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Abstra
t

This do
ument will examine the emerging video 
oding standard, H.264.

H.264, originally named H.26L, has been under development by the ITU-T

sin
e 1998. Even though the standard has yet to be �nalized, development

test models have shown remarkable performan
e gains over the 
urrent state

of the art video 
oding standard, MPEG-4 (AS)

1

.

The H.264 re
ommendation is dire
ted at 
ompressing and 
oding nat-

ural video; there are no tools to manipulate individual obje
ts represented

in the video frames. The 
ompression algorithm follows the same general

steps as those from previous H.26X and MPEG standards, however the de-

sign philosophy has been updated to re
e
t re
ent advan
es in te
hnology.

There is an in
reased emphasis on �ne 
ontrol over ea
h video frame. The


ompression tools have been reengineered to operate qui
kly and eÆ
iently,

using a minimum number of 
omputations.

The �rst 
hapter provides motivation and ba
kground for the study of

video 
ompression. The se
ond 
hapter presents, in a very general form, the

tools whi
h are used in H.264. The third and fourth 
hapters provide an

overview of how ea
h spe
i�
 
ompression and 
oding tool is used. Bulky

te
hni
al spe
i�
ations, su
h as bitstream restri
tions, have been omitted in

favour of providing as 
on
ise a do
ument as possible. The �fth 
hapter


ontains results from running the most re
ent test model software for H.264.

This do
ument is not easily read; the 
ompression tools are presented in

a multi{layered tree format. For example, there are two main methods of


oding the video data, on
e one mode has been pi
ked, there 
ould be as

many as four more options to further spe
ify how the data will be divided;


hoosing one of these four options results in a further four 
hoi
es whi
h

must be made. If the reader �nds themselves getting lost it is best to use

the se
tion headings to determine whi
h bran
h of the tree is 
urrently being

dis
ussed. The a
tual H.264 re
ommendation does not link these 
on
epts

together, the algorithm is presented in a pie
e{wise manner. Therefore, for

1

Advan
ed Simple Pro�le.



the purpose of this do
ument, the tools have been reorganized in the above

mentioned tree stru
ture to provide a logi
al 
ow.
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Chapter 1

Introdu
tion to Video

Compression

1.1 Why do we need video 
ompression?

This question would be better asked in two parts. Why would we want to


ompress anything at all? And why video?

Put su

in
tly, data 
ompression is needed to a
hieve the best overall per-

forman
e from the te
hnology at hand. There are many information sour
es

whi
h 
an generate an enormous amount of data, enough to ex
eed the 
a-

pa
ities of today's 
omputers and 
ommuni
ations systems. It would be ad-

vantageous if these data sour
es 
ould be manipulated to redu
e their size.

Chapter 2 details many popular data 
ompression te
hniques.

Video is important be
ause it is a reliable, eÆ
ient and e�e
tive means

of imparting ideas, and on o

asion may even be superior to fa
e{to{fa
e

human intera
tion. Video is used to deliver a myriad of information: news,

sign{language translations for the hearing impaired, se
urity 
amera updates,

television programs, movies and mu
h more.

Un
ompressed video 
ontent requires large amounts of bandwidth for

transmission, memory for storage and 
omputing power for en
oding and de-


oding. For example, one single frame from a DVD video 
onsists of 720x576

pixels with a 
olour depth of 24 bits per pixel. If the North Ameri
an video

standard of 29.97 frames per se
ond is used then a bandwidth of approxi-

1



CHAPTER 1. INTRODUCTION TO VIDEO COMPRESSION 2

mately 250 Mbs are required to transmit the raw data.

It would seem, therefore, that it would be worthwhile to try and a
hieve

the 
ompression of video with a minimum of 
omputing power while mini-

mizing bandwidth and memory requirements. This is why video 
ompression

is needed, or more importantly, why good video 
ompression is needed.

1.2 Where is video 
ompression headed?

During the past 10 years, digital video has experien
ed a rapid growth fueled

by expanding 
omputing and 
ommuni
ations resour
es. In fa
t, it 
ould

be said that the desire for higher quality multimedia 
ontent is now driv-

ing the 
reation of new te
hnologies

1

. People 
an now download a trailer of

their favorite movie or the latest news broad
ast from the Internet. Using

video{
onferen
ing, 
ompanies 
an 
ondu
t meetings where some of the par-

ti
ipants are separated by thousands of kilometers. Complete training videos


an be re
orded onto a single CD-ROM and easily distributed to employees.

People who are hearing impared 
an obtain sign-language videos to a

om-

pany television programs. There are many areas where people are anxious

to exploit these advantages of video 
ommuni
ations.

1.2.1 Video on Demand

Video on demand represents a shift in thinking about the delivery of mul-

timedia 
ontent to 
onsumers. Previously, a small amount of 
ontent was

pushed at 
onsumers in the hopes of pleasing as many people as possible.

Video on demand o�ers the possibility that people may wat
h what they

want, when they want. In other words, instead of having 
ontent pushed at

them, they will be pulling it in.

The prospe
t of being able to download and wat
h video 
ontent on de-

mand is a very appealing idea to 
onsumers. DivX Networks is 
urrently

leading the way in providing servi
es whi
h will allow people to download

and wat
h movies over the Internet. Broadway is taking advantage of the

servi
es provided by DivX Networks to distribute video versions of plays

1

For example: the MMX te
hnology released by Intel in 1997, see [11℄.
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and musi
als. Other 
ompanies su
h as Pay-Per-View are also exploring this

area whi
h would enable them to o�er a more diverse range of produ
ts and

servi
es.

1.2.2 Video Conferen
ing

Video 
onferen
ing is an in
reasingly popular method for 
ommuni
ation.

Its growth has been slow over the past 10 years be
ause available 
omput-

ing and network resour
es have not been suÆ
ient to meet the 
hallenge.

With the re
ent advent of high speed networks and better video 
ompres-

sion te
hnology, sales of video 
onferen
ing equipment have been in
reasing

dramati
ally.

Video 
onferen
ing is a popular option for many large organizations be-


ause it minimizes the need for travel. Instead of 
ontinually paying for

traveling expenses, a 
ompany 
an either pay to set up a high speed network

whi
h has many usages (in
luding video 
onferen
ing) or they 
an rent time

on an existing network. Employees will also no longer be burdened with the

need to travel.

While video 
onferen
ing performan
e is heavily in
uen
ed by the under-

lying hardware, a good video 
ompression s
heme 
an help make the best

use of available resour
es and provide a high quality pi
ture.

1.2.3 Streaming Wireless Video

Currently deployed wireless te
hnology, su
h as digital 
ell phones, 
an not

use enough bandwidth to provide reliable, high{quality video streaming. New

standards on the horizon su
h as 3G wireless phones will 
hange this situa-

tion.

Streaming wireless video 
ould be thought of as a subset of video on

demand. However, the 
hallenges posed by wireless video are quite unique.

Video on demand assumes the existen
e of a high speed network to smoothly


arry heavy data loads, whereas with a wireless network, the amount of

bandwidth available is limited and the 
hannel 
an be very noisy. A video


ompression s
heme for wireless networks would have to be very robust and
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should be optimized for low resolution video as a re
e
tion of the reality that

most wireless devi
es tend to be small.

There are many planned uses for wireless video. 3G 
ell phones will soon

be sold whi
h will enable people to view news 
lips, movie trailers or re
ord

small video messages and send them to their friends. Other, more pra
ti
al,

uses in
lude se
urity or safety 
ameras or overseeing troops in a military

operation. All this information would need to be en
oded, transmitted and

de
oded in real time. An eÆ
ient video 
ompression algorithm is obviously

needed to attain these goals.

1.3 Current Video Compression Standards

There are two main standardization bodies for video te
hnology. Firstly,

there is a division of the International Tele
ommuni
ation Union known as

the ITU-T. The spe
i�
 division within the ITU-T whi
h is in 
harge of

multimedia data 
ompression is 
alled SG-16 Video Coding Experts Group

(VCEG). They have been responsible for produ
ing many well known and

widely used standards su
h as H.261, H.263 and H.263+. The se
ond orga-

nization is the International Organization for Standardization (ISO). Within

the ISO, the spe
i�
 
ommittee whi
h is in 
harge of multimedia data 
om-

pression is the JTC1 Moving Pi
tures Expert Group (MPEG). They have

been responsible for produ
ing the MPEG series of standards (MPEG-1,

MPEG-2 and MPEG-4). The MPEG standards tend to be mu
h bulkier than

those of VCEG. For example the most re
ent version of H.263, H.263++, is

slightly more than 100 pages while the most re
ent version of MPEG, MPEG-

4, is well over 5000 pages. This is be
ause the ITU-T produ
es standards

whi
h are mu
h more modular than MPEG. For example it might take 4

or 5 ITU-T audio and video standards to 
over the same range of MPEG-

2. Another di�eren
e between MPEG and VCEG is that MPEG standards

are primarily designed for video storage and streaming while VCEG have

produ
ed standards for real-time appli
ations su
h as video 
onferen
ing or

video{phones.
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1.3.1 H.26X

The �rst well known standard put out by VCEG was H.261 (Video 
ode
 for

audiovisual servi
es at "P x 64 kbit/s"),[8℄, in 1990. H.261 has been widely

used as the default standard for video 
onferen
ing, primarily over ISDN

links. H.261 operates with very little en
oding delay and minimal 
omput-

ing overhead. In 1996, the �rst version of H.263 (Video 
oding for low bit

rate 
ommuni
ation), [8℄, was released. It was built around the same algo-

rithm as H.261 but with several improvements. More video resolutions were

supported, along with error 
ontrol te
hniques and an optional arithmeti


en
oder. Two more versions of H.263 have followed, H.263+ in 1999,[8℄, and

H.263++ in 2001, [8℄. While the H.263 series has not been as widely re
og-

nized as MPEG, many produ
ts use it. For example, many digital 
ameras

use H.263 for 
apturing video.

