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Video coding concepts 49

Figure 3.34 Image after one level of decomposition

L, and Hy and down-sampled by a factor of two to produce four sub-images LL. LH, HL and
HH. These four *sub-band’ images can be combined to create an output image with the same
number of samples as the original (Figure 3.34). *LL’ is the original image. low-pass filtered
in horizontal and vertical directions and subsampled by a factor of two. "HL" is high-pass
filtered in the vertical direction and contains residual vertical frequencies, *LH" is high-pass
filtered in the horizontal direction and contains residual horizontal frequencies and ‘HH’ is
high-pass filtered in both horizontal and vertical directions. Between them, the four sub-band
images contain all of the information present in the original image but the sparse nature of the
LH, HL and HH sub-bands makes them amenable to compression.

In an image compression application, the 2-dimensional wavelet decomposition described
above is applied again to the *LL’ image. forming four new sub-band images. The resulting
low-pass image, always the top-left sub-band image, is iteratively filtered to create a tree
of sub-band images. Figure 3.35 shows the result of two stages of this decomposition and

Figure 3.35 Two-stage wavelet decomposition of image
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Figure 3.43 Zigzag scan example : field block
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Figure 3.44 Wavelet coefficient and “children’
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60 The H.264 Advanced Video Compression Standard

P=0.1

P=0.1

P=0.2

P=0.2

Figure 3.46 Generating the Huffman code tree: Sequence 1 motion vectors

2. Encoding

Each “leaf” of the binary tree is mapped to a variable-length code. To find this code, the tree
is traversed from the root node, D in this case, to the leaf or data item. For every branch, a 0
or | is appended to the code, 0 for an upper branch. 1 for a lower branch, shown in the final
tree of Figure 3.46, giving the following set of codes (Table 3.3).

Encoding is achieved by transmitting the appropriate code for each data item. Note that
once the tree has been generated. the codes may be stored in a look-up table.

High probability data items are assigned short codes. e.g. 1 bit for the most common vector
‘0", However, the vectors (—2., 2. —1. 1) are each assigned 3-bit codes despite the fact that
—1 and 1 have higher probabilities than -2 and 2. The lengths of the Huffiman codes, each an
integral number of bits, do not match the ideal lengths given by log>(1/p). No code contains
any other code as a prefix, which means that, reading from the left-hand bit, each code is
uniquely decodable.

For example, the series of vectors (1. 0, —2) would be transmitted as the binary sequence
0111000.

Table 3.3 Huffman codes for sequence 1 motion vectors

Vector Code Bits (actual) Bits (ideal)
0 | 1 1.32
1 011 3 2.32

-1 010 3 232
2 001 3 3.32

-2 000 3 3.32
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Figure 3.50 Arithmetic coding example
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Video coding concepts 69

— L

, Coded
bistream

Figure 3.51 DPCM/DCT video encoder

Figure 3.51 and Figure 3.52 show the basic DPCM/DCT hybrid encoder and decoder. In
the encoder. video frame n (F,) is processed to produce a coded or compressed bitstream. In
the decoder. the compressed bitstream, shown at the right of the figure, is decoded to produce
a reconstructed video frame F’,,. The reconstructed output frame is not usually identical to
the source frame. The figures have been deliberately drawn to highlight the common elements
within encoder and decoder. Most of the functions of the decoder are actually contained within
the encoder, the reason for which will be explained later.

Encoder data flow
There are two main data flow paths in the encoder, left to right (encoding) and right to left
(reconstruction). The encoding flow is as follows:

1. Aninput video frame F,, is presented for encoding and is processed in units of a macroblock.
corresponding to a 16 x 16 pixel region of the video image.

. F, is compared with a reference frame, for example the previous encoded frame (F*,_).
A motion estimation function finds a 16 x 16 region in F’,_; that *‘matches’ the current
macroblock in F,. The offset between the current macroblock position and the chosen
reference region is a motion vector MV.

. Based on the chosen motion vector MV. a motion compensated prediction P is generated.
the 16 x 16 region selected by the motion estimator. P may consist of interpolated
sub-pixel data.

4. P is subtracted from the current macroblock to produce a residual or difference macroblock

D.

