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4

The MPEG-4 and H.264 Standards

4.1 INTRODUCTION

An understanding of the process of creating the standards can be helpful when interpreting
or implementing the documents themselves. In this chapter we examine the role of the ISO
MPEG and ITU VCEG groups in developing the standards. We discuss the mechanisms by
which the features and parameters of the standards are chosen and the driving forces (technical
and commercial) behind these mechanisms. We explain how to ‘decode’ the standards and
extract useful information from them and give an overview of the two standards covered by this
book, MPEG-4 Visual (Part 2) [1] and H.264/MPEG-4 Part 10 [2]. The technical scope and
details of the standards are presented in Chapters 5 and 6 and in this chapter we concentrate on
the target applications, the ‘shape’ of each standard and the method of specifying the standard.
We briefly compare the two standards with related International Standards such as MPEG-2,
H.263 and JPEG.

4.2 DEVELOPING THE STANDARDS

Creating, maintaining and updating the ISO/IEC 14496 (‘MPEG-4’) set of standards is the
responsibility of the Moving Picture Experts Group (MPEQG), a study group who develop
standards for the International Standards Organisation (ISO). The emerging H.264 Recom-
mendation (also known as MPEG-4 Part 10, ‘Advanced Video Coding’ and formerly known
as H.26L) is a joint effort between MPEG and the Video Coding Experts Group (VCEG), a
study group of the International Telecommunications Union (ITU).

MPEG developed the highly successful MPEG-1 and MPEG-2 standards for coding
video and audio, now widely used for communication and storage of digital video, and is
also responsible for the MPEG-7 standard and the MPEG-21 standardisation effort. VCEG
was responsible for the first widely-used videotelephony standard (H.261) and its successor,
H.263, and initiated the early development of the H.26L project. The two groups set-up the
collaborative Joint Video Team (JVT) to finalise the H.26L proposal and convert it into an
international standard (H.264/MPEG-4 Part 10) published by both ISO/IEC and ITU-T.

H.264 and MPEG-4 Video Compression: Video Coding for Next-generation Multimedia.
Iain E. G. Richardson. ~ © 2003 John Wiley & Sons, Ltd. ISBN: 0-470-84837-5
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86 THE MPEG-4 AND H.264 STANDARDS

Table 4.1 MPEG sub-groups and responsibilities [5]

Sub-group Responsibilities

Requirements Identifying industry needs and requirements of new standards.

Systems Combining audio, video and related information; carrying the
combined data on delivery mechanisms.

Description Declaring and describing digital media items.

Video Coding of moving images.

Audio Coding of audio.

Synthetic Natural Hybrid ~ Coding of synthetic audio and video for integration with natural

Coding audio and video.

Integration Conformance testing and reference software.

Test Methods of subjective quality assessment.

Implementation Experimental frameworks, feasibility studies, implementation
guidelines.

Liaison Relations with other relevant groups and bodies.

Joint Video Team See below.

4.2.1 ISO MPEG

The Moving Picture Experts Group is a Working Group of the International Organisation for
Standardization (ISO) and the International Electrotechnical Commission (IEC). Formally,
it is Working Group 11 of Subcommittee 29 of Joint Technical Committee 1 and hence its
official title is ISO/IEC JTC1/SC29/WG1 1.

MPEG’s remit is to develop standards for compression, processing and representation
of moving pictures and audio. It has been responsible for a series of important standards
starting with MPEG-1 (compression of video and audio for CD playback) and following on
with the very successful MPEG-2 (storage and broadcasting of ‘television-quality’ video and
audio). MPEG-4 (coding of audio-visual objects) is the latest standard that deals specifically
with audio-visual coding. Two other standardisation efforts (MPEG-7 [3] and MPEG-21 [4])
are concerned with multimedia content representation and a generic ‘multimedia framework’
respectively!. However, MPEG is arguably best known for its contribution to audio and video
compression. In particular, MPEG-2 is ubiquitous at the present time in digital TV broadcasting
and DVD-Video and MPEG Layer 3 audio coding (‘MP3’) has become a highly popular
mechanism for storage and sharing of music (not without controversy).

MPEG is split into sub-groups of experts, each addressing a particular issue related to
the standardisation efforts of the group (Table 4.1). The ‘Experts’ in MPEG are drawn from
a diverse, world-wide range of companies, research organisations and institutes. Membership
of MPEG and participation in its meetings is restricted to delegates of National Standards
Bodies. A company or institution wishing to participate in MPEG may apply to join its
National Standards Body (for example, in the UK this is done through committee IST/37 of
the British Standards Institute). Joining the standards body, attending national meetings and
attending the international MPEG meetings can be an expensive and time consuming exercise.