In 1998, VCEG started work on a new standard 
alled H.26L, [8℄, later

to be renamed H.264. Development for H.26L is 
ontinuing, the �rst version

should be published before the end of 2002. The results so far have been so

su

essful that MPEG has taken noti
e and now H.26L is being developed

under the auspi
es of both the ITU and MPEG, [7℄.

1.3.2 MPEG

MPEG released their �rst standard in 1992 whi
h was titledCoding of moving

pi
tures and asso
iated audio for digital storage media at up to about 1.5

Mbit/s, [12℄. This title is often shortened to MPEG-1. The motivation

behind MPEG-1 was the eÆ
ient storage and retrieval of video and audio

data from a CD-ROM. Video CD (VCD) is a popular implementation of

MPEG-1 where a standard length movie is stored on 2 CD{ROMs. MPEG-1

also provided the well known audio 
ompression format MPEG-1 Layer 3

(MP3).

In 1994, MPEG released their se
ond standard Generi
 
oding of Moving

Pi
tures and Asso
iated Audio or MPEG-2, [12℄. MPEG-2 
ontains vari-

ous improvements and additions over MPEG-1. Proto
ols were added whi
h

supported streaming MPEG-2 data over a range of networks and the remote


ontrol of servers 
ontaining MPEG-2 data. MPEG-2 Advan
ed Audio Com-
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pression provides superior 
ompression over MPEG-1 as well as support for

up to 5 
hannels, whereas MPEG-1 was limited to two. Sin
e MPEG-2 is

the standard whi
h is used for en
oding DVDs, it is perhaps the most widely

used multimedia data 
ompression standard in the world right now. It is also

widely used in Europe and Japan for the delivery of Digital Television.

An interesting side note is that there is no standard entitled MPEG-

3. It was started with the view towards providing 
ompression for High

De�nition Television however it was soon found that MPEG-2 
ontained all

the ne
essary tools for a

omplishing this task.

MPEG-4 or Coding of audio-visual obje
ts, [12℄, is the most re
ent and

most ambitious proje
t MPEG has ta
kled. The �rst limited version of

MPEG-4 was released in 1998 and it is 
ontinuing to evolve. The goal be-

hind MPEG-4 is to divide a video frame into dis
rete obje
ts whi
h will be


oded separately. For example, a video s
ene depi
ting a 
ar traveling a
ross

the s
reen 
ould be separated into two obje
ts. The �rst would be the 
ar

and it 
ould be en
oded using tools whi
h are suitable for fast moving video.

The se
ond obje
t would be the ba
kground s
enery whi
h is not 
hanging

very qui
kly. This obje
t 
ould be en
oded using an array of te
hniques

whi
h would take advantage of redundan
y between the frames. Although

work on MPEG-4 is 
ontinuing there are already limited implementations

available. DivX is a 
ode
 whi
h is produ
ed by DivX Networks. The DivX

standard 
an 
ompress an 8 GB MPEG-2 video �le down to 700MB while

still maintaining reasonable quality.

1.3.3 H.264

H.264 has been designed primarily for use in appli
ations using a relatively

low bit rate and low pi
ture resolution. The fo
us is on low delay real{time

appli
ations. Its main features are as follows in [5℄.

� Using a 
lean slate and ba
k{to{basi
s design approa
h that

results in an espe
ially simple and eÆ
ient design spe
i�
a-

tion

� Having a \network{friendly" stru
ture enabling straightfor-

ward adaptation for use over a variety of important 
ommu-
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ni
ation network systems.

� Providing suÆ
ient error and pa
ket{loss resilien
e for use

in mobile (e.g. 3G wireless) Internet and other environments

with unreliable data delivery

� Having the 
apability to be used for low{delay real{time

appli
ations

In July 2001, a proposal was submitted whi
h would see MPEG and

VCEG working together on H.26L. Early test results showed that H.26L was

signi�
antly outperforming the Advan
ed Simple pro�le in MPEG-4. It was

during the summer of 2002 when the name was oÆ
ialy 
hanged to H.264.

H.26L is being 
onsidered for use in standard video appli
ations along with

digital 
inema.

Industry has also been rallying behind H.264. Companies su
h as UB

Video, have been qui
k to produ
e embedded implementations. On
e H.264

be
omes part of MPEG, it will gain a mu
h wider audien
e.



Chapter 2

Standard Video Compression

Tools

Video 
ompression uses a 
ombination of te
hniques to a
hieve the maximum

possible 
ompression while maintaining a desired level of quality. Many te
h-

niques are used to gain as mu
h 
ompression as possible by exploiting redun-

dan
y in the video. On
e as mu
h redundant information as possible has

been removed, the en
oder starts losing information in a 
ontrolled manner

in order that the video be as 
lose to but still less than the spe
i�ed bit rate.

The tools are presented below, generally in the same order whi
h they

are used in H.264. Rather than presenting spe
i�
 implementation details

about ea
h tool in H.264 (these are held ba
k until the next 
hapter), they

are dis
ussed only in the 
ontext of the role they play in most standard video


ompression s
hemes (MPEG, H.26X).

The video 
ompression tools fall into four broad 
ategories.

2.1 Temporal Redundan
y

Temporal redundan
y is the repeated information between su

essive frames

in a video. A news
ast for example, typi
ally features the news{reader sitting

still with very little movement in the ba
kground s
enery. It would be a waste

to en
ode all the information about the ba
kground for every frame. Thus,

it would be very 
onvenient to be able to referen
e information in previous

8



CHAPTER 2. STANDARD VIDEO COMPRESSION TOOLS 9

frames to avoid repeating the same information in the future frames. It

should be noted that tools whi
h try and exploit temporal redundan
y are

less e�e
tive in 
ases where there are frequent s
ene 
hanges.

2.1.1 Motion Compensation

Motion 
ompensation uses information from previous frames to provide as

mu
h information as possible about the 
urrent frame. The frame being

en
oded is divided into re
tangular blo
ks of pixels. For ea
h blo
k in the


urrent frame a sear
h is done in the re
onstru
tion of the previous frame to

determine the best mat
h. If a suitable mat
h is found, it is then subtra
ted

from the 
urrently regarded blo
k. The hope is that the di�eren
e between

these two blo
ks will be mostly zero. If no suitable mat
h 
an be found, the


urrently regarded blo
k is transmitted unaltered.

Of 
ourse an a

ompanying motion ve
tor

1

must be sent along with the

residual blo
k value to enable the de
oder to �nd the appropriate blo
k in

the previous re
onstru
ted pi
ture. In the 
ase when no suitable mat
h was

found no motion ve
tor data will be sent.

There are two important fa
tors whi
h must be 
onsidered in 
onjun
tion

when performing motion 
ompensation: blo
k size and sear
h radius mag-

nitude. If the blo
k size is made large, the result will give poor predi
tion,

however fewer sear
hes will have to be performed. If the blo
k size is made

small, the en
oder will be tied down trying to mat
h ea
h of the blo
ks to

somewhere in the previous pi
ture. But smaller blo
k sizes will allow better

motion 
ompensation for �ne movements within the video sequen
e. If the

sear
h radius is made small, the mat
hing algorithm will have a faster run

time; but if there is a lot of movement within the video, the 
han
es of �nding

the best mat
h from the previous frame are lowered. If the sear
h radius is

made large, the mat
hing algorithm will have to examine many pixels and

will run slower; however the 
han
es of �nding the best mat
h are higher.

1

The motion ve
tor will be a 2{D integer ve
tor.
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2.1.2 Motion Ve
tor Predi
tion

Sin
e the en
oder and de
oder both have a

ess to the same information

about previous motion ve
tors, the en
oder 
an take advantage of this to

further redu
e the dynami
 range of the motion ve
tors it sends. Based on

previous motion ve
tors, a predi
tion 
an be produ
ed whi
h 
an have two

uses. Firstly, the sear
hing algorithm 
an start its sear
h 
entered on where

the predi
tion points. If the predi
tion is a

urate, this would speed up the

sear
h algorithm. Se
ondly, on
e the a
tual motion ve
tor is found, the pre-

di
tion 
an be subtra
ted and the residual motion ve
tor 
an be transmitted.

