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Figure 6.30 Current and neighbouring partitions : same partition sizes

transmitted. The method of forming the prediction MVp depends on the motion compensation
partition size and on the availability of nearby vectors.

Let E be the current macroblock, macroblock partition or sub-macroblock partition, let A
be the partition or sub-macroblock partition immediately to the left of E. let B be the partition
or sub-macroblock partition immediately above E and let C be the partition or sub-macroblock
partition above and to the right of E. If there is more than one partition immediately to the
left of E, the topmost of these partitions is chosen as A. If there is more than one partition
immediately above E, the leftmost of these is chosen as B. Figure 6.30 illustrates the choice of
neighbouring partitions when all the partitions have the same size, 16 x 16 in this case, and
Figure 6.31 shows an example of the choice of prediction partitions when the neighbouring
partitions have different sizes from the current partition E.

1. For transmitted partitions excluding 16 x 8 and 8 x 16 partition sizes, MVp is the median
of the motion vectors for partitions A, B and C.

2. For 16 x 8 partitions, MVp for the upper 16 x 8 partition is predicted from B and MVp
for the lower 16 x 8 partition is predicted from A.

4X8 16X8

8X4

16x16

Figure 6.31 Current and neighbouring partitions : different partition sizes
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Rearranging:

Z =[C}]-[Y e R}, e Ryy] - [Cis]
= [C}]-[Y ¢ Sis] - [Cis] (7.13)

Where

1/4  1/4/10  1/4  1//10
1//10  2/5 1/4/10  2/5

1/4 1410 174  1/410
1410  2/5 17410 2/5

Sis =R eRyy =

The core inverse transform Cj4 and the rescaling matrix V4 are defined in the H.264 standard.
We now develop V;4 and will then derive the forward scaling matrix Mgy from Viy.

7.2.3.5 Developing V4
From (7.3).

Vis = Sis - Qqtep - 2° (7.14)

H.264 supports a range of “effective’ quantization step sizes Qgep. The actual step sizes are
not defined in the standard, rather the scaling matrix V4 is specified as a function of QP. An
optional scaling matrix may be used to weight the quantization operation depending on the
transform coefficient position. see section 7.2.6.

The values in the matrix Vis depend on Qg., and hence QP and on the scaling factor matrix
S; 4. These are shown for QP 0 to 5 in Table 7.1.

For higher values of QP. the corresponding values in V4 are doubled, i.e. Vig (QP = 6) =
2V;4(QP = 0), etc.

Note from Table 7.1 that there are only three unique values in each matrix Viy. These
three values are defined as a table of values v in the H.264 standard, for QP = 0to QP =5
(Table 7.2).

Hence for QP values from 0 to 5, V4 is obtained as:

v(QP,0) v(QP.2) v(QP,0) v(QP.2)
v(QP.2) v(QP.1) v(QP.2) v(QP,1)
v(QP.0) v(QP.2) v(QP.0) v(QP.2)
v(QP,2) v(QP,1) v(QP.2) v(QP.1)

(7.15)

Denote this as:
Vis =v(QP.n)

Where v (r,n) is row r. column n of v.
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Figure 7.15 Quantization parameter QP vs. effective quantizer step size. logarithmic y-axis

In the H.264 standard, this process is described as follows:
1. Calculate a matrix LevelScale:
LevelScale(QP%®6, i, j) = weightScale(i, j) * v(QP%6, n)

Where weightScale is a quantization scaling matrix, weightScale(i,j) = 2% =16 by default’.

2. Scale the input samples cjj:
if QP > = 24:
dij = (c;j * LevelScale(QP%6, i, j)) < (QP/6 — 4)
if QP < 24:

dij = (c;j * LevelScale(QP%6, i, j) + 2*~/%) > (4 — QP/6)

! The default value of weightScale (16) is cancelled out by step 2 (34 or << — 4) and is therefore redundant. Other
weightScale tables may be used to weight the quantization parameter by different amounts depending on the matrix
position (i,j). See section 7.2.6.
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In this step, < n means *left shift by » bits” and division is rounded down. Steps 1 and 2
are equivalent to calculating:

D = Y o v(QP%6, n) - 2fl0orQP/6)
The pre-scaling by 2% = 16 in step 1 is cancelled out in step 2 by effectively right-shifting

each sample by 4 bit positions.
. Compute the core transform:

(S

H = [C}]-D - [Ci]

In the standard. the core transform is described as a series of arithmetic operations, additions.
subtractions and bit shifts.
4. Divide each sample h;; by 2°:

= (h; +2)>6
This is equivalent to division by 2° and rounding towards zero.
The final array of residual samples r;; is R, equivalent to Z in (7.18).
7.2.3.7 Deriving Mgy
Combining (7.2) and (7.3):

Sis @Sy - 2%

Mgy =
: Vis

(7.19)

Sia, Sgs are known and Vjy is defined in the standard, see section 7.2.3.5. Define Mgy exactly
as:

Sis@Spy- 27!
M4 = round (4.—'4) (7.20)
’ . Vis
The numerator of Mgy is:
131072  104857.6 131072 104857.6
5 57. g 57. )
Sis 0874 2 _ 104857.6 83886.1 104857.6 83886.1 121)

131072 104857.6 131072  104857.6
104857.6  83886.1 104857.6 83886.1

The entries in matrix Mgy may be listed as follows (Table 7.4):
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7.2.3.9 4 x 4 Transform and quantization: Examples
The forward and inverse transform and quantization processes are illustrated in the following
examples. Note that all of the operations are calculated using integer arithmetic.

Core transform
Consider a block of luma or chroma samples, X:

58 64 51 58
52 64 56 66
62 63 61 64
59 51 63 69

231 242 231 257
-12 27 -29 -20
3 —12 -3 -3
19 11 =2 —-15
Calculate Cgg-X-Cyy ", the complete two-dimensional ‘core’ transform:
961 —41 15 —48
—34 72 =30 —104
—15 3 15 24
13 81 -5 8
Scaling and quantization, QP = 6
m (QP%6 = 0):
13107 8066 13107 8066
8066 5243 8066 5243
13107 8066 13107 8066
8066 5243 8066 5243
(Cas)-[X][Crs "] @ 1
12595827 —330706 196605 —387168
—274244 377496 —241980 —545272
—196605 24198 196605 193584
104858 424683 —40330 41944
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Quantized and scaled output Y, QP = 6, equivalent to gstep ~ 1.25). The Y arrays are
calculated using the rounding formula specified in the H.264 JM reference software model.

, 1
Y = round ( [Ces] - [X] - [CFy] @ m(QP%6, n)] - m)
192 -5 3 —6
—4 5 -3 -8
-3 0 3 3
1 6 0 0

Decoded output Z using H.264 rescaling and inverse transform:

Z = round ([C;'_;] : [‘7 ° U(QP0‘06, n)- 2ﬂoon(_)P,/‘(»)] 1 [Cl-‘] - ‘)]_b)

58 63 51 59
53 64 57 66
62 63 60 64
59 52 63 68

Scaling and quantization, QP = 12
Quantized and scaled output Y. QP = 12, gstep =~ 2.5. Note that the coefficients are approxi-
mately half the size of the QP = 6 outputs.

96 -2 1 -3
=2 3 -2 —4
-1 0 1 1
0 3 0 0
Decoded output Z:
57 65 51 57
53 64 57 65
62 62 59 63
59 53 64 69
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H.264 transform and coding

For example. My for QP = 0 is:

13107 12222 16777 12222
12222 11428 15481 11428
16777 15481 20972 15481
12222 11428 15481 11428

Only the top-left quadrant is shown. other quadrants are identical. Mg arrays for other QP
values can be obtained in a similar way as before.

7.2.5 DC transforms

If the macroblock is encoded in 16 x 16 Intra prediction mode, in which the entire 16 x 16
luminance component is predicted from neighbouring pixels. each 4 x 4 residual block is first
transformed using the “core’ transform described above. The DC coefficient of each 4 x 4
block is then transformed again using a 4 x 4 Hadamard transform (Figure 7.5):

- - - -

111 |
Yp = : b=t } o=t -l /2 (7.28)
I I

-1 =1
-1 1

- - -

Where Wy is the block of 4 x 4 DC coefficients and Yy, is the block after transformation. The
output block Yp, is scaled and quantized as described in section 7.2.3.7. Applying this extra
transform to the DC coeflicients may further compact the data prior to encoding.