! So what happened to the missing numbers? MPEG-3 was originally intended to address coding for high-definition
video but this was incorporated into the scope of MPEG-2. By this time, MPEG-4 was already under development
and so ‘3’ was missed out. The sequential numbering system was abandoned for MPEG-7 and MPEG-21.
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DEVELOPING THE STANDARDS 87

However, the benefits include access to the private documents of MPEG (including access to
the standards in draft form before their official publication, providing a potential market lead
over competitors) and the opportunity to shape the development of the standards.

MPEG conducts its business at meetings that take place every 2—-3 months. Since 1988
there have been 64 meetings (the first was in Ottawa, Canada and the latest in Pattaya, Thai-
land). A meeting typically lasts for five days, with ad hoc working groups meeting prior to the
main meeting. At the meeting, proposals and developments are deliberated by each sub-group,
successful contributions are approved and, if appropriate, incorporated into the standardisation
process. The business of each meeting is recorded by a set of input and output documents.
Input documents include reports by ad hoc working groups, proposals for additions or changes
to the developing standards and statements from other bodies and output documents include
meeting reports and draft versions of the standards.

4.2.2 ITU-T VCEG

The Video Coding Experts Group is a working group of the International Telecommunication
Union Telecommunication Standardisation Sector (ITU-T). ITU-T develops standards (or
‘Recommendations’) for telecommunication and is organised in sub-groups. Sub-group 16 is
responsible for multimedia services, systems and terminals, working party 3 of SG16 addresses
media coding and the work item that led to the H.264 standard is described as Question 6. The
official title of VCEG is therefore ITU-T SG16 Q.6. The name VCEG was adopted relatively
recently and previously the working group was known by its ITU designation and/or as the
Low Bitrate Coding (LBC) Experts Group.

VCEG has been responsible for a series of standards related to video communication
over telecommunication networks and computer networks. The H.261 videoconferencing
standard was followed by the more efficient H.263 which in turn was followed by later versions
(informally known as H.263+ and H.2634+) that extended the capabilities of H.263. The
latest standardisation effort, previously known as ‘H.26L’, has led to the development and
publication of Recommendation H.264.

Since 2001, this effort has been carried out cooperatively between VCEG and MPEG
and the new standard, entitled ‘Advanced Video Coding’ (AVC), is jointly published as ITU-T
H.264 and ISO/IEC MPEG-4 Part 10.

Membership of VCEG is open to any interested party (subject to approval by the
chairman). VCEG meets at approximately three-monthly intervals and each meeting consid-
ers a series of objectives and proposals, some of which are incorporated into the developing
draft standard. Ad hoc groups are formed in order to investigate and report back on specific
problems and questions and discussion is carried out via email reflector between meetings.
In contrast with MPEG, the input and output documents of VCEG (and now JVT, see below)
are publicly available. Earlier VCEG documents (from 1996 to 1992) are available at [6] and
documents since May 2002 are available by FTP [7].

423 JVT

The Joint Video Team consists of members of ISO/IEC JTC1/SC29/WG11 (MPEG) and ITU-T
SG16 Q.6 (VCEG). JVT came about as a result of an MPEG requirement for advanced video
coding tools. The core coding mechanism of MPEG-4 Visual (Part 2) is based on rather
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88 THE MPEG-4 AND H.264 STANDARDS

Table 4.2 MPEG-4 and H.264 development history

1993  MPEG-4 project launched. Early results of H. 263 project produced.

1995 MPEG-4 call for proposals including efficient video coding and content-based
functionalities. H.263 chosen as core video coding tool

1998  Call for proposals for H.26L.

1999  MPEG-4 Visual standard published. Initial Test Model (TM1) of H.26L defined.

2000  MPEG call for proposals for advanced video coding tools.

2001  Edition 2 of the MPEG-4 Visual standard published. H.26L adopted as basis for proposed
MPEG-4 Part 10. JVT formed.

2002  Amendments 1 and 2 (Studio and Streaming Video profiles) to MPEG-4 Visual Edition 2
published. H.264 technical content frozen.