2.1.3 Pixel Interpolation

In order to ensure that the best mat
h for ea
h blo
k is found, pixel interpo-

lation is used. New pixels are interpolated by taking weighted sums of the

surrounding original pixels. For every layer of interpolated pixels, the im-

age size will be doubled. Therefore, while pixel interpolation does produ
e

signi�
antly better results, it does in
rease the run{time of the mat
hing

algorithm.

Here is an example of a half{pixel pre
ision s
heme; the upper 
ase letters


orrespond to original pixels and the b

i

's and 


1

are the new pixels.

A b

1

B

b

2




1

b

3

C b

4

D

Table 2.1: Half-Pixel Pre
ision Image

The pixels b

1

; b

2

; b

3

; b

4

are interpolated using averaging:

b

1

=

�

A +B

2

+

1

2

�

(2.1)

b

2

=

�

A + C

2

+

1

2

�

(2.2)

b

3

=

�

B +D

2

+

1

2

�

(2.3)

b

4

=

�

C +D

2

+

1

2

�

; (2.4)
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Where bx
 returns the nearest integer, n, less than or euqal to x.

The 
enter pixel 


1

is 
al
ulated using the following:




1

=

�

A+B + C +D

4

+

1

2

�

: (2.5)

2.2 Spatial Redundan
y

Exploiting spatial redundan
y involves taking advantage of 
orrelation be-

tween adjoining pixels. Often, pixels whi
h are lo
ated 
lose to ea
h other

will have either the same value or be very 
lose in value; it would be a waste

of resour
es to 
ontinually resend the same pixel values. One of the most


ommon tools for avoiding this waste is to transform the pixel data into

another domain where hopefully most of the repeated information 
ould be


ompa
ted down into a smaller number of 
oeÆ
ients.

This method is even more e�e
tive if it is performed after temporal re-

dundan
y has been removed. On
e the previous frame has been removed,

the 
urrent frame would have a very uniform appearan
e

2

. There would then

be a very high 
orrelation between neighboring pixels.

When transform te
hniques are used on a video frame, the frame is �rst

divided up into re
tangular blo
ks of pixels, usually N �N . The transform

then a
ts on this group of pixels in su
h a way that most of the magnitude

information for the pixels will be mapped to a small number of transform


oeÆ
ients while the rest of the 
oeÆ
ients would either be very small values

or zero. The transform should be reversible so that if the inverse transform

is performed the original pixel values are obtained.

The best transform to use for energy 
ompa
tion is the Karhunen{Loeve

Transform (KLT), see [4℄. However, the KLT is image dependent whi
h

makes it too 
omputationally intensive for video 
ompression.

2.2.1 Dis
rete Cosine Transform (DCT)

The dis
rete 
osine transform (DCT), [4℄, is a very popular transform for

exploiting spatial redundan
y. It has been used in JPEG, H.263, MPEG-1,

2

In the extreme 
ase where two su

essive frames are identi
al, after subtra
ting o�

the previous frame, the 
urrent frame would be entirely devoid of any 
olour.
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MPEG-2 and MPEG-4. It was dropped from JPEG-2000 in favour of wavelet

transforms.

The DCT is popular be
ause it a
hieves signi�
ant energy 
ompa
tion

(or 
oeÆ
ient de
orrelation) relative to the amount of 
omputation required.

It is not data dependent whi
h means it does not need to be re
al
ulated for

every new set of data to whi
h it is applied.

The DCT is an orthonormal transform whi
h means it is energy pre-

serving. It 
aptures frequen
y information in pi
tures by mapping it to a

�nite number of basis fun
tions. These orthonormal bases span a frequen
y

spa
e and range from DC to higher frequen
y fun
tions. The DCT will map

pixel information so that smooth regions with little 
olour 
hange will be

represented by mostly low frequen
y bases and abrupt 
olour 
hanges will

represented by mostly high frequen
y bases.

The transform matrix for the DCT is 
al
ulated as follows:

[C

i;j

℄ =

8

<

:

q

1

N

for i = 0; j = 0 : : : ; N � 1

q

2

N


os

(2j+1)i�

2N

for i = 1 : : : ; N � 1; j = 0; 1; : : : ; N � 1:

The DCT is often implemented in 8x8 or 4x4 blo
ks. However, the prob-

lem with the DCT is that it introdu
es 
oating point numbers. Any s
heme

whi
h uses 
oating point numbers risks in
urring the errors of rounding

mismat
h between the en
oder and de
oder. A transform whi
h is image

independent and performs just as well as the DCT and uses only integer

arithmeti
 su
h as addition or bit shifting would be ideal.

2.2.2 Dis
rete Walsh-Hadamad Transform

The dis
rete Walsh-Hadamad transform (DWT), [4℄, is very simple to im-

plement. The operations 
onsist entirely of addition and subtra
tion. The

simpli
ity of operation obviously 
omes at a pri
e whi
h is a 
onsiderably

lower degree of pixel de
orrelation. A 4x4 DWHT has the following form:

2

6

6

6

6

6

6

4

1 1 1 1

1 1 �1 �1

1 �1 �1 1

1 �1 1 �1

3

7

7

7

7

7

7

5

:
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2.2.3 Run{Length Coding

Run{Length 
oding is used in situations where the same value is known to

be repeating in long sequen
es. It will be assumed that this value is zero

3

.

Being able to take advantage of run{length 
oding is one of the reasons why

transform 
oding is used on images. On
e the pixel information has been

mapped to the basis fun
tions, the 
oeÆ
ients whi
h 
orrespond to high

frequen
y 
omponents 
an be set to zero

4

.

The sequen
e of data will be broken up into 
ode words. These 
ode

words usually have 2 or 3 
omponents. The �rst 
omponent will represent

the length of the run of zeros. The se
ond 
omponent will be the magnitude

of the non-zero 
oeÆ
ient whi
h ends the run of zeros. If a 2{D Variable

Length Code (VLC) table is being used then there will be a spe
ial symbol

to represent the end of the blo
k (EOB). If a 3{D table is used then ea
h


ode word will have a third 
omponent whi
h indi
ates whether or not the

end of the data has been rea
hed.

Here is a simple example of the e�e
tiveness of run{length 
oding:

The sequen
e S:

0,0,0,0,0,0,4,0,0,5,9,0,0,0,0,0,0,0,0,0,0,3

will be represented by:

(6,4),(2,5),(0,9),(10,3),EOB.

Instead of sending 21 
ode words to represent S only 5 
odewords are

used. The 
ount is 5 and not 9 be
ause the ea
h 
odeword will signal the

magnitude of the 
oeÆ
ient as well as the size of the next run of 0's.

There is a trade o� to be made with run{length 
oding. The longer the

run of zeros, the larger the 
ode table grows. If a run of k zeros is allowed and

an upper bound of N is pla
ed on the number of distin
t possible 
oeÆ
ients

whi
h will appear in the sequen
e, the 
ode table will have a size of kN .

Therefore if k is made too large the 
odewords will be
ome very large and

possibly outweigh the bene�ts of run{length 
oding.

3

In pra
ti
e this is the usual state of a�airs.

4

This is a
tually part of quantization whi
h will be 
overed below shortly.
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2.3 Quantization

Thus far all the methods presented have fallen into the 
ategory of lossless


oding. S
hemes were presented whi
h took advantage of empiri
al results

and the 
orrelation between neighboring pixels and su

essive frames. All of

these methods leave the original signal 
ompletely un
hanged whi
h is highly

desirable. However they all have their limits and this is when lossy 
oding

is used. In the 
ontext of video 
ompression, lossy 
oding is used to make

up the di�eren
e between the lower limit of lossless en
oding and the upper

limit of the available bit rate.

Most lossy en
oding s
hemes work by making a trade o� between the

signal distortion and the signal rate. By lowering the rate (by dropping

information) the signal quality is degraded, however video is one of the ap-

pli
ations where loss is tolerable. Of 
ourse a signal whi
h has been en
oded

using lossy te
hniques 
an not be re
overed exa
tly at the de
oder

There are many ways to perform lossy 
oding but quantization is one of

the most 
ommonly used 
ompression s
hemes. The goal of quantization is

to represent a very large, possibly in�nite set of values, with a mu
h smaller

set. It is usually used in video 
ompression s
hemes for two purposes. The

�rst reason has already been stated; by mapping the sour
e data to a smaller

set, fewer bits will be required.

