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100 The H.264 Advanced Video Compression Standard

It should be emphasized that the syntax examples, diagrams and explanations in this chapter
are for illustration only. Complete and accurate explanations of the syntax and the semantics
or meaning of each syntax element are given in the H.264/AVC standard.

5.2 H.264 syntax

The hierarchical organization of the H.264/AVC syntax can be seen in Figure 5.1 [ii]. The
Network Abstraction Layer (NAL) consists of a series of NAL Units (section 5.4). Sequence
Parameter Sets (SPS) and Picture Parameter Sets (PPS) are NAL units that signal certain
common control parameters to the decoder (section 5.5). Coded video data is communicated
in Video Coding Layer (VCL) NAL units, known as coded slices. An access unit, a coded

VCL NAL Units

Network Abstraction Layer SPS | PPS IDR Slice

Slice layer Slice Data
Skip indication
Macroblock layer Type | Prediction GogggeEll_Lock QP Residual

I
INTHA INTER

‘ Intra mode(s) i H?rf:rrneer:;ce Motion vectors

Luma blocks mc: bi Cr blocks

Figure 5.1 Syntax overview

12




H.264 syntax 101

frame or field, is made up of one or more slices. At the slice layer (section 5.6). each slice
consists of a Slice Header and Slice Data. The Slice Data is a series of coded macroblocks
(MB) and skip macroblock indicators which signal that certain macroblock positions contain
no data. Each coded macroblock (section 5.7) contains the following syntax elements:

® MB type : I/intra coded, P/inter coded from one reference frame, B/inter coded from one or
two reference frames.

¢ Prediction information : prediction mode(s) for an I macroblock, choice of reference frame(s)
and motion vectors for a P or B macroblock.

® Coded Block Pattern CBP : indicates which luma and chroma blocks contain non-zero
residual coefficients.

® Quantization Parameter QP, for macroblocks with CBP £ 0.

® Residual data, for blocks containing non-zero residual coefficients.

A coded video sequence begins with an Instantaneous Decoder Refresh (IDR) Access
Unit, made up of one or more IDR slices, a special type of Intra coded slice. Subsequent video
frames or fields, described as Access Units, are coded as slices. The video sequence ends when
a new IDR slice is received, signalling a new coded sequence, or when the transmission is
complete.

A list of all the main sections of the syntax is given in Table 5.2. A NAL unit contains a
Raw Byte Sequence Payload (RBSP), a sequence of bytes containing syntax elements. H.264
syntax elements are binary codes with varying length and so a sequence of syntax elements
within a NAL unit will not necessarily fit into an integral number of bytes. Zero-valued bits
are added to the end of the RBSP contents in order to ensure that the length is an integral
number of bytes (RBSP trailing bits). An RBSP syntax element can be transmitted or stored
as a complete packet. Some syntax sections contain sub-sections, e.g. the Sequence Parameter
Set may contain the sections scaling list and vui_parameters and always contains the section
rbsp_trailing_bits. Other sections, e.g. scaling_list, do not contain any sub-sections.

Before discussing the syntax sections in detail, it is necessary to examine the way in which
H.264/AVC handles frames, fields and pictures.

5.3 Frames, fields and pictures

Chapter 2 introduced the concept of digital video and typical formats for storing and handling
digital video information. An H.264 encoder converts video frames into compressed or coded
picures. H.264/AVC defines a frame as an array of luma samples and two corresponding
arrays of chroma samples. The two fields, top field and bottom field, that make up a frame may
be sampled at the same time instant, progressive scan, or at different time instants, interlaced
scan. The term picture refers collectively to a frame or a field. Figure 5.2 is an overview of the
way pictures are handled during H.264 encoding and decoding. Frames or fields are encoded
to form coded pictures, each of which is composed of one or more slices. Slices are decoded
to produce decoded pictures which are stored in a Decoded Picture Buffer (DPB). Pictures in
the DPB may be used for inter prediction of further coded pictures and/or output for display.

It is important to distinguish between three different orders of pictures: decoding order,
the order in which pictures are decoded from the bitstream, display order, the order in which
pictures are output for display, and reference order, the order in which pictures are arranged
for inter prediction of other pictures (Figure 5.3).

13



114 The H.264 Advanced Video Compression Standard

5.4 NAL unit

Coded H.264 data is stored or transmitted as a series of packets known as Network Abstraction
Layer Units, NAL Units or NALUs. Each NAL Unit consists of a 1-byte NALU header
followed by a byte stream containing control information or coded video data. The header
indicates the NALU type, some of which are listed in Table 5.6, and the ‘importance’ of
the NALU. Parameter Sets and slices that are used for reference, i.e. used to predict further
frames, are considered important or high priority, since their loss could make it difficult to
decode subsequent coded slices. Non-reference slices are considered to be less important to the
decoder, since their loss will not affect any further decoding. This information can optionally
be used to prioritise certain NALUs during transmission (Chapter 8).

Coded slices are described as Video Coding Layer (VCL) NAL units. A coded sequence
begins with an Instantaneous Decoder Refresh (IDR) Access Unit, made up of one or more
IDR slices, each of which is an Intra coded slice. This is followed by the default slice type,
i.e. a non-IDR coded slice, and/or by Data Partitioned slices. Data Partitioned slices carry
different components of coded video data in separate NAL units, which may be useful in
error-prone transport situations. Non-VCL NAL units include Parameter Sets, Supplemental
Enhancement Information parameters that may be useful for decoding and displaying video
data, but are not essential for correct decoding, and delimiters that define boundaries between
coded sections.