2003  H.264/MPEG-4 Part 10 (‘Advanced Video Coding’) published.

old technology (the original H.263 standard, published as a standard in 1995). With recent
advances in processor capabilities and video coding research it was clear that there was
scope for a step-change in video coding performance. After evaluating several competing
technologies in June 2001, it became apparent that the H.26L test model CODEC was the best
choice to meet MPEG’s requirements and it was agreed that members of MPEG and VCEG
would form a Joint Video Team to manage the final stages of H.26L development. Under its
Terms of Reference [8], JVT meetings are co-located with meetings of VCEG and/or MPEG
and the outcomes are reported back to the two parent bodies. JVT’s main purpose was to see
the H.264 Recommendation / MPEG-4 Part 10 standard through to publication ; now that the
standard is complete, the group’s focus has switched to extensions to support other colour
spaces and increased sample accuracy.

4.2.4 Development History

Table 4.2 lists some of the major milestones in the development of MPEG-4 Visual and
H.264. The focus of MPEG-4 was originally to provide a more flexible and efficient update
to the earlier MPEG-1 and MPEG-2 standards. When it became clear in 1994 that the newly-
developed H.263 standard offered the best compression technology available at the time,
MPEG changed its focus and decided to embrace object-based coding and functionality as the
distinctive element of the new MPEG-4 standard. Around the time at which MPEG-4 Visual
was finalised (1998/99), the ITU-T study group began evaluating proposals for a new video
coding initiative entitled H.26L (the L stood for ‘Long Term’). The developing H.26L test
model was adopted as the basis for the proposed Part 10 of MPEG-4 in 2001.

4.2.5 Deciding the Content of the Standards

Development of a standard for video coding follows a series of steps. A work plan is agreed with
a set of functional and performance objectives for the new standard. In order to decide upon the
basic technology of the standard, a competitive trial may be arranged in which interested par-
ties are invited to submit their proposed solution for evaluation. In the case of video and image
coding, this may involve evaluating the compression and processing performance of a number
of software CODEC:s. In the cases of MPEG-4 Visual and H.264, the chosen core technology
for video coding is based on block-based motion compensation followed by transformation and
quantisation of the residual. Once the basic algorithmic core of the standard has been decided,
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USING THE STANDARDS 89

much further work is required to develop the detail of the standard. Proposals for algorithms,
methods or functionalities are made by companies or organisations with an interest in the
outcome of the standardisation effort and are submitted to the standardisation group for eval-
uation. At each meeting of the standards group, proposal submissions are discussed and may
be adopted or discarded. Through this process, the detail of the standard is gradually refined.

A software model (‘reference software’) is developed that implements the current agreed
functionality, together with a document describing this software (‘test model’). The reference
software and test model are revised and updated to incorporate each agreed refinement to
the standard. Eventually, the standards group decides that the test model document is at a
sufficiently mature stage and it is converted into a draft standard. After further refinement and
a series of ballots, the document is published as an International Standard.

The content of the final International Standard is reached through an organic development
process that involves hundreds of participants (the members of the standardisation group) and
many modifications and compromises. The final document is shaped by a number of driving
forces. On the technical side, the contributors to the MPEG and VCEG meetings are drawn
from the leading research institutes, universities and companies in the video coding field. The
standards groups attempt to incorporate the best of current research and development in order
to achieve the desired compression and functional performance within practical computational
constraints. On the commercial side, the initial work plan of the standardisation group aims
to anticipate the technology requirements of future applications. Technical proposals have to
be evaluated in terms of cost-effective implementation as well as performance. Many of the
companies represented at the standards group meetings have significant vested interests in
the outcome of the standardisation process. In some cases, the company behind a particular
proposal may own key patents that could lead to lucrative licensing revenue if the proposal is
adopted as part of a worldwide standard. The JVT has asked members to identify any patented
technology in proposals and is attempting to ensure that the Baseline Profile of H.264 can
be implemented without royalty payments to patent holders, in order to promote widespread
adoption of the standard.

On the practical side, the standards bodies work to tight timescales and it may be necessary
to compromise on some aspects of the work plan in order to complete the standard on time,
since it is important to ensure that the standard is technically competitive when it is released.
In some ways the MPEG-4 Visual and H.264 standardisation efforts have been a race against
time, since many proprietary (nonstandard) image and video coding systems and packages
continue to be developed and released. Outside the constraints of the standardisation process,
it is possible for a proprietary system to gain market share quickly and to make a standard
effectively obsolete by the time it is published.

