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APPARATUSES, METHODS, AND COMPUTER-READABLE MEDIUM FOR

ENCODING AND DECODING A VIDEO SIGNAL

TECHNICAL FIELD

Generally, the present invention relates to the field of video coding. More specifically, the5

present invention relates to apparatuses and methods for encoding and decoding a video

coding block of a video signal.

BACKGROUND

10

A 360° panoramic video signal comprises a sequence that captures the scene in all

directions around a single view point. This is usually achieved using multiple cameras

arranged near each other and with different view directions. The captured content is then

stitched together and can be thought of as a sphere around the view point with texture on

it, which represents the 360° scene or panoramic video signal at a certain point in time.15

Such a sphere, however, cannot be processed directly using current video codecs, which

generally require a flat (2D) rectangular image of a scene. Thus, in order to process a

panoramic video signal using current video codecs the sphere has to be converted to

such a 2D format.

20

For converting the sphere into a 2D format comprising one or more segments one of the

following projections can be used.

An equirectangular projection defines a projection to a rectangle similar of the one that

creates world maps from the globe of the earth. The sample density differs with different25

"heights". Extreme case are the poles of the sphere, they are mapped to lines.

Geometrical distortions are spread all over the resulting image.

In a projection based on a cube the sphere is mapped to the faces or segments of a cube.

Each segment looks like a usual 2D image with no visible geometrical distortions.30

However, there are strong geometrical distortions in the boundary regions of the

segments. There are multiple ways to arrange the segments in a rectangular format.

In a projection based on an icosahedron the sphere is mapped to the faces or segments

of an icosahedron. Each segment looks like a usual 2D image with no visible geometrical35

distortions. Also in this case there are strong geometrical distortions in the boundary

regions of the segments of the icosahedron. These distortions, however, are not as strong
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as in the case of a projection based on the cube format, since the angle between 

neighboring faces is smaller. There are multiple ways to arrange the icosahedron faces in 

a rectangular format. 

	

5 	Both the cube and icosahedron format consist of undistorted segments, which share the 

same camera center and edges. 

In encoding and decoding of panoramic video signals comprising a plurality of segments 

the following problem can arise. Let there be two faces or segments which have the same 

	

10 	camera center and share a border, i.e. face A and face B. The images of face A and B are 

recorded over time and arranged in subsequent frames of the panoramic video signal. 

This panoramic video signal is then encoded. 

If the images of face A and B are not arranged next to each other in the sequence, motion 

	

15 	compensation cannot be performed across their shared border. However, even if they are 

arranged such that they share the same border in the panoramic video signal as they 

share in 3D space, there is a geometrical distortion across their common border in the 

panoramic video signal. This degrades the performance of motion compensation at the 

border regions of the images of face A and B of the panoramic video signal. 

20 

Thus, there is a need for improved apparatuses and methods for encoding and decoding 

a video signal (e.g., a panoramic video signal) which comprises two or more segments 

that correspond to different image planes. 

25 SUMMARY 

It is an object of the invention to provide improved apparatuses and methods for encoding 

and decoding a video signal. 

	

30 	The foregoing and other objects are achieved by the subject matter of the independent 

claims. Further implementation forms are apparent from the dependent claims, the 

description and the figures. 

As used herein, a video signal or video sequence is a set of subsequent frames 

	

35 	presenting a motion picture. In other words, a video signal or video sequence consists of a 

plurality of frames (also referred to as pictures or images). 

2 
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As used herein, coding tree unit (CTU) denotes the root of a coding structure of the video 

sequence of a pre-defined size, containing a part of a frame (e.g. 64x64 pixels). A CTU 

can be partitioned into several coding units (CUs). 

	

5 	As used herein, coding unit (CU) denotes a basic coding structure of the video sequence 

of a pre-defined size, containing a part of a frame, which is belonging to a CTU. A CU can 

be partitioned into further CUs. 

As used herein, prediction unit (PU) denotes a coding structure, which is the result of 

	

10 	partitioning of a CU. 

As used herein, a block denotes a group of pixels. The block can have any shape, in 

particular square or rectangular. 

	

15 	The devices and methods described herein may be used for inter-prediction between 

pictures to exploit the temporal redundancy of natural video sequences. The change of 

information observed between the current picture and a reference picture can often be 

approximated by translational movement, e.g. linear movement within the image plane. 

Block based motion compensation is the dominating realisation of this paradigm, where a 

	

20 	reference picture is partitioned into rectangular blocks and each pixel within a block is 

exhibiting the same motion. Thus, the movement of the entire block, called the prediction 

block, can be described by a single motion vector. The set of motion vectors over the 

whole reference picture defined a vector field, which is denoted as a motion vector field. 

	

25 	According to a first aspect the invention relates to an apparatus for encoding a video 

signal, the video signal comprising video content which includes video content of a first 

image plane and video content of a second image plane, the video content being provided 

in the form of a plurality of successive frames, wherein each frame of the plurality of 

successive frames comprises a first segment which comprises image content of the first 

	

30 	image plane and a second segment which comprises image content of the second image 

plane, the first segment and the second segment each comprising a plurality of pixels, 

each pixel being associated with a pixel value, the apparatus comprising: 

a segment extension unit configured to generate an extension region of the first segment 

of a reference frame the extension region comprising a plurality of extension pixels, 

	

35 	wherein for each extension pixel the segment extension unit is configured to determine 

the pixel value of the extension pixel on the basis of a pixel value of a pixel of the second 

segment of the reference frame; and 

3 



WO 2018/059654 	 PCT/EP2016/001625 

an inter-prediction encoding unit configured to select a reference block among a set of 

candidate reference blocks, the set of candidate reference blocks comprising a candidate 

reference block located entirely or partly in the extension region of the first segment of the 

reference frame, and configured to encode the pixel values of the pixels of a video coding 

	

5 	block of the first segment of a current frame on the basis of the pixel values of the pixels 

of the video coding block and the pixel values of the pixels of the selected reference block. 

Thus, an improved apparatus for encoding a video signal is provided. More specifically, 

the encoding apparatus according to the first aspect allows extending the first segment of 

	

10 	a reference frame on the basis of its adjacent segments in such a way that the 

geometrical distortion across their common edges is compensated. Motion compensation 

for blocks in the first segment of the current frame can be performed on the basis of the 

first segment and its extension regions in the reference frame. No additional signaling is 

needed, since it can be derived from the spatial position in the sequence frame how the 

	

15 	compensation of geometrical distortion should be performed. Embodiments of the 

invention can readily be used for motion compensation of 360° sequences in the cube, 

icosahedron or other formats, which consist of many undistorted faces, sharing edges and 

sharing the same camera center. Embodiments of the invention allow increasing the 

coding performance, for instance, if there is camera movement or moving objects in a 

20 scene. 