Each NALU may be transported in one or more network packets, streamed sequentially as
a byte stream or encapsulated in a media file (Chapter 8).

Table 5.6 Selected NAL unit types

NAL Unit Description VCL

Coded slice, non-IDR A typical coded slice, see section 5.6 Yes

Coded slice data partition A Part of a data partitioned slice, see Chapter 8 Yes

Coded slice data partition B Part of a data partitioned slice, see Chapter 8 Yes

Coded slice data partition C Part of a data partitioned slice, see Chapter 8 Yes

Coded slice, IDR Part of the Access Unit at the start of a coded video Yes
sequence

SEI Supplemental Enhancement Information, see Chapter 8 No

SPS Sequence Parameter Set, one per sequence, see section No
55

PPS Picture Parameter Set, see section 5.5 No

Access unit delimiter Indicates type of the slices in the next coded picture No
(optional)

End of sequence Indicates that the next access unit is IDR, i.e. the start No
of a new coded video sequence (optional)

End of stream Indicates the end of the coded bitstream (optional) No

Filler Filler bytes (optional), e.g. to prevent buffer under-run, No

see Chapter 8.
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H.264 syntax 115

5.5 Parameter Sets

Parameter Sets are NAL units that carry decoding parameters common to a number of coded
slices. Sending these parameters independently of coded slices can improve efficiency, since
common parameters need only be sent once. Parameter Sets are essential to the correct decoding
of a sequence. In a lossy transmission scenario, where bits or packets may be lost or corrupted
during transmission, Parameter Sets may be sent with a higher quality of service using e.g.
Forward Error Correction or a priority mechanism.

A Sequence Parameter Set (SPS) contains parameters common to an entire video sequence
or programme, such as the Profile and Level (Chapter 8), the size of a video frame and certain
decoder constraints such as the maximum number of reference frames (section 5.3.3). Table
5.7 shows an example of a SPS for a Baseline Profile, QCIF coded sequence. Note that each
SPS has a unique identifier, seq_parameter_set_id, which is 0 in this case.

A Picture Parameter Set (PPS) contains common parameters that may apply to a sequence
or subset of coded frames, such as entropy coding type, number of active reference pictures
and initialization parameters. See Table 5.8 for an example. The PPS has its own identifier,
pic_parameter set_id, and ‘points’ to a SPS identifier. In this example, the PPS “inherits’ the
parameters of SPS 0. Each coded slice ‘points’ to a PPS and inherits its parameters. In this
way, there is considerable flexibility to set up common coding parameters via SPS and PPS
NAL units and then to refer to these in subsequent coded slices.

Table 5.7 Sequence Parameter Set example

Binary
Parameter code Symbol  Discussion
profile_ide 1000010 66 Baseline Profile
constrained_set0_flag Bl e Bistream might not obey all the
constraints of the Baseline Profile
constrained_setl_flag 0 0 As above, Main Profile
constrained_set2_flag 0 0 As above, Extended Profile
constrained_set3_flag 0 0 Used to specify the special case of
Level 1b
reserved_zero_4bits 0 0 Not used
level_ide 11110 30 Level 3
seq.parameter_set _id 1 0 Sequence Parameter Set 0
log2_max_frame_num_minus4 1 0 frame_num will not exceed 16.
pic_order_cnt_type 1 0 Default POC
log2_max_pic_order_cnt_Isb_minus4 1 0 LSB of POC will not exceed 16.
num_ref_frames 1011 10 Up to 10 reference frames.
gaps_in_frame_num_value_allowed_flag 0 0 No gaps in frame_num.
pic_width_in_mbs_minus] 1011 10 11 macroblocks wide = QCIF
pic_height_in_map_units_minusl 1001 8 9 MBs high = QCIF
frame_mbs_only_flag | | No field slices or field MBs
direct_8 x 8_inference_flag 1 1 Specifies how certain B macroblock
motion vectors are derived
frame_cropping_flag 0 0 Frames are not cropped
vui_parameters_present_flag 0 0 VUI parameters not present

15



116 The H.264 Advanced Video Compression Standard

Table 5.8 Picture Parameter Set example

Parameter Binary code Symbol  Discussion

pic_parameter_set_id 1 0 Picture Parameter Set 0
seq_parameter_set_id 1 0 Use SPS 0

entropy _coding_mode_flag 0 0 CAVLC entropy coding
pic_order_present_flag 0 0 POC not present
num_slice_groups_minus | | 0 One slice group
num_ref_idx_10_active_minus1 1010 9 10 reference pictures in list0
num_ref_idx_11 _active_minus1 1010 9 10 reference pictures in list1
weighted_pred_flag 0 0 Weighted prediction not used
weighted_bipred_idc 0 0 Weighted biprediction not used
pic_init_gp_minus26 1 0 Initial QP (luma) = 26
pic_init_gs_minus26 1 0 Initial SI/SP QP=26
chroma_gp_index_offset 1 0 No chroma QP offset

deblocking _filter_control_present_flag 0 0 Use default filter parameters
constrained_intra_pred_flag 0 0 Intra prediction is not constrained
redundant_pic_cnt_present_flag 0 0 Redundant picture count parameter is

not used

Activation of Parameter Sets

A Parameter Set is ‘inactive’ until it is activated, i.e. its parameters are not used by the decoder.
A PPS, previously transmitted to the decoder, is activated when it is referred to in a slice header
and remains active until a different PPS is activated. A SPS is activated when a PPS that refers
to it, e.g. the PPS in Table 5.8, is activated. A single SPS remains active for an entire coded
video sequence, which must start with an IDR Access Unit, hence a SPS is effectively activated
by an IDR slice. Each coded slice in a video sequence may refer to one of a number of Picture
Parameter Sets.