4.3 USING THE STANDARDS

MPEG-4 Visual (Second Edition) is a document consisting of 539 A4 pages and H.264 is
over 250 A4 pages long. The standards are specified in detail in order to attempt to ensure
compatibility between conforming systems and products but the level of detail in the standards
documents can make it difficult to extract information from them. In this section we give an
overview of the content of the standards and suggest how to interpret and apply them.
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Figure 5.1 MPEG-4 Visual profiles and objects

Figure 5.1 lists each of the MPEG-4 Visual profiles (left-hand column) and visual object
types (top row). The table entries indicate which object types are contained within each
profile. For example, a CODEC compatible with Simple Profile must be capable of coding
and decoding Simple objects and a Core Profile CODEC must be capable of coding and
decoding Simple and Core objects.

Profiles are an important mechanism for encouraging interoperability between CODECs
from different manufacturers. The MPEG-4 Visual standard describes a diverse range of coding
tools and itis unlikely that any commercial CODEC would require the implementation of all the
tools. Instead, a CODEC designer chooses a profile that contains adequate tools for the target
application. For example, a basic CODEC implemented on a low-power processor may use
Simple profile, a CODEC for streaming video applications may choose Advanced Real Time
Simple and so on. To date, some profiles have had more of an impact on the marketplace than
others. The Simple and Advanced Simple profiles are particularly popular with manufacturers
and users whereas the profiles for the coding of arbitrary-shaped objects have had very limited
commercial impact (see Chapter 8 for further discussion of the commercial impact of MPEG-4
Profiles).

Profiles define a subset of coding tools and Levels define constraints on the parameters
of the bitstream. Table 5.3 lists the Levels for the popular Simple-based profiles (Simple,
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OVERVIEW OF MPEG-4 VISUAL (NATURAL VIDEO CODING) 103

Table 5.3 Levels for Simple-based profiles

Profile Level  Typical resolution = Max. bitrate Max. objects
Simple LO 176 x 144 64 kbps 1 simple
L1 176 x 144 64 kbps 4 simple
L2 352 x 288 128 kbps 4 simple
L3 352 x 288 384 kbps 4 simple
Advanced Simple (AS) LO 176 x 144 128 kbps 1 AS or simple
L1 176 x 144 128 kbps 4 AS or simple
L2 352 x 288 384 kbps 4 AS or simple
L3 352 x 288 768 kbps 4 AS or simple
L4 352 x 576 3 Mbps 4 AS or simple
L5 720 x 576 8 Mbps 4 AS or simple
Advanced Real-Time L1 176 x 144 64 kbps 4 ARTS or simple
Simple (ARTS)
L2 352 x 288 128 kbps 4 ARTS or simple
L3 352 x 288 384 kbps 4 ARTS or simple
L4 352 x 288 2 Mbps 16 ARTS or simple

Advanced Simple and Advanced Real Time Simple). Each Level places constraints on the
maximum performance required to decode an MPEG-4 coded sequence. For example, a mul-
timedia terminal with limited processing capabilities and a small amount of memory may only
support Simple Profile @ Level 0 bitstream decoding. The Level definitions place restrictions
on the amount of buffer memory, the decoded frame size and processing rate (in macroblocks
per second) and the number of video objects (one in this case, a single rectangular frame).
A terminal that can cope with these parameters is guaranteed to be capable of successfully
decoding any conforming Simple Profile @ Level O bitstream. Higher Levels of Simple Profile
require a decoder to handle up to four Simple Profile video objects (for example, up to four
rectangular objects covering the QCIF or CIF display resolution).

5.2.3 Video Objects

One of the key contributions of MPEG-4 Visual is a move away from the ‘traditional’ view of a
video sequence as being merely a collection of rectangular frames of video. Instead, MPEG-4
Visual treats a video sequence as a collection of one or more video objects. MPEG-4 Visual
defines a video object as a flexible ‘entity that a user is allowed to access (seek, browse) and
manipulate (cut and paste)’ [1]. A video object (VO) is an area of the video scene that may
occupy an arbitrarily-shaped region and may exist for an arbitrary length of time. An instance
of a VO at a particular point in time is a video object plane (VOP).

