the estimated

depth for the query.
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Kiana Calagari, “2D to 3D Conversion Using 3D Database For Football
Scenes”, July 2013.
Kiana is similar to the Dominic above, the main ditferences between the

technique presented in Kiana and our technique are:

e The database used here is not synthetic. Also it Is a not a depth

gradient database but a 2D+depth image database.

e This method uses the absolute depth of the database images, instead
of using depth gradients of the database images. The need to use
depth gradients Is proposed as an idea for future work but not

described.

e After finding the image candidates, this method does not perform local
search (block matching), gradient mapping, boundary cuts, nor Poisson
reconstruction (depth reconstruction from depth gradients), rather it
warps the candidates using SIFTflow and uses the median of the
warped candidate depth maps as the estimated depth for the query.
Note that SIFTflow is a warping method, which uses SIFT as an
underlying tool, but in a different way and for a different purpose than
we do. SIFTflow uses SIFT to warp an RGB image to another RGB
image by moving each pixel based on a flow described by SIFT. We,
however, use SIFT to find the best matching block for each block in the

query and copy the gradients of its depth map to that block in the query.

Zhang, Chenxi, et al. “Personal photograph enhancement using internet photo
collections.” Visualization and Computer Graphics, IEEE Transactions on 20.2
(2014): 262-275.

Zhang, specifically focuses on images of major cities and tourist sites where a
large number of photos of the exact same place are available over the

Internet. They use this huge Internet Photo Collection (IPC) to perform many
image enhancement techniques. One of these enhancements is converting the
2D image to 3D. The main differences between this work and our approach is

as follows:
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e In this work, they first perform foreground/background segmentation
and use the IPC database only to assign depth to the background. The
foreground depth is assigned manually. In our approach, however, both
foreground and background depth is estimated automatically.

e Unlike our approach, this method requires the database to contain
photos of the exact same place and cannot be performed using just
visually similar images.

e The background depth is estimated by generating a 3D model of the
site using photos of the exact same site. Their 2D to 3D conversion
technique does not include local search (block matching), gradient
mapping, boundary cuts, or Poisson reconstruction (depth
reconstruction from depth gradients). Poisson equation is used in their
other photometric enhancement techniques (not 2D to 3D conversion)

for reconstructing the image itself rather than its depth map.

The present invention and embodiments thereof seek to overcome or
ameliorate difficulties faced in the prior art and provide alternate mechanisms

for 2D to 3D conversion.

One aspect of the invention provides a method of processing 2D video images
from a video stream for converting the 2D video images to 3D images, the
method comprising:

providing a reference database of video frames, each entry in the
database comprising a 2D image and corresponding depth information for that
2D Image;

submitting input video frames to the reference database;

matching an input video frame with a 2D image in the reference
database and selecting the corresponding depth information for that 2D image,;
and

applying the selected depth information to the matched input video
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frame to generate a 2D plus depth information frame.

Another aspect of the invention provides:

dividing the input video frame into portions; and wherein matching the
5 Input video frame with a 2D image In the reference database comprises:
matching a portion of the input video frame with a portion of that 2D

image in the reference database.

In a further aspect of the invention, the portions are blocks of n x n pixels.

10
Another aspect of the invention further comprises matching another portion of
the input video frame with a portion of another 2D image In the reference
database so as to match multiple portions of the input video frame with

respective portions of multiple 2D images.
15

A further aspect of the invention provides: applying the selected depth
iInformation to the matched input video frame comprises applying the depth
information of the matched portion of the 2D image to the respective matched

portion of the matched input video frame.

20
Another aspect of the invention provides: applying the selected depth
iInformation to the matched input video frame comprises mapping one or more
corresponding pixels of the matched portion of the 2D image to the
corresponding pixels of the matched portion of the input video frame.

25
A further aspect of the invention provides: identifying using a visual technique

a candidate 2D image for matching with the input video frame.

In another aspect of the invention the visual technique comprises using GIST
30 and colour information of the frames.
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A turther aspect of the invention provides: the depth information is a depth

gradient.

Another aspect of the invention provides:
identifying objects in the input video frame;
determining object masks for the identified objects; and
estimating the depth information using the determined object masks

and the matched input video frame.

A further aspect of the invention provides: estimating the determined depth

iInformation using Poisson reconstruction.