The reference frame may be a reconstructed frame. It can obtained by encoding a frame 

of the plurality of successive frames, and then decoding the encoded frame. 

	

25 	The first image plane and the second image plane may be angled relative to each other 

by an inter-plane angle (e.g., between 1° and 90°). 

In one implementation form, a frame includes a succession of sub-frames, each sub-

frame comprising only a subset of all segments (e.g., only one segment). Each sub-frame 

	

30 	can be used to update a respective subset of segments. 

The first segment and the second segment may be neighbouring segments. In particular, 

they may be adjoining segments. 

In a first possible implementation form of the encoding apparatus according to the first 

	

35 	aspect as such, for each extension pixel the segment extension unit is configured to 

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of 

the second segment of the reference frame using a mapping 

4 
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configured to map the pixel of the second segment of the reference frame to the 

first image plane (first variant); 

Or 

configured to map the extension pixel to the second image plane (second variant). 

5 

In the first variant of this the extension pixel is determined from the pixel of the second 

segment of the reference frame. In the second variant, the pixel of the second segment is 

determined from the extension pixe (e.g., using a geometrical transformation inverse to a 

geometrical transformation associated with the first variant). 

10 

It is further noted that in the mapping, a pixel from one image plane may come to lie not 

exactly on one pixel in the other image plane. Rather, it may come lie at a geometrical 

point of the other image plane that is located in between two or more neighboring pixels of 

the other plane. For this reason, the segment extension unit may be configured, for 

15 	example, to determine the pixel value of the extension pixel on the basis of the pixel 

values of a group of pixels (e.g., two, three, or four pixels) located near the geometrical 

point in the first image plane to which the pixel of the second segment is mapped. 

In a second possible implementation form of the encoding apparatus according to the first 

20 	implementation form of the first aspect, the mapping comprises or is equivalent to the 

following steps: projecting a pixel pB  of the second segment of the reference frame to a 

point p3D  in three-dimensional space, wherein the point p3B, lies on a line connecting the 

pixel pB  of the second segment of the reference frame with a camera position C; 

performing a rotation for rotating the image plane of the second segment of the reference 

25 	frame into a parallel orientation with respect to the image plane of the first segment of the 

reference frame; and projecting the point pm, to a point pA  in the image plane of the first 

segment of the reference frame, wherein the point pA  in the image plane of the first 

segment of the reference frame defines an extension pixel. 

30 	In a third possible implementation form of the encoding apparatus according to the first or 

second implementation form of the first aspect, the mapping is based on the following 

homography matrix 11132A: 

B2A )(o 1 00Z-1  
R(0) 0) ( KB-I 

= KAR(0)K 

5 
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wherein KA and KB denote camera calibration matrices for the first segment and the 

second segment of the reference frame, 0 denotes the angle between the image plane of 

the first segment and the image plane of the second segment of the reference frame, R(0) 

denotes a rotation and Z denotes a distance from a camera position C. The homography 

	

5 	matrix may be applied, for example, to xy-coordinates of the second image plane, or 

directly on pixel coordinates. 

In a fourth possible implementation form of the encoding apparatus according to the first 

aspect as such or any one of its implementation forms, the encoding apparatus further 

	

10 	comprises a reference frame buffer configured to store the first segment of the reference 

frame together with the extension region of the first segment of the reference frame. 

In a fifth possible implementation form of the encoding apparatus according to the first 

aspect as such or any one of its implementation forms, the first segment corresponds to a 

	

15 	first face of a cube or of an icosahedron and the second segment correspond to different 

faces of a cube or an icosahedron. The faces may be external or internal faces. 

According to a second aspect the invention relates to an apparatus for decoding an 

encoded video signal, the encoded video signal comprising video content which includes 

	

20 	video content of a first image plane and video content of a second image plane (e.g., 

angled relative to each other by an inter-plane angle; e.g., between 1° and 90°), the video 

content being provided in an encoded form of a plurality of successive frames, wherein 

each frame of the plurality of successive frames comprises a first segment which 

comprises image content of the first image plane and a second segment which comprises 

	

25 	image content of the second plane, the first segment and the second segment each 

comprising a plurality of pixels, each pixel being associated with a pixel value, the 

apparatus comprising: 

a segment extension unit configured to generate an extension region of the first segment 

	

30 	of a reference frame, the extension region comprising a plurality of extension pixels, 

wherein for each extension pixel the segment extension unit is configured to determine 

the pixel value of the extension pixel on the basis of a pixel value of a pixel of the second 

segment of the reference frame; and 

	

35 	an inter-prediction reconstruction unit configured to reconstruct the pixel values of the 

pixels of a video coding block of the first segment of the current frame on the basis of an 

encoded video coding block of the first segment of a current frame and the pixel values of 

6 
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the pixels of a reference block, wherein the reference block is located entirely or partly in 

the first segment of the reference frame or entirely or partly in the extension region of the 

first segment of the reference frame. 

	

5 	In a first possible implementation form of the decoding apparatus according to the second 

aspect as such, for each extension pixel the segment extension unit is configured to 

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of 

the second segment of the reference frame using a mapping 

configured to map the pixel of the second segment of the reference frame to the 

	

10 	image plane of the first segment of the reference frame 

Or 

configured to map the extension pixel to the second image plane. 

In a second possible implementation form of the decoding apparatus according to the first 

	

15 	implementation form of the second aspect, the mapping comprises the following steps: 

projecting a pixel pB  of the second segment of the reference frame to a point pm, in three-

dimensional space, wherein the point p3D  lies on a line connecting the pixel pB  of the 

second segment of the reference frame with a camera position C; performing a rotation for 

rotating the image plane of the second segment of the reference frame into a parallel 

	

20 	orientation with respect to the image plane of the first segment of the reference frame; and 

projecting the point p3D  to a point pA  in the image plane of the first segment of the 

reference frame, wherein the point PA  in the image plane of the first segment of the 

reference frame defines an extension pixel. 