Using parameter sets: Example

SPS0 is sent at the start of a sequence, followed by PPSO and PPS1, both of which ‘inherit’
SPS0 (Figure 5.12). PPS0 is activated by IDR slice 0, which means that SPS0O becomes active at
the same time. Slices 1 and 2 use the parameters of PPSO and SPS0. PPS1 is activated by slice 3,
making PPS0 inactive, hence slice 3 uses the parameters of PPS1 and SPS0; PPSO is activated
again by slice 4, making PPS| inactive.

spso IL_PPso | Pesi IDR 0 slice 1 | Slice 2 Slice 3 Slice 4
—spso || —~spPso —PPS0 —-ppso || -prsof —pps1 | —PPso| T T "
g Y . o 1] o ’I
, -
1
\ < %
S——p PPS2 B i IDR Slice et
—~5PS1 —-PPS2 —~PPS2

Figure 5.12 Example: Sequence and Picture Parameter Sets
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H.264 syntax 117

inactive until a new IDR slice is sent, activating both SPS1 and PPS2 and signalling the start of

l At a later point, SPS1 and PPS2 are sent: PPS2 inherits SPS1. Both SPS1 and PPS2 are
a new coded video sequence. Subsequent slices use the parameters of SPS1 and PPS2.

5.6 Slice layer
5.6.1 Slice types

Each coded picture, a coded frame or field, is composed of one or more slices, each containing
a slice header followed an integral number of macroblocks. The number of macroblocks
in a slice need not be constant. There are minimal data inter-dependencies between coded
slices, which can help to limit the propagation of errors between slices. Possible scenarios for
choosing slice sizes include:

® One slice per coded picture, common practice in many H.264 encoding applications.

* N slices per picture, each containing M macroblocks, N and M integer. The number of bytes
in each coded slice will tend to vary depending on the amount of motion and detail in the
picture area.

* N slices per picture, containing a varying number of macroblocks, chosen to keep the number
of bytes per slice roughly constant. This may be useful if, for example, each slice is mapped
to a fixed-size network packet.

The available slice types are listed in Table 5.9, together with the macroblock types that
may be present in each slice. Note that a B slice (for example) may contain B, P and/or I
macroblock types and an encoder may choose between these types depending on the content
of the sequence. Macroblock types are explained further in section 5.7.1.

5.6.2 Slice header

The slice header conveys information common to all macroblocks in the slice, such as the slice
type which determines which macroblock types are allowed, the frame number that the slice
corresponds to, reference picture settings and default quantization parameter (QP). Table 5.10

Table 5.9 Slice types in H.264

Slice type Contains macroblock types Notes

I (including IDR) I only Intra prediction only.

P I and/or P Intra prediction (I) and/or prediction from
one reference per macroblock partition
(P).

B I, P and/or B Intra prediction (I), prediction from one

reference (P) or biprediction, i.e.
prediction from two references (B)
SP P and/or 1 Switching P slice, see Chapter 8
SI SI Switching I slice, see Chapter 8
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168 The H.264 Advanced Video Compression S

Frame n-1 = List0{0)

Frame n (current)
\ 0 ] /‘
Frame n+1 = List1(0)
Figure 6.40 Inter prediction example, B slice

k]

Partition 0

Prediction reference: List1(0), which points to frame n + 1, the next frame in display order.
Motion vector: (—10, —9.5)

Partition 1

Prediction references: List0(0), which points to frame n—1, the previous frame in display
order, and List1(0), which points to frame n + 1.

Motion vectors: (+7.25, —9) (List0) and (+6, +8.25) (Listl).

Hence Partition 0 is predicted from a corresponding area in frame (n + 1) whereas Partition 1 is
bipredicted or interpolated between areas in frame (n—1) and frame (n 4 1).

18




11,2064 Prediction 169

Figure 6.41 Low delay prediction structure

0.4.7 Prediction structures

1.264 offers many different options for choosing reference pictures for inter prediction. An
encoder will typically use reference pictures in a structured way. Some examples of reference
picture structures are presented here.

6.4.7.1 Low delay, minimal storage

The prediction structure shown in Figure 6.41 uses only I and P slices. It is compatible with
the Baseline Profile or Constrained Baseline Profile of H.264, which do not allow B slices,
and would be suitable for an application requiring low delay and/or minimal storage memory
at the decoder. The first frame is coded as an I slice and subsequent frames are coded as P
slices, predicted from the previous frame. Prediction efficiency is relatively low, because only
one prediction direction and one reference is allowed for each frame. However, the decoder
can display each frame as soon as it is decoded, minimising delay, and the decoder only
.needs to store one reference frame, minimising storage requirements. This type of structure
would be suitable for applications such as videoconferencing where latency must be kept to a
minimum. Note that I slices may be inserted in the stream at intervals to limit the propagation
of transmission errors and to enable random access to the coded sequence.