A quantizer 
an be modeled as a many to 1 fun
tion, f . The range, H,

of f 
ontains all the possible values whi
h the sour
e pi
ture 
an take. The

domain of f , R, is divided into quantization regions R

i

i = 1; 2; : : :. For ea
h

of the regions, R

i

, there exists a distin
t value f(x) in the domain

R to whi
h every x � R

i

is mapped. The value f(x) does not even have

to belong to H. R is populated by values whi
h are the best approximations

for their 
orresponding regions. The assumption is that the human eye will

not miss the loss of pre
ision. The e�e
t is to redu
e the number of possible


olours. The impa
t 
an be most easily noti
ed in areas of a pi
ture where

there should be a �ne gradation of 
olour 
hange.

Here is a simple example of quantization. Let the data sour
e R = (0; 10).

There are an in�nite number of values inR. The goal is to eÆ
iently represent

values from this sour
e. They 
ould be rounded to the nearest de
imal whi
h
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would result in 100 
odewords. If the sour
e produ
es the value � then it

would be mapped to 3:1.

The e�e
ts of quantization are very 
omplex and there are many possible

ways of designing a quantizer. For example, the statisti
al properties of the

sour
e 
ould be taken into a

ount so that the approximating value for ea
h

region is the region's 
entroid. This would result in a lower signal distortion

and a 
orrespondingly higher SNR value.

Another method for in
reasing the e�e
tiveness of the quantizer is to take

advantage of 
orrelation between subsequent samples. This is a

omplished

by grouping samples together into ve
tors. Ve
tor quantization is rarely em-

ployed in video 
ompression be
ause of the additional 
omplexity

5

in
urred

by its use. S
alar quantization is the preferred method.

The se
ond, less obvious bene�t of quantization is the manner in whi
h it


omplements run{length 
oding. CoeÆ
ients with small magnitudes (su
h as

high frequen
y transform 
oeÆ
ients) 
an be de
imated to zero. This paves

the way for run{length 
oding to further 
ompress the signal.

2.4 Entropy En
oding

On
e the video information has been squeezed into the run{length symbols

there is still further lossless 
ompression whi
h 
an be obtained. Instead of

assigning every symbol a 
odeword of equal length, a probability model 
an

be used to assign 
ode words based on the expe
ted o

urren
e of symbols or

runs of symbols. Out
omes whi
h are assigned a higher probability (usually

based on empiri
al tests) are given shorter 
ode words so that the expe
ted


ode rate is lower than if every out
ome had equi{length 
odewords.

Entropy en
oding 
an also be done with adaptive models. As more data

is en
oded the 
oder 
an learn whi
h symbols are o

urring most often and

shift the model a

ordingly.

5

As the number of dimensions is in
reased this 
omplexity usually in
reases exponen-

tially.
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2.4.1 Hu�man En
oding

Hu�man 
odes are a well known, optimal entropy en
oding s
heme, see [1℄.

They rely on two important observations about optimal 
odes:

1 In an optimum 
ode, the symbols with the highest probability of o
-


urring will have the shortest 
odewords.

2 In an optimum 
ode, the two symbols whi
h o

urs the least frequently

will have equal length 
odewords.

Using these two fa
ts, the algorithm for building a Hu�man binary 
ode

is relatively simple. The easiest way to present the Hu�man algorithm is

through an example. Table 2.2 details a �ve word alphabet with a

ompa-

nying probabilities. One possible Hu�man 
ode to 
ompress this sour
e will

be presented next.

Symbol Probability P(symbol) Codeword

a

1

0.15 
(a

1

)

a

2

0.2 
(a

2

)

a

3

0.2 
(a

3

)

a

4

0.4 
(a

4

)

a

5

0.05 
(a

5

)

Table 2.2: Sour
e Alphabet A

The two least likely symbols are a

1

and a

5

. They will therefore have the

longest 
odewords; 
(a

1

) = �

1

� 0

6

and 
(a

5

) = �

1

� 1.

Now de�ne a new alphabet A

0

with four letters fa

2

, a

3

, a

4

, a

0

5

g. Here, a

0

5

is


omposed of a

5

and a

1

fromA and has probability equal to p(a

5

)+p(a

1

) = 0:2.

The two symbols with the lowest probability are a

2

and a

3

. They will have


odewords 
(a

2

) = �

2

� 0 and 
(a

3

) = �

2

� 1.

Now de�ne A

00

with three letters fa

0

3

,a

4

, a

0

5

g where a

0

3

has probability

equal to p(a

2

)+ p(a

3

)=0.4. The two symbols with the lowest probability are

a

0

3

7

and a

0

5

. They will have 
odewords 
(a

0

3

) = �

3

� 0 and 
(a

0

5

) = �

3

� 1.

6

* denotes 
on
atenation.

7

The 
hoi
e between a

0

3

and a

4

is purely arbitrary.



CHAPTER 2. STANDARD VIDEO COMPRESSION TOOLS 17

Therefore, �

1

= �

3

� 1 and �

2

= �

3

� 0 whi
h results in:


(a

1

) = �

3

� 1 � 0


(a

5

) = �

3

� 1 � 1


(a

2

) = �

3

� 0 � 0


(a

3

) = �

3

� 0 � 1.

Continuing in this manner the Hu�man 
ode for A will be:


(a

1

) = 010


(a

5

) = 011


(a

2

) = 000


(a

3

) = 001


(a

4

) = 1.

Basi
 Hu�man 
odes su
h as in the example above are not as pra
ti
al as

other s
hemes be
ause a stationary probability model is assumed, whi
h does

not re
e
t reality in many 
ases. There are many variations on Hu�man

en
oding su
h as minimum varian
e Hu�man 
odes, extended Hu�man 
odes

and adaptive Hu�man 
odes.

2.4.2 Arithmeti
 En
oding

An in
reasingly popular method of lossless data 
ompression is arithmeti


en
oding, [4℄. The 
on
ept involved is very simple, however, implementation

details are often very intri
ate.

Given a sour
e alphabet A = fx

1

; x

2

; : : : ; x

n

g with a 
umulative distri-

bution fun
tion F (x), the sequen
e of symbols generated is represented by a

single tag . A tag is used to identify the entire sequen
e of symbols.

The region [0,1), whi
h 
orresponds to the range of F (x), is the initial

region for generating the tag. This region 
ontains an in�nite number of

values, whi
h should suÆ
e for representing all possible symbol sequen
es

with
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unique tags. As more symbols are re
eived the size of the interval 
on-

taining the tag is shrunk. Given the nature of real numbers, this 
an be done

inde�nitely.

The interval [0,1) is partitioned a

ording to F (x). If symbol x

i

o

urs,

then the new interval is [F (x

i�1

); F (x

i

)). The new interval is partitioned in

the same proportions as [0,1) using a s
aled version of F (x),

F (x)

p(x

i

)

+F (x

i�1

).

This pro
ess will 
ontinue until it is time to send a tag. The tag will be

any number whi
h is inside the 
urrent interval.

Implementing this s
heme using real numbers is impossible, therefore

implementations of arithmeti
 en
oding 
an use a �xed pre
ision 
oating

point implementation where the tag must be sent after a 
ertain number of

symbols has been sent. This prevents any under
ow errors. There is also

an integer implementation whi
h uses s
aling to prevent any possibility of

generating a region whi
h is too small.

2.5 Deblo
king Filters

Deblo
king �lters do not 
ompress the video sequen
e. Rather, when they

are applied to a video stream whi
h has been 
ompresed, they mitigate some

of the unwel
ome side-e�e
ts of 
ompression.

A pi
ture is essentially a 2{D array �lled with pixel values. In order to

a

ommodate a wide range of image sizes there should be a general way of

sub{dividing it into manageable 
hunks. The most 
ommon way of divid-

ing an image is into smaller 2{D arrays. This allows ea
h sub{array to be


ompressed using the surrounding lo
al statisti
s.

The drawba
k to using 2{D arrays is blo
king artifa
ts. Most image

depi
t s
enes with arbitrary shapes whi
h are not 
omposed of squares and

re
tangles. Approximating everything in the image as a re
tangle invariably

results in visual distortion. Instan
es of this visual distortion are 
alled

blo
king artifa
ts.

A deblo
king �lter is applied to the pixel values on either side of a blo
k

division. The �lter uses averaging to smooth over any sharp dis
ontinuties

between adja
ent blo
ks. The e�e
t is to soften the impa
t of using the

re
tangle approximation.
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2.6 Summary

All these tools 
an be used in a video 
ompression s
heme. Only the very

basi
 elements of ea
h tool have been presented. In the 
ase of H.264, to save


omputation, the implementation of some tools is restri
ted to a very basi


level

8

.

Other tools

9

are implemented using very 
omplex rules whi
h often ob-

s
ure the a
tual 
on
epts involved.

Every e�ort will be made in the following two 
hapters to present the

relevant details in as 
lear a manner as possible.

8

Quantization is kept to the simple 
ase of s
alar quantization.

9

Namely, arithmeti
 
oding and deblo
king �lter.