2

(93]

Coded

bistream

Figure 3.52 DPCM/DCT video decoder
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78 The H.264 Advanced Video Compression Standard

Table 3.14  Decoded residual luminance samples

-3 . - 1 =1 =1 i =3
5 3 2 0 -3 -4 -5 -6
9 6 I =3 =5 b =5 -4
9 8 R S 1 4 10
7 8§ -1 -6 -l 2 5 14
2 3 =8 =I5 =IF =B =f0 2
2 5 =7 =17 =13 =16 =20 =]
12 16 3 =6 =1 =6 =11 =3

the quantization process. An Inverse DCT is applied to create a decoded residual block (Table
3.14) which is similar but not identical to the original residual block (Table 3.9). The original
and decoded residual blocks are plotted side by side in Figure 3.62 and it is clear that the
decoded block has less high-frequency variation because of the loss of high-frequency DCT
coefficients through quantization.

The decoder forms its own predicted motion vector based on previously decoded vectors
and recreates the original motion vector (0. 1). Using this vector. together with its own copy of
the previously decoded frame F*,_. the decoder reconstructs the macroblock. The complete
decoded frame is shown in Figure 3.63. Because of the quantization process, some distortion
has been introduced. for example around detailed areas such as the faces and the equations on
the whiteboard and there are some obvious edges along 8 x 8 block boundaries. The complete
sequence was compressed by around 300 times, i.e. the coded sequence occupies less than
1/300 the size of the uncompressed video, and so significant compression was achieved at the
expense of relatively poor image quality.

Figure 3.62 Comparison of original and decoded residual blocks
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106 The H.264 Advanced Video Compression Standard

In this example. the B slices are not used for reference. The POC cycle consists of one reference
frame. with an offset from the previous reference frame to the next reference frame of +6 and
an offset from the previous reference frame to the next non-reference frame of —4.

Slice Type Used for reference framenum Delta POC Offset POC Display order

] I Yes 0 0 0 0 0
o p Yes 1 0 +6 6 3
3rd B No 2 0 —4 2 1
4th B No 2 2 —442 4 2
St p Yes 2 +6 12 6
6" B No 3 0 —4 8 4
T B No 3 2 —442 10 5
gh p Yes 3 0 +6 18 9

The 4" and 7" slices have a delta POC, signalled in the slice header, of +2. The POC for
these slices is calculated as: POC = expected POC + 2.

5.3.3 Reference picture lists

A picture that is coded and available for reference is stored in the Decoded Picture Buffer
(DPB) and marked as one of the following:

(a) a short term reference picture, indexed according to frame_num or POC or,

(b) along term reference picture, indexed according to LongTermPicNum. a reference number
derived from the parameter LongTermFrameldx which is assigned when a picture is marked
as a long term reference picture.

Short term reference pictures may be assigned a LongTermFrameldx, i.e. changed to a long
term reference picture, at a later time.

Figure 5.5 Display order: Type 1 example
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118 The H.264 Advanced Video Compression Standard

Table 5.10 Slice Header. IDR/Intra. Frame 0

Parameter Binary code ~ Symbol Discussion

first_mb_in_slice 1 0 First MB is at position (. the top-left
position in the slice.

slice_type 1000 7 I slice. contains only I MBs

pic_parameter_set_id 1 0 Use PPS 0

frame_num 0 0 Slice is in frame 0

idr_pic_id 1 0 IDR #0 : only present in IDR picture

pic_order_cnt_Isb 0 0 Picture order count = (

no_output_of_prior_pics_flag 0 0 Not used

long_term_reference flag 0 0 Not used

slice_gp_delta 1000 4 QP = initial QP + 4 = 30

shows an example of a slice header from an I slice with frame_mbs_only_flag set. i.e. no field
coding. This is the first I slice and is therefore an IDR slice. The default QP is set to the initial
sequence value (26) plus 4.

The header of a P slice is shown in Table 5.11. This is frame 1: the picture order count
(POC) is 2. Note that POC increases by 2 for every complete frame. see section 5.3.2. There
is one active reference picture which happens to be frame 0.

5.6.3 Slice data

The slice data section consists of a series of macroblocks that make up a slice. A macroblock
containing no data. a skip macroblock, is a very common occurrence in many coded
sequences. It is signalled by the parameters mb_skip_run. a count of a sequence of skipped
macroblocks. used with CAVLC entropy coding mode, or mb_skip_flag. indicating a single
skipped macroblock. used with CABAC entropy coding mode. A skip macroblock can only