	

25 	In a third possible implementation form of the decoding apparatus according to the first or 

second implementation form of the second aspect, the mapping is based on the following 

homography matrix HB2A: 

— KA R(0)1( 
0 	0 Z-1  

30 	wherein KA and KB denote camera calibration matrices for the first segment and the 

second segment of the reference frame, 0 denotes the angle between the image plane of 

the first segment and the image plane of the second segment of the reference frame, R(6) 

denotes a rotation and Z denotes a distance from a camera position C. 

B2A 
R(0) 0) ( KB-1  ) 

7 
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In a fourth possible implementation form of the decoding apparatus according to the

second aspect as such or any one of its implementation forms, the decoding apparatus

further comprises a reference frame buffer configured to store the first segment of the

reference frame together with the extension region of the first segment of the reference

frame.5

In a fifth possible implementation form of the decoding apparatus according to the second

aspect as such or any one of its implementation forms, the first segment and the second

segment correspond to different faces of a cube or an icosahedron.

In a sixth possible implementation form of the decoding apparatus, the segment extension

unit is configured to perform segment extension based on a flag/information at a block10

level for each video coding block, at a frame level, at a GOP (group of pictures) level, at a

PPS (picture parameter set) level or at an SPS (sequence parameter set) level. Based on

the status of the flag, segment extension operation can be enabled or disabled.

According to a third aspect the invention relates to a method for encoding a video signal,

the video signal comprising video content which includes video content of a first image15

plane and video content of a second image plane, the video content being provided in the

form of a plurality of successive frames, wherein each frame of the plurality of successive

frames comprises a first segment which comprises image content of the first image plane

and a second segment which comprises image content of the second image plane, the

first segment and the second segment each comprising a plurality of pixels, each pixel20

being associated with a pixel value, wherein the method comprises:

generating an extension region of the first segment of a reference frame, the extension

region comprising a plurality of extension pixels, wherein generating the extension region

comprises, for each extension pixel, determining the pixel value of the extension pixel on

the basis of a pixel value of a pixel of the second segment of the reference frame;25

selecting a reference block among a set of candidate reference blocks, the set of

candidate reference blocks comprising a candidate reference block located entirely or

partly in the extension region of the first segment of the reference frame; and

encoding the pixel values of the pixels of a video coding block of the first segment of a

current frame on the basis of the pixel values of the pixels of the video coding block and30

the pixel values of the pixels of the selected reference block.

Again, the first image plane and the second image plane may be angled relative to each

other by an inter-plane angle (e.g., between 1° and 90°).

According to a fourth aspect the invention relates to a method for decoding an encoded

video signal, the encoded video signal comprising video content which includes video35
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content of a first image plane and video content of a second image plane, the video 

content being provided in an encoded form of a plurality of successive frames, wherein 

each frame of the plurality of successive frames comprises a first segment which 

comprises image content of the first image plane and a second segment which comprises 

	

5 	image content of the second plane, the first segment and the second segment each 

comprising a plurality of pixels, each pixel being associated with a pixel value, wherein the 

method comprises: 

generating an extension region of the first segment of a reference frame, the extension 

	

10 	region comprising a plurality of extension pixels, wherein generating the extension region 

comprises, for each extension pixel, determining the pixel value of the extension pixel on 

the basis of a pixel value of a pixel of the second segment of the reference frame; and 

reconstructing the pixel values of the pixels of a video coding block of the first segment of 

	

15 	the current frame on the basis of an encoded video coding block of the first segment of a 

current frame and the pixel values of the pixels of a reference block, wherein the 

reference block is located entirely or partly in the first segment of the reference frame or 

entirely or partly in the extension region of the first segment of the reference frame. 

	

20 	The decoding method according to the fourth aspect of the invention can be performed by 

the decoding apparatus according to the second aspect of the invention. Further features 

of the decoding method according to the fourth aspect of the invention result directly from 

the functionality of the decoding apparatus according to the second aspect of the 

invention and its different implementation forms. 

25 

In one implemention form of the decoding method according to the fourth aspect of the 

inventino or in the decoding apparatus according to the second aspect of the invention, 

the segment extension unit is configured to perform segment extension based on a 

flag/information at a block level for each video coding block, at a frame level, at a GOP 

	

30 	(group of pictures) level, at a PPS (picture parameter set) level or at an SPS (sequence 

parameter set) level. Based on the status of the flag, segment extension operation can be 

enabled or disabled. 

According to a fifth aspect the invention relates to a computer program comprising 

	

35 	program code for performing the encoding method according to the third aspect or the 

decoding method according to the fourth aspect when executed on a computer. 

9 
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The invention can be implemented in hardware and/or software. 

BRIEF DESCRIPTION OF THE DRAWINGS  

5 	Further embodiments of the invention will be described with respect to the following 

figures, wherein: 

Fig. 1 shows a schematic diagram illustrating an apparatus for encoding a video signal 

according to an embodiment; 

10 

Fig. 2 shows a schematic diagram illustrating an apparatus for decoding a video signal 

according to an embodiment; 

Fig. 3 shows a schematic diagram illustrating a geometrical transformation for generating 

15 	an extension region implemented in an encoding apparatus and a decoding apparatus 

according to an embodiment; 

Fig. 4 shows a schematic diagram illustrating a frame of a video signal that can be 

processed by an encoding apparatus and a decoding apparatus according to an 

20 embodiment; 

Fig. 5 shows a schematic diagram illustrating geometrical relationship of the segments of 

a frame of a video signal that can be processed by an encoding apparatus and a decoding 

apparatus according to an embodiment; 

25 

Fig. 6 shows a schematic diagram illustrating a segment of a video signal including its 

extension regions as generated by an encoding apparatus and a decoding apparatus 

according to an embodiment; 

30 	Fig. 7 shows a schematic diagram illustrating a segment of a video signal including its 

extension regions within a frame as generated by an encoding apparatus and a decoding 

apparatus according to an embodiment; 

Fig. 8 shows a schematic diagram illustrating a method for encoding a video signal 

35 	according to an embodiment; and 

10 
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Fig. 9 shows a schematic diagram illustrating a method for decoding a video signal 

according to an embodiment. 

In the various figures, identical reference signs will be used for identical or at least 

	

5 	functionally equivalent features. 

DETAILED DESCRIPTION OF THE EMBODIMENTS  

In the following description, reference is made to the accompanying drawings, which form 

	

10 	part of the disclosure, and in which are shown, by way of illustration, specific aspects in 

which the present invention may be placed. It is understood that other aspects may be 

utilized and structural or logical changes may be made without departing from the scope 

of the present invention. The following detailed description, therefore, is not to be taken in 

a limiting sense, as the scope of the present invention is defined be the appended claims. 