In another aspect of the invention: the Poisson reconstruction comprises first

order and higher derivatives.

A further aspect of the invention provides: generating a left stereo image and a

right stereo image using the 2D plus depth information frame.

In another aspect of the invention: the reference database Is populated using

software generated video frames.

In a further aspect of the invention the software Is a video game.

Another aspect of the invention provides a system to process 2D video images
from a video stream for converting the 2D video images to 3D images, the
system comprising:

a reference database of video frames, each entry in the database
comprising a 2D image and corresponding depth information for that 2D
Image;

a search module operable to submit input video frames to the reference

database;
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a matching module operable to match an input video frame with a 2D
Image In the reference database and selecting the corresponding depth
information for that 2D image; and

a generator module operable to apply the selected depth information to

the matched input video frame to generate a 2D plus depth information frame.

A further aspect of the invention provides: a computer-readable medium
programmed with instructions that when executed convert 2D video images
from a video stream to 3D images, the instructions comprising:

providing a reference database of video frames, each entry in the
database comprising a 2D image and corresponding depth information for that
2D Image;

submitting input video frames to the reference database;

matching an input video frame with a 2D image in the reference
database and selecting the corresponding depth information for that 2D image;
and

applying the selected depth information to the matched input video

frame to generate a 2D plus depth information frame.
In another aspect of the invention a method of generating a reference

database comprises using software generated video frames.

In order that the present invention may be more readily understood,
embodiments of the present invention are now described, by way of example,

with reference to the accompanying drawings, in which:

Figure 1 - Shows a schematic diagram of an embodiment;

Figure 2 - Shows the effect of using depth estimation, (a) query image, (b) A

subset of its K candidates, (c) created matched image, (d) object boundary
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cuts, (e) depth estimation using Poisson reconstruction, (f) gradient refinement
and Poisson reconstruction, (g) depth with object boundary cuts, (h) final depth
estimation with smoothness, and (i) the zoomed and amplified version of the

yellow block h.

Figure 3 - Shows a schematic diagram of an embodiment;

Figure 4 - Shows a schematic diagram of the Poisson equation of matrix A, (a)
an example of 4x4 image showing a sample pixel p and its neighbours, (b) the
coefficients of Eq 3 for pixel p, (c) the non-zero values in matrix A for the row

corresponding to pixel p;

Figure 5 - Top row: Frame 3 of a synthetic sequence. Bottom row: Frame 24 of
a real sequence. We show the depth extracted using: Ground-truth/Stereo
Correspondence [8], DT, DT+ and DGC. Our technique DGC best

reassembles the Ground-truth/Stereo Correspondence in both sequences;

Figure 6 - An objective comparison between our method DGC and the closest
method in the literature DT, and its extension DT+ on a synthetic soccer

sequence;

Figure 7 - shows Depth estimation for different soccer sequences using our
method. Our method handles a wide variety of shots including Close-ups (e.g.,
top, left-most), Medium Shots (e.g., bottom, left-most), Bird's Eye View (e.g.,
bottom, right-most) and Long Shots (e.g., top, right-most);

Figure 8 - Mean opinion scores of depth perception and visual comfort for

different types of soccer scenes;

Figure 9 - Mean opinion scores of depth perception and visual comfort for

different non-soccer field sports;
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Figure 10 - Depth estimation for different sequences using (from left): DT, DT+

and our method DGC. DT generates erroneous estimates, DT+ generates

noisy measurements and does not detect players. Our technique outperforms

both approaches;

Figure 11 - Difference mean opinion score (DMOS) between our converted
sequences and the original 3D. Zero implies that our converted sequence is

the same as the original 3D;

Figure 12 — Difference mean opinion score (DMOS) between our converted
sequences and Depth Transfer DT+. Positive DMOS means that our technique

IS preferred over DT +.

Fig. 3 shows an overview of our 2D-t0-3D soccer video conversion system.
Our technique infers depth from a database of synthetically generated depths.
This database is collected from video games, which provides high-quality
depth maps. We transfer the depth gradient field from the database and
reconstruct depth using Poisson reconstruction. In order to maintain sharp and
accurate object boundaries, we create object masks and modify the Poisson
equation on object boundaries. Finally, the 2D frames and their estimated
depth are used to render left and right stereo pairs, using the stereo-warping<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>