This definition encompasses the traditional approach of coding complete frames, in which
each VOP is a single frame of video and a sequence of frames forms a VO (for example,
Figure 5.2 shows a VO consisting of three rectangular VOPs). However, the introduction of
the VO concept allows more flexible options for coding video. Figure 5.3 shows a VO that
consists of three irregular-shaped VOPs, each one existing within a frame and each coded
separately (object-based coding).
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Figure 5.2 VOPs and VO (rectangular)
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Figure 5.3 VOPs and VO (arbitrary shape)

A video scene (e.g. Figure 5.4) may be made up of a background object (VO3 in this ex-
ample) and a number of separate foreground objects (VO1, VO2). This approach is potentially
much more flexible than the fixed, rectangular frame structure of earlier standards. The sep-
arate objects may be coded with different visual qualities and temporal resolutions to reflect
their ‘importance’ to the final scene, objects from multiple sources (including synthetic and
‘natural’ objects) may be combined in a single scene and the composition and behaviour of the
scene may be manipulated by an end-user in highly interactive applications. Figure 5.5 shows
anew video scene formed by adding VO1 from Figure 5.4, a new VO2 and a new background
VO. Each object is coded separately using MPEG-4 Visual (the compositing of visual and
audio objects is assumed to be handled separately, for example by MPEG-4 Systems [2]).

5.3 CODING RECTANGULAR FRAMES

Notwithstanding the potential flexibility offered by object-based coding, the most popular
application of MPEG-4 Visual is to encode complete frames of video. The tools required
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Figure 5.56 Tools and objects for scalable coding

contain one or more transparent pixels. The Forward SA-DCT consists of the following steps
(Figure 5.55):

1. Shift opaque residual values X to the top of the 8 x 8 block.

2. Apply a 1D DCT to each column (the number of points in the transform matches the number
of opaque values in each column).

3. Shift the resulting intermediate coefficients Y to the left of the block.

4. Apply a 1D DCT to each row (matched to the number of values in each row).

The final coefficients (Z) are quantised, zigzag scanned and encoded. The decoder reverses
the process (making use of the shape information decoded from the BAB) to reconstruct the
8 x 8 block of samples. The SA-DCT is more complex than the normal 8 x 8 DCT but can
improve coding efficiency for boundary MBs.

5.4.4 The N-bit Profile

The N-bit profile contains Simple and Core objects plus the N-bit tool. This supports coding of
luminance and chrominance data containing between four and twelve bits per sample (instead
of the usual restriction to eight bits per sample). Possible applications of the N-bit profile
include video coding for displays with low colour depth (where the limited display capability
means that less than eight bits are required to represent each sample) or for high-quality display
applications (where the display has a colour depth of more than eight bits per sample and high
coded fidelity is desired).
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Figure 5.57 Scalable coding: general concept

5.5 SCALABLE VIDEO CODING

Scalable encoding of video data enables a decoder to decode selectively only part of the coded
bitstream. The coded stream is arranged in a number of layers, including a ‘base’ layer and
one or more ‘enhancement’ layers (Figure 5.57). In this figure, decoder A receives only the
base layer and can decode a ‘basic’ quality version of the video scene, whereas decoder B
receives all layers and decodes a high quality version of the scene. This has a number of
applications, for example, a low-complexity decoder may only be capable of decoding the
base layer; a low-rate bitstream may be extracted for transmission over a network segment
with limited capacity; and an error-sensitive base layer may be transmitted with higher priority
than enhancement layers.

MPEG-4 Visual supports a number of scalable coding modes. Spatial scalability enables
a (rectangular) VOP to be coded at a hierarchy of spatial resolutions. Decoding the base
layer produces a low-resolution version of the VOP and decoding successive enhancement
layers produces a progressively higher-resolution image. Temporal scalability provides a low
frame-rate base layer and enhancement layer(s) that build up to a higher frame rate. The
standard also supports quality scalability, in which the enhancement layers improve the visual
quality of the VOP and complexity scalability, in which the successive layers are progressively
more complex to decode. Fine Grain Scalability (FGS) enables the quality of the sequence
to be increased in small steps. An application for FGS is streaming video across a network
connection, in which it may be useful to scale the coded video stream to match the available
bit rate as closely as possible.