15 

For instance, it is understood that a disclosure in connection with a described method may 

also hold true for a corresponding device or system configured to perform the method and 

vice versa. For example, if a specific method step is described, a corresponding device 

may include a unit to perform the described method step, even if such unit is not explicitly 

	

20 	described or illustrated in the figures. Further, it is understood that the features of the 

various exemplary aspects described herein may be combined with each other, unless 

specifically noted otherwise. 

Figure 1 shows a schematic diagram illustrating an apparatus 100 for encoding a video 

	

25 	coding block of a video signal according to an embodiment, wherein the video signal 

comprises a plurality of frames and each frame comprises a plurality of segments, 

including a first segment and second segment. Each segment is associated with a 

different image plane and is dividable into a plurality of video coding blocks, wherein each 

video coding block comprises a plurality of pixels and each pixel is associated with a pixel 

	

30 	value. In an embodiment, the video coding blocks could be macro blocks, coding tree 

units, coding units, prediction units and/or prediction blocks. 

The encoding apparatus 100 comprises a segment extension unit 111a, 111b configured 

to generate an extension region of the first segment of a reference frame comprising a 

	

35 	plurality of extension pixels, as will be described in more detail below. For each extension 

pixel the segment extension unit 111a, 111b is configured to determine the pixel value of 

11 
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the extension pixel on the basis of a pixel value of a pixel of the second segment of the 

reference frame. 

The encoding apparatus 100 further comprises an inter prediction unit 113, 115 

	

5 	configured to perform motion compensation of a video coding block of the first segment of 

a currently processed frame, i.e. to generate a predicted video coding block on the basis 

of the co-located video coding block in the reference frame, on the basis of the pixels of 

the first segment of the reference frame and the extension pixels of the extension region 

of the reference frame as well as an encoding unit 101, 119 configured to generate an 

	

10 	encoded video coding block on the basis of the predicted video coding block. As will be 

described in more detail further below, the encoding unit 101, 119 can comprise a 

transformation and quantization unit 101 and/or an entropy coding unit 119. 

The embodiment of the encoding apparatus 100 shown in figure 1 operates in the 

	

15 	following way. A frame of the video signal, which includes a plurality of segments, such as 

3x2 cube segments, is split into a plurality of non-overlapping video coding blocks. For 

each currently processed video coding block the predictor block, i.e. the predicted current 

video coding block, is subtracted by a subtraction unit 102 providing a residual video 

coding block. Then, the residual video coding block is transformed and quantized by the 

	

20 	transformation and quantization unit 101 shown in figure 1 and entropy encoded by the 

entropy coding unit 119. Video coding blocks, which already have been encoded, are 

made available by the reference decoder 120. The reference decoder 120 comprises a 

reverse transformation and quantization unit 103, which reverses the operation of the 

transformation and quantization unit 101 (here a quantization error may be introduced). 

	

25 	An addition unit 105 combines the residual video coding block with the predictor block to 

obtain a reconstructed video coding block, which is made available for intra prediction of 

other video coding blocks of the same frame using an intra prediction unit 117. 

The reconstructed video coding block is possibly loop filtered by a loop filter unit 107 

	

30 	(choice can be made by a control unit of the encoding apparatus 100) and stored in a 

reference frame buffer 109. At this stage the reconstructed video coding block is also 

available for inter prediction of video coding blocks of other frames. If the reference frame 

buffer 109 is accessed, the segment extension unit 111a, 111b can provide an extension 

region of the segment comprising the current video coding block, as already mentioned 

	

35 	above and as will be described in more detail further below. Although in figure 1 two 

segment extension units 111a, 111b are shown for the purpose of illustration, it will be 

12 
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readily appreciated that the two segment extensions units 111a, 111b shown in figure 1 

can be implemented in form of a single unit as well. 

As already mentioned above, the data provided by the segment extension unit 111a, 111b 

	

5 	is used by the inter prediction unit 115 for performing motion compensation. To this end, 

the encoding apparatus 100 shown in figure 1 further comprises a motion estimation unit 

113. In other embodiments, the motion estimation unit 113 can be implemented as a part 

of the inter prediction unit 115. Generally, a control unit of the encoding apparatus 100 

(not shown in figure 1) selects the currently processed video coding block and the 

	

10 	prediction mode, i.e. intra or inter prediction, for predicting the currently processed video 

coding block. This information is also needed by the decoding apparatus 200 shown in 

figure 2 and hence also entropy coded into the bitstream by the entropy coding unit 119. 

Figure 2 shows a schematic diagram illustrating an apparatus 200 for decoding an 

	

15 	encoded video coding block of a video signal according to an embodiment, wherein the 

video signal comprises a plurality of frames and each frame comprises a plurality of 

segments, including a first segment and second segment. Each segment is associated 

with a different image plane and is dividable into a plurality of video coding blocks, 

wherein each video coding block comprises a plurality of pixels and each pixel is 

	

20 	associated with a pixel value. 

The decoding apparatus 200 comprises a decoding unit 203, 219 configured to decode a 

video coding block of the first segment of a current frame for providing a residual video 

coding block. As will be described in more detail further below, the decoding unit 203, 219 

	

25 	can comprise a reverse transformation and quantization unit 203 and/or an entropy coding 

unit 219. 

The decoding apparatus 200 further comprises a segment extension unit 211 configured 

to generate an extension region of the first segment of a reference frame comprising a 

	

30 	plurality of extension pixels, wherein for each extension pixel the segment extension unit 

211 is configured to determine the pixel value of the extension pixel on the basis of a pixel 

value of a pixel of the second segment of the reference frame, as will be described in 

more detail further below. 

	

35 	The decoding apparatus 200 further comprises an inter prediction unit 215 configured to 

perform motion compensation of the video coding block of the first segment of the current 

frame, i.e. to generate a predicted video coding block on the basis of the co-located video 

13 
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coding block in the reference frame, on the basis of the pixels of the first segment of the 

reference frame and the extension pixels of the extension region of the reference frame. 

The decoding apparatus 200 further comprises a reconstruction unit 209 configured to 

	

5 	reconstruct the video coding block of the current frame on the basis of the predicted video 

coding block and the residual video coding block. 