The corresponding 4 x 4 DC inverse transform (Figure 7.6) is as follows:

1 1 1

1 ]
1 1 =1 =1 Zp 1 1 -1 =1
1 1
1 1

WQU = (7.29)

-1 -1 1 =k =1 1
-1 1 -1 -1 1 -1

Where Zp, is the input and W is the output block.

Similarly, the DC coefficients of each transformed 4 x 4 chroma block are grouped and
transformed for a second time. If the video format is 4:2:0, there are four 4 x 4 blocks in each
chroma coefficient and hence the DC coefficients form a 2 x 2 block (Figure 7.9). A 2 x 2
transform is applied. This is a 2 x 2 Hadamard Transform or 2 x 2 DCT: these transforms are

identical for N = 2.
, |1 1 Wp 1 i .
o A ORI
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Figure 7.18 Field scan orders for 4 x 4 and 8 x 8 blocks

the block in a zigzag order, the coefficients are placed in a linear array in which most of the
non-zero coefficients tend to occur near the start of the array.

However, in an interlaced field or a field of a progressive frame converted from interlaced
content. vertical frequencies in each block tend to dominate because the field is vertically
sub-sampled from the original scene (Chapter 3). This means that non-zero coefficients tend
to occur at the top and towards the left side of the block. A block in a field macroblock is
therefore scanned in a modified field scan order (Figure 7.18).

74 Coding

A coded H.264 stream or an H.264 file consists of a series of coded symbols. These symbols
make up the syntax described in Chapter 5 and include parameters, identifiers and delimiting
codes, prediction types, differentially coded motion vectors and transform coetficients. The
H.264/AVC standard specifies several methods for coding the symbols, i.e. converting each
symbol into a binary pattern that is transmitted or stored as part of the bitstream. These methods
are as follows:

Fixed length code: A symbol is converted into a binary code with a specified
length (n bits).
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(i) Code length increases with the index code_num and
(ii) Each code can be constructed logically and decoded algorithmically without the need for
look-up tables.

An Exp-Golomb codeword has the following structure:
[Zero prefix] [1] [INFO]

The codeword consists of a prefix of M zeros. where M is 0 or a positive integer, a 1 and an
M-bit information field, INFO. Each codeword may be generated algorithmically from the
parameter code_num:

M = floor(log.2 [codenum + 1])
INFO = codenum + 1 — 2"
Conversely, code_.num may be decoded as follows:

. Read a series of consecutive zeros until a 1 is detected. Count the number of zeros (M).
. Read a 1 (ignore).

. Read M bits = INFO.

. Code_num = 2M 4 INFO — 1.

4 Lt —

Note that the length of the codeword is 2M + 1 bits.

Examples:
(a) code_num = 107 : log, [108] =6.754...M =6
INFO =107 + 1-2°=44,, = 101100,
Codeword = 0000001101100
(b) codeword = 000000011100011 : Count leading zeros: M =7
INFO = 11000115 =99,
Codenum =27 + 99 -1 =226

Coding a parameter k proceeds as follows. & is mapped to code_num in one of the ways listed
in Table 7.10. The value code_num is converted to an Exp-Golomb binary codeword (Table
7.9) which is inserted in the H.264 bitstream. Decoding proceeds as follows. The decoder
reads M consecutive zeros and calculates the total length of the next Exp-Golomb codeword as
2M + 1 bits. It reads the remaining M + 1 bits and calculates code _num which is then mapped
to K.
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Figure 8.25 Decoding SP-slice A, (simplified)

and quantized B,. Hence in the case of a switching SP slice, subtraction takes place in the
quantized transform domain. The residual after subtraction is encoded and transmitted.

A decoder that has previously decoded A; can decode SP-slice AB, to produce frame B,
(Figure 8.27). Frame A, is motion compensated using the motion vector data encoded as part
of AB,. transformed. quantized and added to the decoded residual, then the result is rescaled
and inverse transformed to produce B, .