5.5.1 Spatial Scalability

The base layer contains a reduced-resolution version of each coded frame. Decoding the
base layer alone produces a low-resolution output sequence and decoding the base layer with
enhancement layer(s) produces a higher-resolution output. The following steps are required
to encode a video sequence into two spatial layers:

1. Subsample each input video frame (Figure 5.58) (or video object) horizontally and vertically
(Figure 5.59).

2. Encode the reduced-resolution frame to form the base layer.

3. Decode the base layer and up-sample to the original resolution to form a prediction frame
(Figure 5.60).

4. Subtract the full-resolution frame from this prediction frame (Figure 5.61).

5. Encode the difference (residual) to form the enhancement layer.
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Figure 5.58 Original video frame

Figure 5.59 Sub-sampled frame to be encoded as base layer

Figure 5.60 Base layer frame (decoded and upsampled)
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Figure 5.61 Residual to be encoded as enhancement layer

A single-layer decoder decodes only the base layer to produce a reduced-resolution output
sequence. A two-layer decoder can reconstruct a full-resolution sequence as follows:

1. Decode the base layer and up-sample to the original resolution.

2. Decode the enhancement layer.

3. Add the decoded residual from the enhancement layer to the decoded base layer to form
the output frame.

AnI-VOP in an enhancement layer is encoded without any spatial prediction, i.e. as a complete
frame or object at the enhancement resolution. In an enhancement layer P-VOP, the decoded,
up-sampled base layer VOP (at the same position in time) is used as a prediction without any
motion compensation. The difference between this prediction and the input frame is encoded
using the texture coding tools, i.e. no motion vectors are transmitted for an enhancement
P-VOP. An enhancement layer B-VOP is predicted from two directions. The backward pre-
diction is formed by the decoded, up-sampled base layer VOP (at the same position in time),
without any motion compensation (and hence without any MVs). The forward prediction is
formed by the previous VOP in the enhancement layer (even if this is itself a B-VOP), with
motion-compensated prediction (and hence MVs).

If the VOP has arbitrary (binary) shape, a base layer and enhancement layer BAB is
required for each MB. The base layer BAB is encoded as usual, based on the shape and size of
the base layer object. A BAB in a P-VOP enhancement layer is coded using prediction from
an up-sampled version of the base layer BAB. A BAB in a B-VOP enhancement layer may be
coded in the same way, or using forward prediction from the previous enhancement VOP (as
described in Section 5.4.1.1).

5.5.2 Temporal Scalability

The base layer of a temporal scalable sequence is encoded at a low video frame rate and a
temporal enhancement layer consists of I-, P- and/or B-VOPs that can be decoded together
with the base layer to provide an increased video frame rate. Enhancement layer VOPs are
predicted using motion-compensated prediction according to the following rules.
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An enhancement /-VOP is encoded without any prediction. An enhancement P-VOP is
predicted from (i) the previous enhancement VOP, (ii) the previous base layer VOP or (iii) the
next base layer VOP (Figure 5.62). An enhancement B-VOP is predicted from (i) the previous
enhancement and previous base layer VOPs, (ii) the previous enhancement and next base layer
VOPs or (iii) the previous and next base layer VOPs (Figure 5.63).

5.5.3 Fine Granular Scalability

Fine Granular Scalability (FGS) [5] is a method of encoding a sequence as a base layer and
enhancement layer. The enhancement layer can be truncated during or after encoding (reducing
the bitrate and the decoded quality) to give highly flexible control over the transmitted bitrate.
FGS may be useful for video streaming applications, in which the available transmission
bandwidth may not be known in advance. In a typical scenario, a sequence is coded as a base
layer and a high-quality enhancement layer. Upon receiving a request to send the sequence at
a particular bitrate, the streaming server transmits the base layer and a truncated version of the
enhancement layer. The amount of truncation is chosen to match the available transmission
bitrate, hence maximising the quality of the decoded sequence without the need to re-encode
the video clip.
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Figure 5.64 shows a simplified block diagram of an FGS encoder (motion compensation is
not shown). In the Base Layer, the texture (after motion compensation) is transformed with
the forward DCT, quantised and encoded. The quantised coefficients are re-scaled (‘inverse
quantised’) and these re-scaled coefficients are subtracted from the unquantised DCT coeffi-
cients to give a set of difference coefficients. The difference coefficients for each block are
encoded as a series of bitplanes. First, the residual coefficients are reordered using a zigzag
scan. The highest-order bits of each coefficient (zeros or ones) are encoded first (the MS bit-
plane) followed by the next highest-order bits and so on until the LS bits have been encoded.

Example

A block of residual coefficients is shown in Figure 5.65 (coefficients not shown are zero). The
coefficients are reordered in a zigzag scan to produce the following list:

+13,-11,0,0,+4+17,0,0,0,-3,0,0....

The bitplanes corresponding to the magnitude of each residual coefficient are shown in Table 5.6. In
this case, the highest plane containing nonzero bits is plane 4 (because the highest magnitude is 17).
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