The embodiment of the decoding apparatus 200 shown in figure 2 operates in the 

following way. A current frame of the video signal is split into a plurality of non-overlapping 

	

10 	video coding blocks. The residuals of a currently processed video coding block, i.e. the 

residual video coding block, are decoded by the entropy coding unit 219 together with the 

corresponding parameters for inter and intra prediction. The residual video coding block is 

processed by the reverse transformation and quantization unit 203 and added by the 

addition unit 205 to the predicted video coding block for generating the reconstructed 

	

15 	video coding block. The reconstructed video coding block is provided to an intra prediction 

unit 217 for intra prediction of other video coding blocks of the same frame. Moreover, the 

reconstructed video coding block can be loop filtered by a loop filter 207 (the choice can 

be made by a control unit of the decoding apparatus 200) and stored in a reference frame 

buffer 209. At this stage the reconstructed video coding block is also available for inter 

	

20 	prediction of video coding blocks of other frames. If the reference frame buffer 209 is 

accessed, the segment extension unit 211 can provide an extension region of the 

segment in the reference frame, as already mentioned above and as will be described in 

more detail further below. The reference frame buffer 209 is configured to output 

processed frames in output order. 

25 

For more details about the some of the known units of the encoding apparatus 100 and 

the decoding apparatus 200 described above reference is made to the textbook "High 

Efficiency Video Coding", Mathias Wien, first edition, Springer-Verlag Berlin Heidelberg, 

2015, which is entirely incorporated herein by reference. 

30 

In an embodiment, the segment extension unit 111a, 111b of the encoding apparatus 100 

and the segment extension unit 211 of the decoding apparatus 200 are configured for 

each extension pixel of the extension region of the first segment of the reference frame to 

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of 

	

35 	the second segment of the reference frame using a mapping configured to map the pixel 

of the second segment of the reference frame to the image plane of the first segment of 

14 
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the reference frame in such a way that the geometrical distortion across their common 

edge is compensated. 

Figure 3 illustrates a mapping or geometric transformation implemented in the segment 

	

5 	extension unit 111a, 111b of the encoding apparatus 100 and the segment extension unit 

211 of the decoding apparatus 200 that allows for a compensation of the geometrical 

distortion across the common edge of the first segment and the adjacent second segment 

of the reference frame. Here it is assumed that the first segment (also referred to as 

segment A being associated with an image plane A) and the second segment (also 

	

10 	referred to as segment B being associated with an image plane B) have the same camera 

position or camera center C and share a border. 

As can be taken from figure 3, a point p3D  in 3D space lies on a ray through the camera 

center C, which intersects the image plane A and the image plane B. Consequently, a 

	

15 	point pB  in the image plane B can be projected or mapped to a point PA  in the image plane 

A. For this operation no knowledge of the distance of the 3D point p3D  from the camera 

center C is required. 

Mathematically, this can be expressed in the following way. The point p3D  can be 

	

20 	expressed as a vector in 3D space, i.e. p3D  = (X, Y, Z)T. The homogeneous representation 

p3Dh of the point p3D can be expressed as p3Dh = (p3D, 1)T  

The projection of the homogeneous representation p3Dh onto the image plane B, which is 

denoted as piniBh , can be expressed as follows: 

25 

Peniah = P.BPSDh 

wherein KB is the calibration matrix of the camera associated with the image plane B. 

The, above equation can be expressed somewhat differently in the following form: 

30 

(.4X PrZ 
Ivy.  +PvZ 
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Since homogenous coordinates are defined only up to scale, the scaling factor Z-1  can be 

omitted for providing the normalized homogeneous image coordinates p,,,Bh  = 

(x B, yB, 1)T. This normalized form can also be obtained directly in the following way: 

5 

PiniB 	
i
.4-
re  

tiPSE) 

If the distance of the point from the camera is known, the projection can be inversed in the 

following way: 

cP3Dh 	0 
Z-1I imBh = 

(KB-1Z Kg 

Z 1 D 

Also in this case the scale factor Z-1  can be dropped. The point obtained in the way 

described above can then be projected onto the image plane A. However, since the image 

plane A has a different orientation than the image plane B, first a rotation R around the 

15 	camera center C has to be performed for aligning the image plane A with the image plane 

B. This rotation R is defined by the angle 0 between the image pane A and the image 

plane B and can be also expressed as a combination of rotations about the respective 

coordinate axes, i.e.: 

Pex 	fits  . 

The roation can also be expressed in homogeneous coordinates as follows: 

Thus, the point pB  in the image plane B can be projected or mapped to the corresponding 

point pA  in the image plane A: 

20 

25 

10 
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R(9) fl( KB-1.  
0 

 

PirnBh 

  

Thus, the homography matrix HBZA for transferring a point from the image plane B to the 

image plane B can be expressed as follows: 

As can be seem from the above equation for determining the homography matrix HBZA the 

distance Z from the camera C drops out of the equation, as this information is not 

necessary for performing the homography. 

10 	For more details about the transformations described above reference is made to the 

textbook "Multiple View Geometry in Computer Vision", Richard Harley and Andrew 

Zisserman, second edition, Cambridge University Press, 2003, which is entirely 

incorporated herein by reference. 

15 	Thus, in an embodiment, the mapping or geometrical transformation implemented in the 

segment extension unit 111a, 111b of the encoding apparatus 100 and the segment 

extension unit 211 of the decoding apparatus 200 comprises the following steps: 

projecting the pixel or point pB  of the second segment of the reference frame to the point 

p3D  in three-dimensional space, wherein the point p3D  lies on the line connecting the pixel 

20 	pB  of the second segment of the reference frame with the camera position C; performing a 

rotation for rotating the image plane B of the second segment of the reference frame into 

a parallel orientation with the image plane A of the first segment of the reference frame; 

and projecting the point p3D  to the point pA  in the image plane A of the first segment of the 

reference frame, wherein the point pA  in the image plane A of the first segment of the 

25 	reference frame defines an extension pixel. 

In a further embodiment, the mapping or geometrical transformation implemented in the 

segment extension unit 111a, 111b of the encoding apparatus 100 and the segment 

extension unit 211 of the decoding apparatus 200 is based on the following homography 

30 
	

matrix HBZA: 

17 
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In the following the above approach will be explained in the context of a 360° video signal, 

wherein the segments are the six faces of a cube, i.e. wherein the 360° video signal has 

been mapped to the six segments defining a cube. The faces or segments of the cube are 

	

5 	arranged in a frame. One possible arrangement of a frame 400 is shown in Figure 4, 

including the cube segments 401-1, 	, 401-6 and an padded image border 403. Every 

cube segments 401-1, , 401-6 can be defined to be a main face or segment having four 

adjacent or neighboring segments, as shown in figure 5, where the cube segment 401-1 

has been selected as the main face. Without the geometrical corrections provided by the 

	

10 	claimed invention, there would be geometrical distortions across the borders of the 

segments shown in figure 5. 