Table 5.11 Slice Header. Inter. Frame 1

Parameter Binary code ~ Symbol Discussion

first.mb_in_slice 1 0 First MB at position 0

slice_type 110 5 P slice. can contain | or P MBs

pic_parameter_set_id 1 0 Use PPS 0

frame_num | 1 Frame |

pic_order_cnt_Isb 10 2 Picture 2

num_ref_idx_active_override_flag 1 1 Default number of reference pictures
overridden by following parameter

num_ref_idx_10_active_minus] 1 0 One reference picture in List 0

ref_pic_list_reordering flag 10 0 0 No re-ordering of reference pictures

adaptive_ref_pic_buffering flag 0 0 Reference pictures handled as “first
in / first out” (default)

slice_gp-delta 1000 4 QP =26+4=30
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The H.264 Advanced Video Compression Standard

Figure 5.17 Block scanning order. 8 x 8 luma transform. 4:2:0 sampling

v

Figure 5.18 Residual CAVLC block syntax overview
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128 The H.264 Advanced Video Compression Standard

Table 5.15 1 macroblock. example 1

Parameter Binary code Symbol Discussion

mb_type (I.SLICE) (0. 1) =9 1 0 Intra coding. 4 x 4 prediction of
each luma block.

Intramode =3 0 0011 0.3 Rem =3

Intra mode = —1 1 1 1 Most probable (MP)

Intra mode =22 0010 0.2 Rem =2

Intramode = —13 1 1 MP

Intra mode = —1 4 ] 1 MP

Intra mode =2 5 0010 0,2 Rem =2

Intramode =56 0101 0.5 Rem =5

Intramode =57 0101 0.5 Rem =35

Intra mode =5 8 0101 0.5 Rem =5

Intramode = —19 1 | MP

Intra mode = —1 10 | 1 MP

Intramode =111 0001 0.1 Rem =1

Intra mode = —1 12 1 1 MP

Intra mode = 2 13 0010 0.2 Rem =2

Intra mode = —1 14 1 1 MP

Intra mode = 3 15 0011 0.3 Rem =3

Chroma intra pred mode 01 0 Mode 0

CBP (0. 1) =31 10 31 Coefficients present for all luma
blocks and for chroma
DC blocks.

Delta QP (0. 1) =0 1 0 No change in QP

Luma# ¢ & tr.15(0,0) vle=2 #c=8 1101 8 Coefficient token (see Chapter 7)

#t1=3

Luma trailing ones sign (0.0) 0 0 Trailing ones

Luma lev (0.0) k=4 vlc=0 lev= 1| 1 1 Level

Luma lev (0.0) k=3 vlc=1 lev= —1 11 -1 Level

Luma lev (0.0) k=2 vlc=1 lev= -2 11 -2 Level

Luma lev (0.0) k=1 vic=1 lev= —4 11 —4 Level

Luma lev (0.0) k=0 vle=2 lev=3 100 3 Level

Luma totalrun (0.0) vie=7 totzeros= 1| 1 1 Total number of zeros

Luma run (0,0) k=7 vlc=0 run= 0 1 0 Zero run

Luma run (0,0) k=6 vlc=0 run= 1 0 1 Zero run

... letc)
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Table 5.17 P macroblock. example 3

Parameter Binary code Symbol Discussion

mb_skip_run 11 2 Two previous MBs are
skipped

mb_type (P.SLICE) (0.3)=3 11 2 8 » 16 mode

mvd_10 (0)=0 1 0 Partition 0 MVDx

mvd 10 (1) =1 10 1 Partition 0 MVDy

mvd_l0 (0) = —1 11 -1 Partition 1 MVDx

mvd10(1)=0 1 0 Partition 1 MVDy

CBP(0.3)=1 11 1 0000015: Only first 8 x 8
block non zero

Delta QP (0.3) =0 1 0 No change in QP

Luma # ¢ & tr.15(0.0) vlie=0 #c=0 #t1=0 1 0 Zero 4 x 4 block

Luma# ¢ & tr.1s(1.0) vie=0 #c=1 #t1=1 1 1 Coeflicient token

Luma trailing ones sign (1.0) 1 1 Trailing ones

Luma totalrun (1.0) vle=0 totzeros= 1 11 1 Total zeros

Luma# ¢ & tr.1s(0.1) vle=0 #c=2 #t1=2 1 2 Coeflicient token

Luma trailing ones sign (0.1) 10 2 Trailing ones

Luma totalrun (0.1) vle=1 totzeros= 3 100 3 Total zeros

Luma run (0.1) k=1 vlc=2 run= 1 10 | Zero run

Luma# ¢ & tr.1s(1.1) vie=1 #c=0 #t1=0 11

Zero 4 x 4 block

partition is (—'/s. 0). Only the first, top-left 8 x 8 luma quadrant contains non-zero co-
efficients and the second and third 4 x 4 blocks within this quadrant contain non-zero
coefficients.