Chapter 3

H.264 { Baseline Pro�le

The H.264 standard is 
urrently divided into 3 se
tions, a baseline pro�le

whi
h all standard 
ompliant de
oders must support, an optionalmain pro-

�le of whi
h the baseline pro�le is a subset, and a 
olle
tion of supplemental

features whi
h are part of neither the baseline or main pro�les. This 
hapter

will examine the following features:

{ I and P pi
ture types

{ In{loop deblo
king �lter

{ Progressive pi
tures and Interla
ed pi
tures

{

1

4

{sample motion 
ompensation

{ Blo
k segmentation down to 4x4 blo
k size

{ VLC{based entropy 
oding

{ Chrominan
e format 4:2:0

These features make up the baseline pro�le. The additional material whi
h

makes up the main pro�le will be presented in Chapter 4.

Super�
ially, H.264 is similar to MPEG-2 and the H.263 series. Motion


ompensation, motion ve
tor predi
tion and pixel interpolation are used for

redu
ing temporal redundan
y between su

essive pi
tures. Transform and

run{length 
oding are used to redu
e spatial redundan
y within ea
h pi
-

ture. Quantization and entropy 
oding are used to obtain further bandwidth

redu
tion.

20
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However, all of these features have been re{engineered in H.264 to stream-

line 
al
ulations and provide optimal video quality. Almost all the 
al
ula-

tions 
an be performed using addition and bit{shifting

1

. Pi
ture quality is

improved by the in{loop deblo
king �lter and the option of using blo
k sizes

as small as 4 pixels by 4 lines.

There are also some entirely new features in H.264 su
h as multiple pi
ture

referen
ing. Another of the new features in H.264 is the network adaptation

layer (NAL). The NAL was added be
ause of the growing need for intera
tion

between software layers and network layers. The NAL was designed to be

independent from the video 
oding layer. Sin
e we are fo
using on the video


oding layer, no further mention will be made of the NAL.

Many aspe
ts of the en
oder are not spe
i�ed by the H.264 standard.

Rather, a thorough des
ription for a legal bitstream and de
oder are given.

Any en
oder implementation 
an be used, provided the bitstream it produ
es


an be de
oded by

a standard H.264 
ompliant de
oder.

3.1 The Basi
 Algorithm

The basi
 
ommuni
ation model, Figure 3.1, will be assumed. An en
oder

outputs to a 
hannel. This 
ould be a 
hannel in spa
e, su
h as an oÆ
e

network or a 
hannel in time, su
h as a 
omputer hard drive. The 
hannel

outputs to a de
oder whi
h will in turn output to a video display unit.

Figure 3.1: Basi
 Communi
ations Model

Figure 3.2 details the basi
 H.264 algorithm where:

A is the input for inter mode (motion 
ompensation).

B is the input for emphintra mode (no motion 
ompensation).

1

Bit{shifting has the e�e
t of multipli
ation or division by a power of 2.
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C is the bitstream 
ontaining quantized transform 
oeÆ
ients as well as

en
oder parameters.

D is the residual motion ve
tor used in inter mode.

E is the input to the 
hannel, the bitstream is either entropy en
oded

using the H.264 universal variable length 
oding table or the Context

Adaptive Binary Arithmeti
 Coder (CABAC).

Figure 3.2: H.264 En
oder

The in
oming pi
ture is �rst divided into blo
ks of 16 pixels by 16 lines.

A blo
k size of 16x16 is 
alled a ma
roblo
k. A very general version of the

algorithm follows:

1. The ma
roblo
k is sent to be transformed (the transform divides the

ma
roblo
ks into 16 4x4 blo
ks). The ma
roblo
k is also sent to the

motion 
ompensation module to �nd the best mat
hing blo
ks in the

pi
ture bu�er (also 
alled the frame bu�er).

2. A motion ve
tor is formed, whi
h points to the best mat
h in one of

the previous re
onstru
ted pi
tures. A predi
tion for the motion
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ve
tor is also formed. The di�eren
e between the motion ve
tor and its

predi
ted value is sent over the 
hannel. The best mat
h in the pi
ture

bu�er is sent up to the waiting ma
roblo
k and subtra
ted to form a

residual ma
roblo
k. If a 
lose mat
h is found, the hope is that the

residual ma
roblo
k will have many pixel values 
lose to 0. If a good

mat
h is not found, nothing is subtra
ted from the ma
roblo
k and

there will be signi�
antly more information to en
ode and transmit.

3. The residual ma
roblo
k is then transformed, quantized and run{length


oded. The resulting sequen
e is sent to the 
hannel input. It is also

sent to the motion 
ompensation module for re
onstru
tion. The re-


onstru
ted ma
roblo
k is used for 
ompressing the 
urrent frame and

possibly, any subsequent pi
ture.

4. At the 
hannel input, pi
ture data and en
oder parameters are entropy


oded before transmission.

The en
oder has to operate its own de
oder in order to ensure that the

values whi
h are subtra
ted from the ma
roblo
k are the same values whi
h

are added on at the de
oder side.

3.2 Terminology and Con
epts

Interla
ed vs. Progressive Video

There are two types of video supported in H.264; interla
ed and progressive.

Interla
ed video is a hold{over from the days of broad
ast television. It was

originally introdu
ed to redu
e the 
i
ker on bla
k and white televisions.

Ea
h video frame is divided up into two �elds, where the se
ond �eld is

delivered half a frame period after the �rst.

At the re
eiver end (the television), the two �elds are interla
ed together

to form the original frame. The �rst �eld 
onsists of odd numbered pi
ture

lines (1,3,5,. . . ) and the se
ond �eld is formed by taking the even lines

(2,4,6,. . . ). A progressive video frame is not divided into any se
tions, the

entire pi
ture is 
oded and transmitted as one unit. It re
e
ts the 
hange

towards video display units whi
h do not use a 
athode ray tube.
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In order to be as general as possible, the term pi
ture will be used instead

of frame or �eld. This is the notation whi
h is used in [6℄, where a pi
ture is

de�ned as:

Sour
e, 
oded or re
onstru
ted image data. A sour
e or re
on-

stru
ted pi
ture 
onsists of three re
tangular arrays of 8{bit num-

bers representing the luma and two 
hroma signals. A 
oded

pi
ture is made of a pi
ture header, the optional extensions im-

mediately following it and the following pi
ture data. A 
oded

pi
ture may be a 
oded frame of a 
oded �eld. For progressive

video, a pi
ture is identi
al to a frame, while for a interla
ed video

a pi
ture 
an refer to a frame or the top �eld or the bottom �eld

of the frame depending on the 
ontext.

Intra vs. Inter

When pi
ture data is 
oded without referen
e to other pi
tures, it is said to

be intra 
oded. This means there is no motion ve
tor produ
ed.

In the 
ase of H.264, predi
tion is still used but only using data from

within the 
urrent pi
ture. Depending on whi
h intra mode is being used,

there 
ould be as many as 8 predi
tion modes. Therefore, instead of sending

a motion ve
tor, a predi
tion mode parameter must be sent. A pi
ture

whi
h has been intra 
oded is 
alled an I pi
ture.

Inter 
oding implies that previous pi
tures are being referen
ed to 
om-

pensate for temporal redundan
y. In fa
t, H.264 allows a pi
ture to referen
e

pi
tures other than the one most re
ently de
oded. This is a new feature from

H.263. A pi
ture whi
h has been 
oded in inter mode is 
alled a P pi
ture.

Colour Components

By 
onvention, a 
olour signal is divided up into 3 
omponents, a luminan
e

and 2 
hrominan
e 
omponents. The 
omponents are a linear 
ombination

of the red, green and blue 
olours whi
h make up the 
olour of ea
h pixel.

The luminan
e 
omponent 
ontains all the data needed to form the grey{s
ale

version of the pi
ture. The 
hrominan
e data adds the missing 
olour

2

. Sin
e

2

Chrominan
e and 
olour will be used inter
hangeably in this do
ument.
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the luminan
e data 
ontains a signi�
ant portion of the pi
ture information,

it is assigned a higher importan
e than the 
hrominan
e 
omponents. Video

formats are de�ned by the way in whi
h 
hrominan
e data is treated. A very


ommon video format is 4:2:0, in whi
h, for every 4 samples of luminan
e

data only 1 of ea
h 
hrominan
e 
omponent will be sampled.

Notation

In order to present equations in as simple a form as possible, bit{shifting op-

erations will often be represented using multipli
ation and division operators.

Therefore, any multipli
ation or division by a power of 2 is a

omplished us-

ing bit shifting. Any division by a number whi
h is not a power of 2 
an be


onsidered as only produ
ing an integer, the remainder is dropped.

Conversely, sometimes using the division or multipli
ation operators ob-

s
ure how the 
al
ulation takes pla
e. In these instan
es a >> b and a << b

will be used to indi
ate a right or left shift, respe
tively, of a by b bits.

3.3 Operation

H.264 will operate on any pi
ture size with dimensions whi
h are multiples of

16. Both progressive and interla
ed formats are supported; in fa
t, they may

even be mixed together in the same video stream. Only the 4:2:0 
hrominan
e

sub{sampling format is supported.