For the sake of simplicity it is assumed that the resolution of the different cube segments 

is the same. Moreover, it is assumed that the respective principal points with coordinates 

	

15 	(p,,py )T  lie in the center of the respective cube segments. In such an embodiment, the 

calibration matrices KA and Kg can be expressed in the following way: 

and 

20 	wherein f denotes a focal length, which can be determined using geometrical 

considerations, to be equal to w /2, wherein w denotes the width of a cube segment in 

pixels. 

For this embodiment it is assumed that the image plane A of the first segment coincides 

25 	with the x-y plane of a Cartesian coordinate system, while the image plane B of the 

second segment lies in the y-z plane thereof. In this embodiment, the rotation for aligning 

the image plane A with the image plane B is a rotation by 90° about the y axis. In this 

case, the homography matrix HB2A can be expressed in the following way: 

18 
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if 0 0 
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0 0 1 	-1 0 

	

/ f 0, 0 / 	0 	Q 
f-  

‘0 	0 1 \- f-  0 

1\ I f -1  0 ON 

0 0 0 
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f 

/0 0 2 

HB2A 
	0 

0 0 

Again, also here the scaling factor f -1  can be dropped. 

Thus, in an embodiment, the mapping or geometrical transformation implemented in the 

	

5 	segment extension unit 111a, 111b of the encoding apparatus 100 and the segment 

extension unit 211 of the decoding apparatus 200 is based on the following homography 

matrix HB2A: 

/ 0  

HB2A = 0 f 
0. 0 

In an embodiment, each of the six cube segments 401-1, ..., 401-6 shown in figure 4 can 

	

10 	be extended on the basis of pixel values of pixels of the respective adjacent segments. In 

figure 6 this is illustrated for the cube segment 401-1, which can have an extension region 

401-1a based on its left neighbor segment 401-2, an extension region 401-1 b based on its 

top neighbor segment 401-4, an extension region 401-1c based on its right neighbor 

segment 401-3, and an extension region 401-1d based on its bottom neighbor segment 

	

15 	401-5. 

19 
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In an embodiment, the extension regions can be always provided by the segment 

extension unit 111a, 111b of the encoding apparatus 100 and the segment extension unit 

211 of the decoding apparatus 200 for inter frame prediction. One will appreciate, 

however, that the compensated block does not necessarily differ from the original block. 

	

5 	For instance, for a block for which motion compensation shall be performed lies at the 

edge of a face (the main face in Figure 5). The area in which the motion compensation is 

performed is extended on the basis of the location of the block which shall be predicted. 

The four neighboring segments can be used together with the main segment to generate 

an extended segment, i.e. the main segment and its extension regions. The area of the 

	

10 	main segment is hereby not modified. Only the area around the main segment is modified, 

it is generated from the other segments. As long as the motion compensation operates 

inside the main segment 401-1 the behavior is the same as without the segment 

extension provided by embodiments of the invention. When the motion compensation is 

searching beyond the edge of the main segment the behavior differs, here information 

	

15 	from the extension regions is used. 

Similar homographies apply for the other segments. Each cube segment can be extended 

in the manner described above. However, this can have the effect that extended regions 

overlap each other. Thus, in an embodiment, the extended regions can be stored in 

	

20 	separate additional reference pictures or frames, as illustrated in figure 7. The reference 

picture which has to be used during encoding and decoding is derived based on the 

spatial location of the block which is currently processed. Thus, no additional signaling is 

needed (the number of pictures in the reference picture lists is unchanged). More 

specifically, although in the example shown in figure 7 six reference pictures can be 

	

25 	considered to be available now instead of one, only one is used for a given prediction 

block, as, in an embodiment, the block can be assigned to a single segment and its 

corresponding extension regions (which, in turn, is determined by the location of the 

block). In an embodiment, this can be done by transparently replacing the reference 

picture used by the encoding apparatus 100 with the corresponding additional reference 

	

30 	picture based on the location of the block which is processed. The encoding apparatus 

100 and the decoding apparatus 200 are not "aware" that there are more reference 

pictures. The replacement only happens when the actual YUV buffer is accessed. The 

replacement can be performed for the past and future reference pictures in the reference 

picture list of the picture which shall be predicted. 

35 

Thus, embodiments of the invention increase the computational complexity only modestly. 

The additionally required operations amount to the creation of the extended regions. The 

20 
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memory requirement may increase, as 6 pictures are stored instead of one. This is 

however an issue of the particular implementation. More efficient embodiments may not 

need to store all of the additional 6 pictures, but could store only the data required for the 

small regions around each segment. Another alternative embodiment consists in applying 

	

5 	the extension for each block and search location. This would require no additional 

storage, however it would lead to additional computational complexity, as the 

compensation would have to be performed for each searched location. 

Embodiments of the invention also account for the "wrapping around" of a 360° video 

	

10 	signal. Each segment border can be extended with information from its neighbors. This is 

also true for the segment borders coinciding with the borders of the 360° image. As can 

be seen in Figure 7, the extended segment 401-1 requires no padding. Instead, the 

padding area can be filled with content of another cube segment. The size of the extended 

region can be derived from the search range used by the encoding apparatus 100 during 

	

15 	motion compensation such that its size matches the size of the picture border padding. 

Figure 8 shows a schematic diagram illustrating a method 800 for encoding a video signal 

according to an embodiment, wherein the video signal comprises a plurality of frames and 

each frame comprises a plurality of segments, including a first segment and second 

segment. Each segment is associated with a different image plane and is dividable into a 

	

20 	plurality of video coding blocks, wherein each video coding block comprises a plurality of 

pixels and each pixel is associated with a pixel value. 

The encoding method 800 comprises the following steps: generating 801 an extension 

region of the first segment in a reference frame comprising a plurality of extension pixels 

	

25 	by determining the pixel value of the extension pixel on the basis of a pixel value of a pixel 

of the second segment in the reference frame; performing 803 motion compensation of a 

video coding block of the first segment in a current frame on the basis of the pixels of the 

first segment in the reference frame and the extension pixels of the extension region in the 

reference frame; and generating 805 an encoded video coding block in the current frame 

	

30 	on the basis of the predicted video coding block. 