6.4.7.2 ‘Classic’ Group of Pictures structure

Earlier standards such as MPEG-1 and MPEG-2 supported the Group of Pictures structure
shown in Figure 6.42. The Group of Pictures (GOP) starts with an I slice. P slices are inserted
at intervals, with B slices between the I and P slices. The I and P slices are used for reference;

Figure 6.42 “Classic’ Group of Pictures prediction structure

19



170 The H.264 Advanced Video Compression Standard

Figure 6.43 [IPPP ... with multiple reference pictures

the B slices are not used for reference, i.e. all pictures are predicted from I or P slices. Each P
slice is predicted from the preceding I or P slice and each B slice is predicted from the I and/or
P slices on either side of it.

This structure provides higher compression efficiency than the structure shown in Figure 6.4 1
because prediction in a B slice tends to be more efficient than in a P slice due to the availability
of two reference pictures. The disadvantage is increased delay and larger frame storage
requirements. The decoder must receive slices 10 and P3 before slices 1 and 2 can be decoded,
i.e. the delay is a minimum of three frames in this example. Slices 0 and 3 must be stored by
the decoder because they are reference frames for slices | and 2.

6.4.7.3 Multiple reference frames

H.264 makes it possible to create other prediction structures, for example using multiple
reference frames for prediction. Figure 6.43 shows an IPPP . .. prediction structure in which
all the previously coded slices are available as reference frames. Slice P1 is predicted from
slice 10; slice P2 is predicted from slices 10 and P1; slice P3 is predicted from slices 10, P1 and
P2; and so on. This means that the encoder can search up to N reference frames to find the
best match for each P macroblock. This can improve compression efficiency at the expense of
(a) increased computational expense at the encoder and (b) increased storage at encoder and
decoder, since N reference frames must be stored.

6.4.7.4 Hierarchical prediction structures

Figure 6.44 shows an example of a hierarchical GOP structure. This type of structure is made
possible by H.264’s flexible prediction options. The GOP starts and finishes with I slices 0
and 12. Next, slice B6 is predicted using 10 and I12 as references; note that B6 is halfway
between 10 and 112 in display order. B3 is predicted from 10 and B6; B9 is predicted from
B6 and 112. B1 and B2 are predicted from 10 and B3 and so on. The GOP is composed of
a series of layers, a dyadic or pyramid decomposition, see Table 6.5. This type of structure
can give improved compression performance [iii] if the quantization parameters of the layers
are carefully controlled such that the QP increases as the layer number increases. Hierarchical
or pyramid GOP structures were first proposed as a method of providing temporal scalability
(Chapter 10) but they may be used in any H.264 codec that supports B slices.
Chapter 9 compares the compression performance of several prediction structures.
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Figure 6.44 Hierarchical GOP structure

6.5 Loop filter

A filter is applied to every decoded macroblock to reduce blocking distortion [iv]. The de-
blocking filter is applied after the inverse transform in the encoder before reconstructing and
storing the macroblock for future predictions and in the decoder before reconstructing and
displaying the macroblock. The filter smooths block edges, improving the appearance of de-
coded frames. The filtered image is used for motion-compensated of future frames and this
generally improves compression performance because the filtered image is a more faithful
reproduction of the original frame than a blocky, unfiltered image.'

Filtering is applied to vertical or horizontal edges of 4 x 4 blocks in a macroblock excluding
edges on slice boundaries, in the following order:

1. Filter 4 vertical boundaries of the luma component in order a,b.c,d in Figure 6.45
2. Filter 4 horizontal boundaries of the luma component in order e.f.g,h, Figure 6.45
3. Filter 2 vertical boundaries of each chroma component (i,j)

4. Filter 2 horizontal boundaries of each chroma component (k.1)

Each filtering operation affects up to three pixels on either side of the boundary.
Figure 6.46 shows four pixels on either side of a vertical or horizontal boundary in adja-
cent blocks p and q, p0,p1,p2.p3 and q0.q1,92,q3. The ‘strength’ of the filter, i.e. the amount

Table 6.5 Layers in hierarchical GOP example

Layer Slices

0 10, 112

1 B6

2 B3, B9

3 B1, B2, B4, B5,B7, B8, B10, Bl

! Intra-coded macroblocks are filtered, but intra prediction (section 6.3) is carried out using unfiltered reconstructed
macroblocks to form the prediction.
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Figure 9.18 Sample frames from sequences using different prediction structures, coded at 280kbps

The prediction structures are as follows (see Chapter 6):

(i) IPPPPPPPPPPPIPP.. ., i.e. one I-slice followed by 11 P-slices, with one reference frame
(i1) As (i) but with five reference frames
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(iii) IBBPBBPBBPBBIBBP.. ., i.e. 12-frame GOP with one I-slice, three P-slices and eight
B-slices in each GOP.
(iv) IBBBBBBBBBBBIBB.., 12-frame GOP, hierarchical prediction.