An interla
ed frame, whi
h 
onsists of two �elds separated by half the

frame period, 
an be 
oded as two separate �eld pi
tures or together as a

frame pi
ture. A progressive frame is 
oded as a single frame pi
ture. A

progressive frame 
an still be divided into two �elds (top and bottom) if a

subsequent �eld needs to referen
e a sub{�eld of that frame.

H.264 subdivides ea
h pi
ture into in
reasingly smaller units. The �rst

division is the sli
e, thenma
roblo
k, then blo
k and �nally pixel. Pixels

are never 
oded individually, however, individual pixel values are used in


al
ulations su
h as motion predi
tion.

The sli
e is an independent 
oding unit. Within ea
h pi
ture there will

be at least one sli
e. The maximum number of sli
es is the number of ma
-
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roblo
ks in the pi
ture. For example, if the QCIF

3

resolution is used then

there will be 99 ma
roblo
ks; therefore, there 
an be as many as 99 sli
es.

Ea
h sli
e is 
ompletely self 
ontained, so should a sli
e be lost in transit

then all the re
eived sli
es 
an still be fully de
oded. More sli
e divisions will

in
rease the number of parameters whi
h need to be signaled, but the result

will in
rease error resilien
e. Sli
es are an error 
ontrol tool and they have

little purpose beyond providing prote
tion against 
hannel errors. As su
h,

sli
es will not be dis
ussed in mu
h detail.

The format of a ma
roblo
k is de�ned by the video format whi
h is be-

ing used. Sin
e the only 
urrently supported format for H.264 is 4:2:0, the


olour 
omponents are sub-sampled by 2 in the horizontal and verti
al axes.

Therefore, a ma
roblo
k for the 4:2:0 format 
ontains a single 16 pixel by 16

line array of luminan
e data and two 8 pixel by 8 line arrays of 
hrominan
e

data.

A blo
k has a fairly loss stru
tural de�nition. It is an N pixel by M line

array of pixel values where N and M 
an equal 4 or 8. The largest blo
k is

8x8 and the smallest is 4x4. Depending on the 
oding mode, a ma
roblo
k


ould 
ontain 4 8x8 blo
ks of luminan
e data, 16 4x4 blo
ks or 6 8x4 blo
ks.

3.4 Ma
roblo
ks and Blo
ks

Even though the ma
roblo
ks are subdivided into smaller blo
ks, they are

the basi
 unit the en
oder uses for pro
essing pi
tures.

3.4.1 Ma
roblo
k Conventions

If a ma
roblo
k in the 
urrent pi
ture is skipped, the 
orresponding ma
-

roblo
k

4

from the pre
eding pi
ture is 
opied into its pla
e. Both intra and

inter 
oded ma
roblo
ks 
an be skipped. If the 
urrent pi
ture is a �eld from

an interla
ed pi
ture then the ma
roblo
k is 
opied from the pre
eding �eld

3

QCIF stands for Quarter Common Inter
hange Format, there are 144 pixels by 176

lines in a QCIF pi
ture.

4

The same (x,y) position.
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Figure 3.3: Example of a pi
ture breakdown into 4x4 blo
ks

of the same parity (either top or bottom).

One quantizer is 
hosen for an entire sli
e. The quantizer is signaled

by the QP value. QP 
an be 
hanged on a per ma
roblo
k basis by an

optional ma
roblo
k header parameter, delta{QP , whi
h either in
rements

or de
rements QP . The advantage of assuming one quantizer for an entire

sli
e is 
lear.

The de
ision as to whether to use inter or intra 
oding 
an be 
hanged

as often as every ma
roblo
k.

An intra ma
roblo
k 
an be skipped or 
oded in either 16x16 mode, where

the ma
roblo
k is not sub{divided into smaller blo
ks, or intra 4x4 mode,

where the ma
roblo
k is sub-divided into 16 4x4 blo
ks.

An inter ma
roblo
k, whi
h has not been skipped, will have at least one

motion ve
tor sent with it. Only one motion is sent if the ma
roblo
k is

not further subdivided. If a ma
roblo
k is subdivided into two blo
ks of size

16x8 or 8x16 then two motion ve
tors will be sent, one for ea
h sub{blo
k.

The ma
roblo
k header will indi
ate in whi
h way it is divided.
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If the inter ma
roblo
k is divided into 8x8 segments then a new situation

arises. A further set of four 
odewords have to be sent, signaling the de
oder

how ea
h of the 8x8 blo
ks are subdivided. An 8x8 blo
k 
an be divided into

an 8x8 blo
k, two 8x4 blo
ks, two 4x8 blo
ks or four 4x4 blo
ks. If a ma
-

roblo
k is divided into 4 8x8 blo
ks and then ea
h of those blo
ks is divided

into four 4x4 sub{blo
ks then sixteen motion ve
tors would be required. Just

to make things 
ompli
ated, any 8x8 blo
k in an inter ma
roblo
k 
an be

individually 
oded in intra mode.

3.4.2 intra Mode

Intra 
oding uses pixel values from the 
urrent pi
ture (or sli
e) to minimize

the amount of information ne
essary to represent the blo
k. There are two

sets of predi
tion modes for intra 
oding. One set is 16x16 mode, where

there are four methods to 
hoose from, while for the 4x4 mode, there are

nine available methods.

3.4.2.1 Intra 4x4 mode predi
tion for Luminan
e

H.264 provides nine predi
tion modes for intra 4x4 mode. Only three of the

modes will a
tually be presented, the �rst two are unique enough to require

individual presentation while the third mode is the most 
omplex and all

other predi
tion modes 
an be 
onsidered simple 
ases of this one.

Figure 3.4 provides the notation for the predi
tion equations. Values A{

Q represent pixel values from de
oded ma
roblo
ks on top and to the left

5

of

the ma
roblo
k 
urrently being de
oded. Sometimes these values will not be

a

essible by the de
oder. For example, if the 
urrent ma
roblo
k is on the

top border of a pi
ture then Q and A{H will not exist. These situations are

dealt with as spe
ial 
ases in all the predi
tion modes. Values a{p represent

the 16 pixel values in one of the 16 4x4 blo
ks in the 
urrent ma
roblo
k.

5

Top and left are used be
ause of the s
anning order.
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Figure 3.4: Pixel Notation

3.4.2.2 Predi
tion Mode 0: DC predi
tion

If all the samples A;B;C;D; I; J;K; L exist in the 
urrent pi
ture (or sli
e),

then every sample in the 4x4 blo
k is predi
ted using the same value. The

average of the surrounding samples is taken. The predi
tor P is 
al
ulated:

P =

A +B + C +D + I + J +K + L + 4

8

: (3.1)

Note the division is a

omplished by left{shifting the bits of P by 3. If

A;B;C;D are outside the pi
ture and I; J;K; L are not or if I; J;K; L are

outside the pi
ture and A;B;C;D are not then:

P =

I + J +K + L + 2

4

or P =

A+ B + C +D + 2

4

: (3.2)

If all A;B;C;D; I; J;K; L samples are outside the pi
ture or sli
e, then

all samples in the blo
k are predi
ted by the value 128. This situation 
or-

responds to the top{left ma
roblo
k of a pi
ture.

3.4.2.3 Predi
tion Modes 1 & 2: Verti
al and Horizontal Predi
-

tion

In verti
al predi
tion, the top samples A;B;C;D are used to predi
t the


olumns beneath. For example, a; e; i;m are predi
ted by A. The standard

does not spe
ify what happens if mode 1 is used and A;B;C;D are not in

the �eld. Hopefully an en
oder would be implemented so that this situation

would not happen or the pixel values would be predi
ted by 128.
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There is a mat
hing Mode 2: Horizontal Predi
tion where the I; J;K; L

pixel values are used to predi
t rows of pixels.

3.4.2.4 Predi
tion Mode 7: Horizontal{Up predi
tion

This mode 
an only be pi
ked when A;B;C;D; I; J;K; L;Q are a

essible.

~a =

B + 2C +D + 2I + 2J + 4

8

~

b =

C + 2D + E + I + 2J +K + 4

8

~
; ~e =

D + 2E + F + 2J + 2K + 4

8

~

d;

~

f =

E + 2f +G+ J + 2K + L + 4

8

~g;

~

i =

F + 2G+H + 2K + 2L+ 4

8

~

h;

~

j =

G+ 3H +K + 3L+ 4

8

~

l; ~n =

L + 2M +N + 2

8

~

k; ~m =

G+H + L+M + 2

4

~o =

M +N + 1

2

~p =

M + 2N +Q+ 2

4

:

The pixel values used in the predi
tion equations lie roughly in line with

the pixel whi
h is being predi
ted. Having modes su
h as this allows the

en
oder to adapt to pi
tures with di�erent visual 
hara
teristi
s. There are

no spe
i�
ations in the standard for 
hoosing parti
ular predi
tion modes.