In short, a segment of a reference frame and an extension region generated from another 

segment of the reference frame are used for encoding a current frame by inter-prediction. 

	

35 	Figure 9 shows a schematic diagram illustrating a method 900 for decoding a video signal 

according to an embodiment, wherein the video signal comprises a plurality of frames and 

each frame comprises a plurality of segments, including a first segment and second 
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segment. Each segment is associated with a different image plane and is dividable into a 

plurality of video coding blocks, wherein each video coding block comprises a plurality of 

pixels and each pixel is associated with a pixel value. 

	

5 	The decoding method 900 comprises the following steps: decoding 901 a video coding 

block of the first segment in a current frame for providing a residual video coding block; 

generating 903 an extension region of the first segment in a reference frame comprising a 

plurality of extension pixels by determining the pixel value of the extension pixel on the 

basis of a pixel value of a pixel of the second segment in the reference frame; performing 

	

10 	905 motion compensation of the video coding block of the first segment in the current 

frame on the basis of the pixels of the first segment in the reference frame and the 

extension pixels of the extension region in the reference frame; and reconstructing 907 

the video coding block in the current frame on the basis of the predicted video coding 

block and the residual video coding block. 

15 

The proposed technique has been described herein mainly with reference to two 

segments, but can be readily adapted to a video signal with video content of more than 

two segments. Specifically, a segment can be extended using image content from several 

other segments. 

20 

While a particular feature or aspect of the disclosure may have been disclosed with 

respect to only one of several implementations or embodiments, such feature or aspect 

may be combined with one or more other features or aspects of the other implementations 

or embodiments as may be desired and advantageous for any given or particular 

	

25 	application. Furthermore, to the extent that the terms "include", "have", "with", or other 

variants thereof are used in either the detailed description or the claims, such terms are 

intended to be inclusive in a manner similar to the term "comprise". Also, the terms 

"exemplary", "for example" and "e.g." are merely meant as an example, rather than the 

best or optimal. The terms "coupled" and "connected", along with derivatives may have 

	

30 	been used. It should be understood that these terms may have been used to indicate that 

two elements cooperate or interact with each other regardless whether they are in direct 

physical or electrical contact, or they are not in direct contact with each other. 

Although specific aspects have been illustrated and described herein, it will be 

	

35 	appreciated by those of ordinary skill in the art that a variety of alternate and/or equivalent 

implementations may be substituted for the specific aspects shown and described without 
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departing from the scope of the present disclosure. This application is intended to cover 

any adaptations or variations of the specific aspects discussed herein. 

Although the elements in the following claims are recited in a particular sequence with 

	

5 	corresponding labeling, unless the claim recitations otherwise imply a particular sequence 

for implementing some or all of those elements, those elements are not necessarily 

intended to be limited to being implemented in that particular sequence. 

Many alternatives, modifications, and variations will be apparent to those skilled in the art 

	

10 	in light of the above teachings. Of course, those skilled in the art readily recognize that 

there are numerous applications of the invention beyond those described herein. While 

the present invention has been described with reference to one or more particular 

embodiments, those skilled in the art recognize that many changes may be made thereto 

without departing from the scope of the present invention. It is therefore to be understood 

	

15 	that within the scope of the appended claims and their equivalents, the invention may be 

practiced otherwise than as specifically described herein. 

23 
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CLAIMS

1. An apparatus (100) for encoding a video signal, the video signal comprising video

content which includes video content of a first image plane and video content of a second

image plane, the video content being provided in the form of a plurality of successive5

frames, wherein each frame of the plurality of successive frames comprises a first

segment which comprises image content of the first image plane and a second segment

which comprises image content of the second image plane, the first segment and the

second segment each comprising a plurality of pixels, each pixel being associated with a

pixel value, the apparatus (100) comprising:10

a segment extension unit (111a, 111b) configured to generate an extension region of the

first segment of a reference frame, the extension region comprising a plurality of extension

pixels, wherein for each extension pixel the segment extension unit (111a, 111b) is

configured to determine the pixel value of the extension pixel on the basis of a pixel value15

of a pixel of the second segment of the reference frame; and

an inter-prediction encoding unit (101, 115, 119) configured to select a reference block

among a set of candidate reference blocks, the set of candidate reference blocks

comprising a candidate reference block located entirely or partly in the extension region of20

the first segment of the reference frame, and configured to encode the pixel values of the

pixels of a video coding block of the first segment of a current frame on the basis of the

pixel values of the pixels of the video coding block and the pixel values of the pixels of the

selected reference block,

25

wherein for each extension pixel the segment extension unit (111a, 111b) is configured to

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of

the second segment of the reference frame through mapping the pixel of the second

segment of the reference frame to the first image plane, wherein the mapping is

implemented by projecting the pixel of the second segment of the reference frame to a30

point in three-dimensional space, and wherein the point in three-dimensional space lies on

a ray through a camera center.

2. The encoding apparatus (100) of claim 1, wherein the mapping comprises or is

equivalent to the following steps: projecting a pixel � � of the second segment of the35

reference frame to a point � � � in three-dimensional space, wherein the point � � � lies on a

line connecting the pixel � � of the second segment of the reference frame with a camera



25

position � ; performing a rotation for rotating the image plane of the second segment of the

reference frame into a parallel orientation with respect to the image plane of the first

segment of the reference frame; and projecting the point � � � to a point � � in the image

plane of the first segment of the reference frame, wherein the point � � in the image plane

of the first segment of the reference frame defines an extension pixel.5

3. The encoding apparatus (100) of claim 1 or 2, wherein the mapping is based on

the following homography matrix � � � � :

10

wherein � � and � � denote camera calibration matrices for the first segment and the

second segment of the reference frame, � denotes an angle between the image plane of

the first segment and the image plane of the second segment of the reference frame, � (� )

denotes a rotation and � denotes a distance from a camera position � .

15

4. The encoding apparatus (100) of any one of the preceding claims, wherein the

encoding apparatus (100) further comprises a reference frame buffer (109) configured to

store the first segment of the reference frame together with the extension region of the

first segment of the reference frame.

20

5. The encoding apparatus (100) of any one of the preceding claims, wherein the first

segment corresponds to a first face of a cube or of an icosahedron and the second

segment correspond to different faces of a cube or an icosahedron.