If streams A and B are versions of the same original sequence coded at different bitrates,
the motion-compensated prediction of B, from A, . SP-slice AB,. should be quite efficient.
Results show that using SP-slices to switch between ditferent versions of the same sequence
is significantly more efficient than inserting I-slices at switching points. Another application
of SP-slices is to provide random access and “VCR-like functionalities. For example. an
SP-slice and a switching SP-slice are placed at the position of frame 10 (Figure 8.28). A
decoder can fast-forward from frame A, directly to frame A by first decoding A, then
decoding switching SP-slice A¢.jy which can be decoded to produce frame Ao by prediction
from Ag.

A further type of switching slice. the Sl-slice, is also supported in the Extended Profile. This
is used in a similar way to a switching SP-slice. except that the prediction is formed using the 4
x 4 Intra Prediction modes (Chapter 6) from previously-decoded samples of the reconstructed
frame. This slice mode may be used, for example, to switch from one sequence to a completely
different sequence, in which case it will not be efficient to use motion compensated prediction
because there is no correlation between the two sequences.

8.3.5 Data partitioned slices

The coded data that makes up a slice is placed in three separate Data Partitions A. B and
C. each containing a subset of the coded slice. Partition A contains the slice header and
header data for each macroblock in the slice, Partition B contains coded residual data for Intra
and SI slice macroblocks and Partition C contains coded residual data for P, B and SP slice

Frame Bo—— > T I Q VLE —» SP AB:z

Frame Ar—>» MC > T > Q

Figure 8.26 Encoding SP-slice AB; (simplified)
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[ Decode
| layer 0 + 1

Decode
layer 0+ 1+ 2

Figure 10.5 Decoding a temporally scalable sequence

completeness, Figure 10.6 shows the prediction directions for this hierarchical structure. The
base layer consists of the I-slices every 12 slices and the first set of B-slices, B6. etc. Layer 1
consists of the second set of B-slices (3. 9, 15, etc) which are predicted from the base layer.
Layer 2 consists of the remaining B-slices which are predicted from layers 0 and 1. Hence the
following sub-sets may be independently decoded:

Layer 0, 10, B6, 112, etc
Layer 0 4 Layer 1. 10, B3, B6, B9. etc.
Layer 0 + Layer 1 + Layer 2, 10, B1. B2, B3, etc.

Because the necessary prediction tools, i.e. P or B pictures used for reference, are supported
in the Main and High Profiles of H.264/AVC, temporal scalability can be achieved without
the need for any extensions to the core H.264/AVC standard.

1 Layer 2 (Enhancement)

Figure 10.6 Hierarchical prediction structure

Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000316



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000317



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000318



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000319



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000320



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000321



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000322



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000323



Quality of highest layer

==&~ SVC (SNR scalability) ==#-= SVC (SNR scalability)

Quality of highest layer

11 .
—O—AVC —o—AVC

T T T T " 0+
100 200 300 400 500 0

-=4-= SVC (Spatial+temporal scalability) —O—AVC

Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000324



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000325



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000326



Amazon.com, Inc., Amazon.com Services LLC - Ex. 1028, Page 000327



Extensions and directions 305

means that the P slices in views 1, 2, 3. .. are likely to be more efficiently coded than I slices
in the same positions.

A more complex prediction structure includes interview prediction for every picture (Figure
10.19). Hence any B- or P-slice in views 1, 2, 3, ... has a picture in another view available as
a reference for prediction.

Annex H to H.264/AVC specifies a number of additions to the basic H.264 syntax to support
MVC, including:

e Sequence Parameter Set: specify views and anchor or key picture references.

e Reference Picture List: structured to include support for inter-view prediction.

® NAL Unit order: modified to allow the use of a Prefix NALU, containing extra information
about the Base view. This special Prefix NAL Unit may be discarded by an AVC decoder
that is not MVC-compatible. so that the base view may still be decoded.

e Picture numbering and reference indices: modified to support multiple views.

MVC has to face the same challenge as SVC, namely, are the benefits of MVC worth the
extra complexity compared with conventional simulcast coding of multiple views? Multiview
video applications are still at a relatively early stage and there is not yet evidence that H.264
MVC will become popular in the industry as a coding technology. However. the popularity of
stereoscopic (*3D7) films such as “Avatar” is leading manufacturers to develop stereoscopic
TV and Blu-Ray solutions.
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