4. P macroblock, multiple reference frames

In this example (Table 5.18, Figure 5.21) the macroblock is coded using 8 x 8 partitions.
A further syntax element sub_mb_type is sent for each of the four 8 x 8 luma partitions
to indicate the sub-macroblock partition types. Next. the reference frame for each mac-
roblock partition is signalled. Note that all sub-macroblock partitions in a partition share
the same reference frame. Partition 0 uses reference index 2. three frames in the past.
partition | uses reference index 1. two frames in the past. and partitions 2 and 3 use
reference index 0. one frame in the past, the default case. MVDx and MVDy are sent
for each partition or sub-macroblock partition; the only non-zero values are (—3. 0) and
(—3. 1). Note that these are signalled as (—12.0) and (—12, 4) respectively, in units of
'/; sample. CBP indicates that the only non-zero coefficients occur in the Chroma DC
blocks.

5. B macroblock
This B macroblock is coded using two 8 x 16 partitions (Table 5.19, Figure 5.22). Par-
tition 0 is predicted from the first picture in List 1, the next frame in display order.
and partition 1 is bi-predicted from the first pictures in List 0 and List 1. the previous
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134 The H.264 Advanced Video Compression Standard

Table 5.20 B macroblock. example 6

Parameter Binary code Symbol Discussion

mb_skip_run | 0 No previous skip

mb_type (B.SLICE) (7.2) =3 1110 13 B_L0_Bi_8 x 16 : part 0 from L0,
part 1 is bipred

reflidx 10 =0 1 0 Part 0. LO reference

ref_idx 10 =0 1 0 Part 1. L0 reference

ref_idx 11 =0 1 0 Part 1. L1 reference

mvd_10 (0) = =22 101101 -22 Part 0. LO MVDx

mvd 10 (1) =4 1000 ‘ 4 Part 0. LO MVDy

mvd_10 (0) =10 10100 10 Part 1. LO MVDx

mvdl0(1)=0 1 0 Part 1. LO MVDy

mvd.l1 (0) =11 10110 11 Part 1. L1 MVDx

mvd.1l (1) = -1 11 -1 Part 1. L1 MVDy

CBP(7.2)=0 1 0 000000, : No coeflicient data

5.8 Summary

At the heart of the H.264/AVC standard is the syntax. a specific format for representing a coded
video sequence. together with ancillary information. A decoder parses the syntax. extracts the
parameters and data elements and can then proceed to decode and display video. The syntax
is organized hierarchically, from a complete video sequence at the highest level, down to
coded macroblocks and blocks. A key feature of H.264/AVC is its highly flexible handling
of pictures and predictions. Picture management procedures make it possible to construct and
use a very large variety of prediction structures for intra and inter prediction. This flexibility
makes it possible to accurately predict or estimate the current section of an image. which
in turn leads to high compression efficiency. In the following chapters we will examine the
prediction of macroblocks. transform and quantization of residuals and coding of syntax
elements.

Table 5.21 B macroblock. example 7

Parameter Binary code  Symbol Discussion

mb_skip_run 110 5 5 previous MBs are skipped.

mb_type (B.SLICE) (7.2)=1 100 3 B_Bi_16 x 16 : one partition.
bipredicted

ref_idx_10 =0 1 0 L0 reference

refiidx 11 =0 1 0 L1 reference

mvd_0 (0) = -1 11 -1 LO MVDx

mvd 10 (1)=0 1 0 L0 MVDy

mvd.1(0) = —1 11 -1 L1 MVDx

mvd.I1 ()= -1 11 -1 L1 MVDy

CBP(7,2)=0 | 0 No coeflicient data
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138 The H.264 Advanced Video Compression Standard

Figure 6.1 Example of macroblock types and prediction sources

be predicted from different reference frames. Each partition in a B Macroblock (B MB) is
predicted from samples in one or two previously-coded frames. for example, one ‘past’ and
one ‘future’ as shown in the figure.

6.3 Intra prediction

An intra (I) macroblock is coded without referring to any data outside the current slice. I
macroblocks may occur in any slice type. Every macroblock in an [ slice is an I macroblock. I
macroblocks are coded using intra prediction. i.e. prediction from previously-coded data in the
same slice. For a typical block of luma or chroma samples. there is a relatively high correlation
between samples in the block and samples that are immediately adjacent to the block. Intra
prediction therefore uses samples from adjacent, previously coded blocks to predict the values
in the current block.
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Figure 6.13 Intra 16 x 16 prediction modes
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