6. An apparatus (200) for decoding an encoded video signal, the encoded video25

signal comprising video content which includes video content of a first image plane and

video content of a second image plane, the video content being provided in an encoded

form of a plurality of successive frames, wherein each frame of the plurality of successive

frames comprises a first segment which comprises image content of the first image plane

and a second segment which comprises image content of the second plane, the first30

segment and the second segment each comprising a plurality of pixels, each pixel being

associated with a pixel value, the apparatus (200) comprising:
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a segment extension unit (211) configured to generate an extension region of the first

segment of a reference frame, the extension region comprising a plurality of extension

pixels, wherein for each extension pixel the segment extension unit (211) is configured to

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of

the second segment of the reference frame; and5

an inter-prediction reconstruction unit (203, 215, 219) configured to reconstruct the pixel

values of the pixels of a video coding block of the first segment of the current frame on the

basis of an encoded video coding block of the first segment of a current frame and the

pixel values of the pixels of a reference block, wherein the reference block is located10

entirely or partly in the first segment of the reference frame or entirely or partly in the

extension region of the first segment of the reference frame,

wherein for each extension pixel the segment extension unit (211) is configured to

determine the pixel value of the extension pixel on the basis of a pixel value of a pixel of15

the second segment of the reference frame through mapping the pixel of the second

segment of the reference frame to the image plane of the first segment of the reference

frame, wherein the mapping is implemented by projecting the pixel of the second segment

of the reference frame to a point in three-dimensional space, and wherein the point in

three-dimensional space lies on a ray through a camera center.20

7. The decoding apparatus (200) of claim 6, wherein the mapping comprises the

following steps: projecting a pixel � � of the second segment of the reference frame to a

point � � � in three-dimensional space, wherein the point � � � lies on a line connecting the

pixel � � of the second segment of the reference frame with a camera position � ;25

performing a rotation for rotating the image plane of the second segment of the reference

frame into a parallel orientation with respect to the image plane of the first segment of the

reference frame; and projecting the point � � � to a point � � in the image plane of the first

segment of the reference frame, wherein the point � � in the image plane of the first

segment of the reference frame defines an extension pixel.30

8. The decoding apparatus (200) of claim 6 or 7, wherein the mapping is based on

the following homography matrix � � � � :
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wherein � � and � � denote camera calibration matrices for the first segment and the

second segment of the reference frame, � denotes an angle between the image plane of

the first segment and the image plane of the second segment of the reference frame, � (� )

denotes a rotation and � denotes a distance from a camera position � .5

9. The decoding apparatus (200) of any one of claims 6 to 8, wherein the decoding

apparatus (200) further comprises a reference frame buffer (209) configured to store the

first segment of the reference frame together with the extension region of the first segment

of the reference frame.10

10. The decoding apparatus (200) of any one of claims 6 to 9, wherein the first

segment and the second segment correspond to different faces of a cube or an

icosahedron.

15

11. The decoding apparatus (200) of any one of claims 6 to 10, wherein the segment

extension unit (211) is configured to perform segment extension based on a

flag/information at a block level for each video coding block, at a frame level, at a GOP

(group of pictures) level, at a PPS (picture parameter set) level or at an SPS (sequence

parameter set) level, wherein based on a status of the flag/information, segment extension20

operation can be enabled or disabled.

12. A method (800) for encoding a video signal, the video signal comprising video

content which includes video content of a first image plane and video content of a second

image plane, the video content being provided in the form of a plurality of successive25

frames, wherein each frame of the plurality of successive frames comprises a first

segment which comprises image content of the first image plane and a second segment

which comprises image content of the second image plane, the first segment and the

second segment each comprising a plurality of pixels, each pixel being associated with a

pixel value, wherein the method comprises:30

generating an extension region of the first segment of a reference frame, the extension

region comprising a plurality of extension pixels, wherein generating the extension region



28

comprises, for each extension pixel, determining the pixel value of the extension pixel on

the basis of a pixel value of a pixel of the second segment of the reference frame;

selecting a reference block among a set of candidate reference blocks, the set of

candidate reference blocks comprising a candidate reference block located entirely or5

partly in the extension region of the first segment of the reference frame; and

encoding the pixel values of the pixels of a video coding block of the first segment of a

current frame on the basis of the pixel values of the pixels of the video coding block and

the pixel values of the pixels of the selected reference block,10

wherein determining the pixel value of the extension pixel on the basis of a pixel value of a

pixel of the second segment of the reference frame comprises mapping the pixel of the

second segment of the reference frame to the first image plane, wherein the mapping is

implemented by projecting the pixel of the second segment of the reference frame to a15

point in three-dimensional space, and wherein the point in three-dimensional space lies on

a ray through a camera center.

13. A method (900) for decoding an encoded video signal, the encoded video signal

comprising video content which includes video content of a first image plane and video20

content of a second image plane, the video content being provided in an encoded form of

a plurality of successive frames, wherein each frame of the plurality of successive frames

comprises a first segment which comprises image content of the first image plane and a

second segment which comprises image content of the second plane, the first segment

and the second segment each comprising a plurality of pixels, each pixel being associated25

with a pixel value, wherein the method comprises:

generating an extension region of the first segment of a reference frame, the extension

region comprising a plurality of extension pixels, wherein generating the extension region

comprises, for each extension pixel, determining the pixel value of the extension pixel on30

the basis of a pixel value of a pixel of the second segment of the reference frame; and

reconstructing the pixel values of the pixels of a video coding block of the first segment of

the current frame on the basis of an encoded video coding block of the first segment of a

current frame and the pixel values of the pixels of a reference block, wherein the35

reference block is located entirely or partly in the first segment of the reference frame or

entirely or partly in the extension region of the first segment of the reference frame;
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wherein determining the pixel value of the extension pixel on the basis of a pixel value of a

pixel of the second segment of the reference frame comprises mapping the pixel of the

second segment of the reference frame to the first image plane, wherein the mapping is

implemented by projecting the pixel of the second segment of the reference frame to a

point in three-dimensional space, and wherein the point in three-dimensional space lies on5

a ray through a camera center.

14. A computer-readable medium comprising program code for causing a computer to

perform the method (800) of claim 12 when executed on the computer.

10

15. A computer-readable medium comprising program code for causing a computer to

perform the method (900) of claim 13 when executed on the computer.