The basic IPPPP. .. structure with one reference frame has the worst performance, i.e. the
lowest rate-distortion curve. Enabling five reference frames with the same structure improves
the performance slightly. The ‘Classic’ IBBPBBP... GOP structure, with 12 pictures in
a GOP, improves the compression performance further and a Hierarchical GOP structure,
with 12 pictures, gives the best performance. Sample frames from IPPP. .. and Hierarchical
structures are shown in Figure 9.18, each coded at the same bitrate (280kbps). The luminance
PSNR of the Hierarchical sequence is around 0.8dB higher than that of the IPPP. . . sequence;
note that there is only a slight subjective difference in the frames. The Hierarchical sequence
takes approximately 50 per cent longer to encode using the JM software.

9.3.5 Performance example: H.264 vs. MPEG-4 Visual

Figure 9.19 compares the rate-distortion performance of H.264 and the earlier MPEG-4 Part
2 (‘Visual’) standard. Similarly to H.264, MPEG-4 Visual has Profiles that define subsets of
coding tools. Results for the ‘Carphone” QCIF sequence coded using Simple Profile (SP) and
Advanced Simple Profile (ASP) are shown. The SP encoder uses I- and P-frame coding and the
ASP encoder adds B-frame coding for better performance. An H.264 Baseline Profile encoder
using UVLC/CAVLC and one reference frame performs considerably better than MPEG-4
Visual ASP and H.264 Main Profile with CABAC and five reference frames performs better

QCIF sequence (“Carphone”, 200 frames)
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31
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Figure 9.19 Carphone, QCIF: H.264 vs. MPEG-4 Visual
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Good results can be obtained by calculating A as a function of QP (9.4, from [iv]).
A = 0.8520@P-12/3 94)

Distortion (D) is calculated as the Sum of Squared Distortion (SSD, (9.5):

Dssp =Y (bx, y) — b(x, y))* 9.5)

X,y

Where x,y are the sample positions in a block, b(x,y) are the original sample values and b’(x,y)
are the decoded sample values at each sample position. Other distortion metrics, such as Sum
of Absolute Differences or Sum of Absolute Transformed Differences, SAD and SATD, may
be used in processes such as selecting the best motion vector for a block [iv]. A different
distortion metric typically requires a different A calculation.

A typical mode selection algorithm might proceed as follows:

® For every macroblock
o For every available coding mode m
= Code the macroblock using mode m and calculate R, the number of bits required to code
the macroblock
= Reconstruct the macroblock and calculate D, the distortion between the original and
decoded macroblocks
= Calculate the mode cost J,, using (9.3), with appropriate choice of A
o Choose the mode that gives the minimum J,,,

This is clearly a computationally intensive process, since there are hundreds of possible mode
combinations and therefore it is necessary to code the macroblock hundreds of times to find
the ‘best” mode in a rate-distortion sense. The problem becomes larger when considering the
choice of prediction, for example:

1. Each 4 x 4 block in an Intra-4 x 4 macroblock can be coded using one of nine modes.
The choice of mode for one 4 x 4 block affects the coding cost and therefore the choice of
mode for all the other 4 x 4 blocks (see Chapter 6, Intra mode signalling).

2. Each partition in an Inter macroblock may be predicted from any one of the available
reference frames or from one or two reference frames in a B macroblock.

3. Each partition or sub-macroblock partition in an Inter macroblock has a separate motion
vector or two in the case of a bi-predicted partition in a B macroblock; each motion vector
may point to any of hundreds of positions within a defined search window.

4. The choice of motion vector or prediction is further complicated by the fact that more likely
predictions, e.g. small motion vectors or intra modes similar to recently-selected modes,
generally require fewer bits to code than predictions such as large motion vectors that are
less likely to generate the best result.

In the case of a B macroblock, for example, an encoder has a huge potential ‘space’ of coding

options, including all the intra modes, all the inter partition sizes, all the possible motion
vectors, all the available reference frames and the choice of one-directional or bi-predicted

24



H.264 performance 283
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Figure 9.28 Rate, quality and complexity

motion compensation. Exhaustively searching this space to find the best combination of mode
and prediction type is a highly computationally intensive task.

9.6 Low complexity coding

Many practical H.264/AVC codecs simply do not have the computational resources to carry
out the full rate-distortion optimized mode selection process described above. This practical
constraint, together with the desire to maximize compression performance, has led the de-
velopment and proposal of hundreds of low complexity coding algorithms and approaches.
The general goal is to maximize performance in the rate-distortion-complexity space (Figure
9.28). A low-complexity encoder will tend to have poor or average rate-distortion perfor-
mance; applying more computation to the problem of choosing the best coding mode, hence
moving along the complexity axis, will tend to increase rate-distortion performance. Hence
compressed bitrate, decoded quality and codec complexity can be traded off. The goal of
a good low-complexity coding method is to achieve good rate-distortion performance at a
reduced computational cost. A suitable comparison point is a ‘full complexity’ H.264 encoder,
which evaluates every possible coding mode, every prediction type and every motion vector
when coding each macroblock.

In general, every low-complexity coding algorithm has a similar effect on performance,
i.e. rate-distortion performance tends to be lower than the benchmark ‘full complexity” codec
and computational complexity is also lower. Some of the more sophisticated low-complexity

algorithms, however, are capable of delivering coding performance very close to the benchmark

with a significant reduction in computational complexity.