This is left to the implementors of the en
oder, who 
ould in fa
t, 
hoose to

ignore all the predi
tion modes ex
ept DC predi
tion for the sake of simpli
-

ity. There are expli
it rules for signaling whi
h predi
tion mode has been


hosen.

3.4.2.5 Intra 4x4 mode Luminan
e Predi
tion Coding

Ea
h of the 4x4 blo
ks will have its own predi
tion mode whi
h needs to be

sent to the de
oder. This will require a relatively large number of bits. Ea
h
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ma
roblo
k will have 16 4x4 blo
ks. If a �xed length 
ode is used, 5 bits will

be needed to signal whi
h of the 9 modes are being used. That is 80 extra

bits per ma
roblo
k whi
h need to be sent. The solution to this problem is to

use the observation that the predi
tion modes of adja
ent blo
ks are highly


orrelated.

Using blo
ks A and B (see Figure 3.5{a), a sorted list of predi
tion modes


an be produ
ed for blo
k C. The list is sorted in des
ending order by whi
h

predi
tion mode is the most probable. Instead of a
tually sending the pre-

di
tion mode, the lo
ation of the mode in the sorted list is sent instead. At

the de
oder end, a table lookup is performed based on the predi
tion modes

of A and B to obtain the 
orre
t sorted list for blo
k C. In order to exploit

as mu
h 
orrelation as possible between adja
ent 4x4 blo
ks, the predi
tion

modes of 2 4x4 blo
ks are 
oded together. Figure 3.5{b illustrates how the

4x4 blo
ks are grouped together.

Figure 3.5: Intra 4x4 mode Predi
tion

3.4.2.6 Intra 16x16 mode Luminan
e Predi
tion

Re
all that there are two ways of predi
ting an intra blo
k, 4x4 mode and

16x16 mode. The predi
tion modes and 
oding rules have just been presented

for 4x4 mode.

When a ma
roblo
k is 
oded in 16x16 mode, there are 4 available predi
-

tion modes. Three of the predi
tion modes are similar to 4x4 mode predi
tion

modes, verti
al (Mode 0), horizontal (Mode 1) and DC predi
tion (Mode 2).
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Predi
tion mode 3, Plane Predi
tion, will be presented next.

Let P (i; j) denote the pixel values where i; j = �1 : : : 15. Nonnegative

indi
es are used to referen
e the pixels inside the 16x16 ma
roblo
k. Negative

indi
es are used to referen
e pixels bordering the 16x16 blo
k on the top and

left sides. Therefore P (�1; j) are the neighboring samples to the left and

P (i;�1) are the neighboring samples on top.

let G = (a+ b(i� 7) + 
(j � 7) + 16) >> 5 (3.3)

where:

a = 16(P (�1; 15) + P (15;�1)) (3.4)

b = (5(

8

X

i=1

i(P (7 + i;�1)� P (7� i;�1))) + 32) >> 6 (3.5)


 = (5(

8

X

j=1

j(P (�1; 7 + j)� P (�1; 7� j))) + 32) >> 6 (3.6)

~

P(i; j) =

8

>

>

>

<

>

>

>

:

0 if G < 0

G otherwise

255 if G > 255:

The values b and 
 are a measure of how the border pixel intensities

are 
hanging along the top and left respe
tively. If one of these values is

positive then that indi
ates there is a general trend towards an in
rease in

pixel intensity from left to right or top to bottom. If b or 
 is negative then it

would indi
ate the opposite. Pixels inside the blo
k are then 
orrespondingly

given lower or higher values depending on their position. The values b and 


will be 0 in two 
ases, if the bordering pixels are all the same intensity or if

a de
rease or in
rease in pixel intensity is mirrored about

the seventh top or left border pixel. If either of these 
ases o

ur for both

b and 
, the a value is used to predi
t all the pixel values. a is the mean of

the top right and bottom left bordering pixels.

3.4.2.7 Intra 16x16 Mode Luminan
e Predi
tion Coding

The rules for 
oding the 16x16 mode predi
tion modes are very di�erent to

those for 
oding the predi
tion modes for intra 4x4 mode. Three parameters
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are grouped together, predi
tion mode, AC, and the 
hrominan
e 
oded blo
k

pattern (
bp). Coding the predi
tion mode requires 2 bits to represent the 4

possible modes. AC is a 
ag whi
h indi
ates whether or not there is at least

one AC 
oeÆ
ient in one of the 16 4x4 blo
ks

6

. Only 1 bit is required for

the AC 
ag. The 
hrominan
e 
bp is a slightly more informative version of

the AC 
ag, it 
an take on 3 possible values. It 
an indi
ate if there are no


hrominan
e 
oeÆ
ients at all, if there are non-zero DC 
oeÆ
ients but all

the AC 
oeÆ
ients are zero or if there may be non{zero DC 
oeÆ
ients but

there is at least one non-zero AC 
oeÆ
ient.

3.4.2.8 Intra Coding for Chrominan
e

There is only one way of dividing and 
oding 
hrominan
e information whi
h

saves the need for signaling modes. Both of the 8x8 
hrominan
e blo
ks in a

ma
roblo
k are divided into four 4x4 blo
ks. A DC style predi
tion mode is

used where adja
ent samples on the left and top side of the 
hrominan
e blo
k

are used for the 
al
ulation. As usual, if the adja
ent values are ina

essible,

then 128 is used as the default predi
tion value.

3.4.3 Inter Mode

H.264 has the 
apability, in inter mode, to referen
e more than the last

pi
ture for motion predi
tion. This adds to the 
omplexity, but in
reases the


han
e of �nding a good mat
h.

If the header information signals a frame pi
ture

7

, then the motion ve
tor

points to the 
orresponding frame in the re
onstru
tion bu�er whi
h is either

a frame or two su

essive �elds re
onstru
ted as a single frame.

If the header signals a �eld pi
ture, the motion ve
tor points to a 
orre-

sponding �eld of the same parity whi
h was either en
oded on its own or

with another �eld to form a frame.

The referen
e index parameter is signaled for every inter 
oded 16x16,

16x8 or 8x16 blo
k. If 8x8 mode is being used, ea
h non intra 
oded 8x8

6

Even though the ma
roblo
k is 
oded in 16x16 mode it is still divided into 4x4

blo
ks for the purposes of transforming the residual pixel values

7

See se
tion 3.2 for the distin
tion between frames and �elds.
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partition will have its own referen
e index parameter.

3.4.3.1 Motion Ve
tors

For ea
h of the motion ve
tors ~v whi
h are sent, a predi
tion ~p

i

i = f0; 1g is

made independently for both the horizontal and verti
al 
omponents. The

residual, ~r = ~v � ( ~p

0

; ~p

1

), is the value whi
h is sent a
ross the 
hannel.

Motion ve
tors are allowed to point outside the �eld

8

. When a motion ve
tor

referen
es pixels outside the pi
ture (or sli
e), the nearest pixel on the border

is substituted.

It should be noted that the motion ve
tor predi
tions are formed indepen-

dently of the algorithm whi
h sear
hes for the best mat
h. This results in a

lower 
omplexity for the de
oder. On
e a motion ve
tor has been 
al
ulated

using any algorithm, the predi
tion is subtra
ted. At the de
oder, the only


al
ulation needed is to add the predi
tion ba
k to the residual value. The

ve
tor will then point to the relevant (x; y) position in the appropriate pi
-

ture. H.264 does not spe
ify whi
h algorithm should be used for sear
hing

for the best mat
h. Sin
e this portion of the standard is 
omputationally

intensive, it allows developers the freedom to use the best algorithm whi
h

suits the available hardware.

3.4.3.2 Motion Ve
tor Predi
tion

All but the motion ve
tors for 8x16 and 16x8 are predi
ted, one 
omponent

at a time, using median predi
tion. The predi
tion is formed by taking

the median of the surrounding motion ve
tor 
omponents A;B;C and D

(see Figure 3.6). The predi
tion is 
al
ulated one ve
tor 
omponent at a

time. A;B;C;D are motion ve
tor 
omponents whi
h 
ould be referen
ing

di�erent pi
tures in the pi
ture bu�er. For example, the referen
e index for

E 
ould be pointing to the third pi
ture ba
k and A;B;C and D 
ould all

point to the most re
ent pi
ture. In this 
ase A;B;C and D 
annot be used

and the value of E will be predi
ted by a default value. If only one of A;B;C

or D point to the same referen
e pi
ture as E then it is used to predi
t E.

8

This was an optional annex in H.263 
alled Unrestri
ted Motion Ve
tor Mode.
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Figure 3.6: Median Predi
tion Notation

If A and D are outside the pi
ture, their values are repla
ed by 0 and

they are marked as having a di�erent referen
e pi
ture than E. If D;C;B are

outside the pi
ture, A is used as the predi
tor. If C is outside the pi
ture, it

is repla
ed by D in the median 
al
ulation. If any of A;B;C or D are intra


oded, they are marked as having a di�erent referen
e pi
ture as E.