9.6.1 Approximating the cost function

The basic cost function (9.3) requires calculation of D and R. In a “full” implementation this
means it is necessary to:

(i) Code the block B to obtain R
(ii) Decode the block to obtain B’, the reconstructed block
(iii) Calculate the distortion (e.g. SSD) between B and B’
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A number of approximations to SSD have been proposed, with the aim of reducing the
number of processing steps required to calculate distortion. For example, Sum of Absolute
Differences (SAD) calculates the absolute difference between pairs of samples b and b’ (9.6).
SAD increases monotonically with SSD but is less computationally intensive to calculate.
Calculating the absolute difference in the transform domain can improve the accuracy of the
cost function approximation. (9.7) describes the transform-domain metric Sum of Absolute
Transformed Differences (SATD), where T is a transform such as the Hadamard Transform
and « is a normalization factor) [iv].

Dsap = Y _ [b(x, y) — b'(x, y)| (9.6)

Xy

Dsarp = a Y _ |T (b(x, y) — b(x, )| ©.7)

X,y

Further fast approximations to these and other distortion metrics have been proposed in the
literature, e.g. [xiii, xiv]. An alternative is to sub-sample the block, i.e. reduce the number of
sample positions (x, y) to be evaluated [xvi, xv].

A simple approach to approximating the rate of a coded block is to predict blocks with zero
rate, i.e. all-zero coefficients [xvii]. As all-zero blocks occur very frequently in a typical coded
sequence, predicting the occurrence of these blocks without actually coding the data can save
a significant amount of computation. A more sophisticated rate estimation model is presented
in [xviii].

Finally, the entire cost function (9.3) may be estimated, for example based on the R-D cost
of the same macroblock position in a previously coded frame [xix, xx].

9.6.2 Reducing the set of tested modes

A second approach to reducing the complexity of mode selection is to cut the number of modes
that are tested for a given macroblock or block.

The ‘Skip’ mode tends to occur very frequently in P and B slices, especially when (i)
the scene activity is relatively low and/or (ii) the quantization parameter is relatively high.
Many methods have been developed that incorporate early skip detection based on modelling
previous macroblock statistics, for example [Xix, xxi, XX].

More generally, a number of algorithms attempt to reduce the cost of inter mode selection
by grouping modes and only evaluating or coding certain groups of inter modes. Groupings
can be determined by the statistics of previously coded macroblocks and/or according to
homogeneity or features of the current macroblock [xxii, xxiii].

The number of intra modes tested for a MB / block may be reduced by examining the
structure of the image data. The best intra mode tends to depend on the characteristics of
the block or macroblock. For example, a macroblock containing smooth texture is likely to
be effectively predicted using an Intra-16 x 16 mode (see Chapter 6) [xxiv]. Alternatively,
the best Intra-4 x 4 mode for a particular 4 x 4 block is likely to be closely correlated to
the block texture. For example, the dominant edge direction in a 4 x 4 block may be used to
predict the most likely prediction direction [xxv].
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9.6.3 Early termination

Related to the strategy of reducing the number of modes is the concept of early termination,
which involves (i) evaluating coding modes in a certain order, which may be fixed or variable,
and (ii) terminating the process when certain criteria are reached. For example, a number
of algorithms assume that the costs of certain inter modes are monotonically increasing or
decreasing, i.e.:

Jiox16 > Jaxg > Jaxa
or

Ji6x16 < Jgxg < Jaxa

Evaluating the modes in order of expected monotonicity, the encoder terminates the mode
selection process if a particular mode cost is not monotonic [xxvi, xxvii].

9.7 Summary

A good way to understand and evaluate the capabilities of a video coding method such as
H.264/AVC is to experiment with it. The availability of public-domain encoders and decoders
such as the ‘official’ Joint Model (JM) and the open-source x264, makes it possible to test
out every aspect of the standard. H.264/AVC has the potential to deliver coding performance
as good as, or better than, other standards-based and proprietary codecs that are currently
available. However, the performance of an H.264 codec depends very much on the coding
parameters and the source video material. There is a fundamental trade-off between good
coding performance - high quality and low bitrate - and computational complexity, particularly
in a video encoder. A key aspect of this trade-off is the challenge of selecting the best coding
mode for a macroblock, out of a very large number of possible options. Practical H.264/AVC
encoders typically simplify this process using fast, low-complexity approximations to the full
mode selection process.
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Extensions and directions

10.1 Introduction

Since the first version of H.264/AVC was published in 2003, the video coding industry has
continued to evolve. The range of platforms and delivery mechanisms for video continues to
grow, with an increasing expectation that video content should be available on any platform
from mobile to HD and 3D displays, over any network including broadcast, internet, mobile,
etc. The standard itself has evolved since 2003. This chapter summarizes recent extensions to
the standard and looks at what might come after H.264.

The so-called ‘Professional’ or ‘Fidelity Range’ extensions became the High Profiles of
H.264, tools for coding High Definition and studio content with very high reproduction
fidelity, described in earlier chapters.

The increasing need for coding the same original content at different bandwidths and display
resolutions led to the development of the Scalable Video Coding (SVC) extension to H.264.
standardised as H.264 SVC. SVC supports efficient coding of video in such a way that multiple
versions of the video signal can be decoded at a range of bitrates, spatial resolutions and/or
temporal resolutions or frame rates. By jointly coding multiple versions, it should be possible
to deliver them in a more efficient way than the alternative of coding and transmitting each
version separately.

There is a trend towards creating and delivering multiple views of the same video
scene. Stereoscopic video, with suitable display technology, gives the impression of a three-
dimensional (3D) image. Multiple views of a scene can give the user the option of choosing
their viewpoint. ‘Free viewpoint’ video can potentially deliver any view of a scene, by syn-
thesising intermediate views between actual camera positions. These ‘multiview’ applications
generally require coding of multiple, closely related video signals or views. Similarly to
SVC, Multiview Video Coding (MVC) exploits the correlation between these views to deliver
efficient compression. Tools for multiview video coding have been standardized as H.264
MVC.

The number of video compression formats continues to increase, with more and more
content being produced and coded into many different, incompatible compression formats.
Recent initiatives in configurable video coding address the problem of efficiently supporting
an increasing range of compression formats. MPEG’s Reconfigurable Video Coding (RVC)

The H.264 Advanced Video Compression Standard, Second Edition  Iain E. Richardson
© 2010 John Wiley  Sons, Ltd
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sub-group has defined a Video Tool Library, a set of standard Functional Units, building
blocks for video compression. A particular video codec may be specified by defining a
subset of Functional Units together with their parameters and interconnections. This should
make it possible to flexibly re-configure a video codec to support multiple standard and
proprietary formats. Going further, Fully Configurable Video Coding (FCVC) makes it possible
to completely define and implement an arbitrary video codec using a set of low-level primitive
operations and to change this definition during a video communication session. Potential
benefits of this approach include the ability to rapidly implement any new video coding
algorithm and to adapt the compression algorithm dynamically to suit the characteristics of
the current video scene.

H.264 has proved to be a useful and successful technical standard and continues to increase
its share of the video coding market. As processor capabilities continue to develop, the stan-
dards community are considering what should come after H.264/AVC. At the time of writing
(early 2010), the MPEG and VCEG groups are examining proposals for a next generation
video coding standard that is expected to offer better performance than H.264, probably at a
higher computational cost.

10.2 Scalable Video Coding
10.2.1 Simulcast transmission

A challenge for many video compression applications is to deliver multiple versions of a
video sequence at different operational points, i.e. different qualities, spatial resolutions and
frame rates. This can be done using conventional video codecs such as H.264/AVC by coding
each stream independently. This is simulcast. In a typical scenario (Figure 10.1), a single
source video is required to be transmitted to multiple decoders or clients, each with different
capabilities. In this example, the original video clip is coded three times to produce three
independent AVC streams, each of which is transmitted and decoded. The problem with the
simulcast scenario is that the three bitstreams contain significant redundancy, since the same
video sequence is coded in each bitstream at different resolutions and/or qualities. In theory, a

Figure 10.1 Multiple streams / simulcast
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Figure 10.2 Multiple streams / scalable

smaller transmission bandwidth could be utilized by exploiting this redundancy between the
three streams.

10.2.2 Scalable transmission

Scalable Video Coding (SVC) attempts to deliver multiple coded versions of a sequence
using a lower overall bitrate than the simulcast scenario above. It does this by exploiting the
redundancies between the different versions, i.e. the correlation between different versions of
the same sequence coded at different operating points.

The same three sequences delivered using SVC are shown in Figure 10.2. A single SVC
encoder produces three coded bitstreams, described as layers. The lowest or base layer, layer
0 in the figure, is a stream decodeable using a standard single-layer decoder, e.g. an H.264
decoder, to produce a video sequence at the lowest of the available quality/resolution operating
points. One or more enhancement layers, layers 1 and 2 in this example, are coded as SVC
bitstreams. To decode a sequence at a higher quality or resolution, an SVC decoder decodes
the base layer and one or more enhancement layers. In this example, decoding layer 0 using
a standard AVC decoder produces the lowest quality output; decoding layers 0 and 1 using an
SVC decoder produces a higher quality output; decoding layers 0, 1 and 2 using an SVC decoder
produces the highest-quality output. The SVC coding process exploits redundancy between
sequences coded at different resolutions or qualities, by predicting successive enhancement
layers from the base layer and lower enhancement layers. In this way, it should be possible to
achieve the same displayed result as the simulcast system (Figure 10.1) at a reduced bandwidth
cost.

The general concept of a scalable coded bitstream is that ‘parts of the stream can be
removed in such a way that the resulting sub-stream forms another valid bit stream for some
target decoder’ [i]. Considering Figure 10.2, the scalable bitstream consists of the coded Layer
0, Layer 1 and Layer 2 streams. Decoding all three streams produces a high-quality output;
removing Layer 2 and decoding layers 0 and 1 produces a medium-quality output; removing
layers 1 and 2 and decoding just the base layer produces a low-quality output.
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10.2.3 Applications of Scalable Video Coding

Scalable video coding has been proposed for a number of application scenarios.

Multiple decoders: Increasingly, the same original video content is coded, transmitted and
viewed by multiple devices, each with different capabilities. For example, a movie trailer is
streamed to clients ranging from a handheld device with a low bitrate network connection
and a low-resolution display, to a PC with a high bitrate connection and a High Definition
display. A range of factors may limit the capabilities of a particular decoding device, in-
cluding connection bitrate, screen resolution and processing capacity. A scalable bitstream
should make it possible to support a wide range of decoding capabilities as efficiently as
possible.

Graceful degradation / enhancement: Whilst some applications such as broadcast television
tend to have a clearly-defined and consistent channel for video transmission, many other
applications use a channel that may change significantly during a communication session.
For example, IP-based applications such as video streaming or internet conferencing will
experience a varying channel throughput that depends on factors such as the amount of
traffic and congestion in the network. Scalable coding offers a mechanism for maximising
the quality at a particular point in time for a specific decoder. For example, a streaming server
transmits base and enhancement layers for a video source. A decoder attempts to receive each
of the available layers. If all layers are successfully received, the decoder extracts a sequence
at the maximum available quality. If the connection throughput drops, the decoder ‘drops
back’ to a lower-quality sequence by only receiving selected layers. As long as the base
layer is successfully decoded, a basic-quality video sequence can be displayed at all times.
This implies that the base layer is very important, i.e. a higher priority than the enhancement
layer(s).

Archiving: Storing a video sequence as a scalable coded bitstream can make it possi-
ble to rapidly decode a low-quality ‘preview’ of the video sequence. For example, a HD
sequence is coded as a number of scalable layers. Extracting only the base layer gives a
low quality version that is quick to decode and display, suitable as a preview of the entire
sequence.

10.2.4 Scalable video coding in H.264

Scalable Video Coding (SVC) is incorporated as Annex G of recent versions of the H.264/AVC

standard [i,ii] and extends the capabilities of the original standard. A software implementation,

the Joint Scalable Video Model, JSVM, is available for download and experimentation [iii].
H.264 SVC supports three main types or classes of scalability (Figure 10.3):

1. Temporal scalability: The base layer is coded at a low temporal resolution or low frame
rate; adding enhancement layers increases the frame rate of the decoded sequence.

2. Spatial scalability: The base layer is coded at a low spatial resolution; adding enhancement
layers increases the spatial resolution of the decoded sequence.

3. Quality scalability: The base layer is coded at a low visual quality using a high QP: adding
enhancement layers increases the visual quality of the decoded sequence.
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Figure 10.3 Overview of scalability types

Example 1 — Quality Scalability:

Layer 0, base layer, is coded at a bit rate of 200kbps, at CIF resolution, 352 x 288 luma samples
per frame, and at 30 frames per second. Enhancement layer | is coded at a bit rate of 520 kbps
using quality scalability, i.e. the frame rate and resolution stay the same. A low-quality sequence
is obtained by sending the base layer over a 200kbps channel and decoding it. A high-quality
sequence is obtained by sending base + enhancement layers over a 720kbps channel. (See Table
10.1).

Table 10.1 Example: Quality Scalability

Encoder Decoder
Base Enhancement Base Base + Enhancement
Resolution 352 x 288 352 x 288 352 x 288 352 x 288
Frames per second 30 30 30 30
Bitrate 200kbps 520kbps 200kbps 720kbps
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Example 2 - Spatial and Temporal Scalability:

Base Layer 0 is coded at a bit rate of 400kbps, with spatial resolution 320 x 240 luma samples
and at 15 frames per second. Enhancement Layer 1 is coded at a bit rate of 800kbps, a spatial
resolution of 640 x 480 samples and at 30 frames per second. In this example, spatial and
temporal scalability are used simultaneously. Decoding Layer 0 only (400kbps) gives a low-
resolution, low frame rate sequence; decoding layers 0 and 1 (a total of 1200kbps) gives a higher
resolution, higher frame rate output sequence. See Table 10.2.

Table 10.2 Example: Spatial + Temporal Scalability

Encoder Decoder
Base Enhancement Base Base + Enhancement
Resolution 320 x 240 640 x 480 320 x 240 640 x 480
Frames per second 15 30 15 30
Bitrate 400kbps 800kbps 400kbps 1200kbps

10.2.5 Temporal scalability

In a sequence coded with temporal scalability, the base layer 0 is coded at the lowest temporal
resolution, i.e. the lowest frame rate. Successive enhancement layer(s), when decoded with the
base layer, provide progressively higher decoded frame rates. Figure 10.4 shows a sequence
encoded as three temporally scalable layers. Layer 0 is coded at a frame rate Fy and consists
of coded frames 0, 6, 12, etc. An H.264/AVC decoder can decode layer O in isolation.

Layer 1 consists of frames 3, 9, 15, .. . etc. A decoder may decode layers 0 and 1 to produce
a higher-rate sequence (Figure 10.5) at 2F, frames per second. Layer 2 consists of frames 1, 2,
4,5,7,8, ...etc and a decoder that decodes layers 0, | and 2 can deliver an output sequence
(Figure 10.5) at 6F, frames per second.

Temporal scalability can be achieved using the P- and/or B-slice coding tools available in
H.264/AVC. The examples in Figure 10.4 and Figure 10.5 are developed using the ‘Hierar-
chical’ or ‘Pyramid’ Group of Pictures structure discussed in Chapter 6 (section 6.4.7). For

1d o | Layer 2 (Enhancement)
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Figure 10.4 Temporally scalable sequence, 3 layers
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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 + 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.

Layer 2 (Enhancement)

}p Layer 1 (Enhancement)

Layer O (Base)

Figure 10.6 Hierarchical prediction structure