For predi
ting 8x16 and 16x8 blo
ks, the following rules are used. For

8x16 blo
ks, the left side is predi
ted by A, if A refers to the same pi
ture,

otherwise median predi
tion is used. For the right side, C is used, if it

refers to same pi
ture, otherwise median predi
tion is used. The same rule

is applied to 16x8 blo
ks substituting B for predi
ting the upper blo
k and

A for the lower blo
k.

Figure 3.7: 16x8 and 8x16 Blo
k Division

3.4.3.3 Inter Mode Coding

A 
oded bit pattern is also sent for ea
h inter 
oded ma
roblo
k. It 
ontains

information on whi
h of the luminan
e and 
hrominan
e 8x8 blo
ks

9


ontain

9

This is an independent division of the ma
roblo
k from the N;M division whi
h has

already been 
hosen.
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non-zero transform 
oeÆ
ients. Four bits are used to signal whi
h of the four

luminan
e blo
ks 
ontain at least one 4x4 blo
k with at least one non-zero


oeÆ
ients. A 0 in one of the bit positions would indi
ate that a parti
ular

8x8 blo
k has no non-zero 
oeÆ
ient. For the 
hrominan
e data, a 
ag, n
,

whi
h 
an take on three values is used.

If n
=0 { There are no non{zero 
hrominan
e 
oeÆ
ients.

If n
=1 { There is at least one non-zero DC 
hrominan
e 
oeÆ
ient

but all AC 
oeÆ
ients are still zero.

If n
=3 { There may be non{zero DC 
oeÆ
ients but there is at least

one non{zero AC 
oeÆ
ient.

3.4.3.4 Predi
ting Inter Chrominan
e

There is no independent pro
ess for determining the 
hrominan
e ve
tor.

Rather, on
e the luminan
e motion ve
tor has been determined the 
hromi-

nan
e ve
tor 
an be determined by dividing the ve
tor 
omponents by two.

This is done be
ause the 
hrominan
e samples are sub-sampled by 2. The

advantage of this system is the 
hrominan
e ve
tor does not need to be trans-

mitted.

In summary, Table 3.1 lists blo
k types with the maximum number of


oeÆ
ients whi
h 
an be stored in ea
h.

3.5 De
oding Pro
ess

3.5.1 Sli
e De
oding

If the header of the sli
e has a di�erent pi
ture number from the previously

de
oded sli
e, the de
oding of a new pi
ture is started, otherwise the sli
e is

added to the 
urrent pi
ture. All the default values for the sli
e are loaded

into memory, su
h as the sli
e quantizer pointer.
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Blo
k Type max 
oe�

luminan
e DC blo
ks for intra 16x16 mode 16

luminan
e AC blo
ks for intra 16x16 mode 15

luminan
e DC blo
k for intra 4x4 mode 16

luminan
e AC blo
k for inter 4x4 mode 16

U-Chrominan
e DC blo
k for intra 4

V-Chrominan
e DC blo
k for intra 4

U-Chrominan
e DC blo
k for inter 4

V-Chrominan
e DC blo
k for inter 4

U-Chrominan
e AC blo
k for intra 15

V-Chrominan
e AC blo
k for intra 15

U-Chrominan
e AC blo
k for inter 15

V-Chrominan
e AC blo
k for inter 15

Table 3.1: All blo
k types

3.5.2 Multi-Pi
ture Handling

In order to a

ommodate multiple pi
ture referen
ing, the de
oder operates

a multi-pi
ture bu�er (MPB). This bu�er is partitioned into two parts. The

�rst partition holds short{term pi
tures and the se
ond partition holds

long{term pi
ture. Pi
tures 
oming into the en
oder are automati
ally put

into the short{term bu�er. By default the size of the long{term bu�er is 0.

Only by expli
it signaling 
an the long{term bu�er be opened and assigned a

size and only by expli
it signaling 
an a pi
ture be assigned long{term status.

The size of the long{term bu�er 
an be 
hanged with any frequen
y. The

standard spe
i�
ally states it has no re
ommendations on how often this

should be done. When the long{term bu�er size is 
hanged all long{term

pi
tures with long{term indi
es greater than the new size of the bu�er are

marked as unused (they are deleted). If the en
oder wishes to ensure a long{

term pi
ture will not be deleted when a 
hange of bu�er size is signaled it

should assign the pi
ture a small index.

All in
oming pi
tures have a pi
ture number PN whi
h is assigned by

the en
oder. For ea
h su

essive pi
ture, the en
oder in
rements PN by
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one and 
opies that value into the pi
ture's header. This operation is done

modulo MAX PN

10

. The de
oder 
an use this value to 
he
k if any pi
tures

have been lost in transmission. If an error is dete
ted, the de
oder 
ould

possibly ask for retransmission depending on the appli
ation. PN will be the

unique identi�er of the pi
ture within the MPB. Therefore, when a pi
ture

arrives with a PN value the same as another in the bu�er

11

the older pi
ture

is removed.

On
e a pi
ture arrives in the multi{pi
ture bu�er it is assigned another

index, its short{term relative index or MPB{index. This number is used to

determine the age of the pi
ture. By default the oldest pi
ture is dis
arded in

favour of the new pi
tures. When a pi
ture is too old, the spa
e it is o

upying

in the bu�er is marked as unused for in
oming pi
tures to use. The default

MPB{index for every new pi
ture is 0. MPB{indi
es are only 
hanged when

pi
tures are added or removed from the MPB. Pi
tures are removed from

the MPB if they are too old or if instru
tions have been signaled to have it

moved to the long{term bu�er.

When a new pi
ture 
omes into the de
oder there are two ways of remov-

ing short{term pi
tures to make spa
e. These two methods 
an be swit
hed

as often as every pi
ture.

The �rst method, Sliding Window, has the bu�er a
ting as a �rst{

in{�rst{out queue. The oldest pi
ture is removed if the en
oder determines

there is not enough room in the bu�er for the in
oming pi
ture whi
h is

assigned the short{term index of 0 and all other indi
es are in
remented by

one.

The se
ond method, Adaptive Memory Control, allows the use of


ommands whi
h are signaled from the en
oder with expli
it instru
tions

spe
ifying:

1. whi
h short{term pi
tures are to be removed from the bu�er,

2. whi
h pi
tures are to be assigned long{term status,

3. how many long{term pi
tures are allowed,

10

There are no re
ommendations for setting the size of MAX PN or

if its value 
an be 
hanged.

11

Be
ause of the modulo nature of PN.
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4. whi
h pi
tures should be marked as unused,

5. if the entire bu�er should be 
leared out.

On
e the appropriate referen
e blo
k has been found in the bu�er, by

adding on the predi
tion values to the residual motion ve
tor, the pro
ess of

re
onstru
ting an approximation of the original blo
k begins.

3.5.3 Pixel interpolation

The de
oder �rst has to 
he
k to see what level of pixel interpolation was

used, quarter or eighth. The referen
ed blo
k in the multi{pi
ture bu�er

is then expanded using interpolation �lters and averaging. The �lters and

averaging 
al
ulations have been 
hosen to limit 
al
ulations to addition and

bit{shifting. There is no option to use only half{pixel pre
ision.

3.5.3.1 Quarter{Pixel Interpolation

If quarter pixel interpolation is used, the half{pixel samples are 
al
ulated

by applying a 6{tap �lter F (1,�5,20,20,�5,1)

12

to original pixel values.

The quarter{pixel values are then 
al
ulated by averaging the half{pixel and

original pixel values.

In Figure 3.8, A refers to the original pixels, all lower 
ase values refer to

the newer interpolated pixels whi
h are obtained in the following manner:

b

h

is 
al
ulated by applying F to the nearest 6 original pixel values in the

horizontal dire
tion. The result of this 
al
ulation, b, is then normalized

in the following manner:

b

h

=

b+ 5

32

: (3.7)

b

v

is 
al
ulated by applying F to the nearest 6 original pixel values in the

verti
al dire
tion. The result of this 
al
ulation, b is then normalized

in the same way as b

h

.

12

Observe: the sum of these taps is 32, therefore normalization 
onsists of a right bit

shift by 5.
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m

is 
al
ulated by applying F to the 6 nearest intermediate values b. The

result, 
, is then normalized in the following manner:




m

=


+ 512

1024

: (3.8)

d,g,e are quarter pre
ision pixels whi
h are obtained by using bilinear inter-

polation on the nearest values in integer or half sample positions.

d =

A+ b

h

2

g =

b

v

+ 


2

e =

b

h

+ 


m

2

: (3.9)

h is 
al
ulated by averaging the nearest b

h

and b

v

values in diagonal dire
-

tions.

h =

b

h

+ h

v

2

: (3.10)

i is 
al
ulated by averaging the nearest four integer pixel values.

Figure 3.8: Quarter Pixel Resolution

3.5.3.2 Eighth{Pixel Interpolation

Although eighth{pixel interpolation is not part of either the baseline or main

pro�les it will be brie
y presented next to give an idea of the additional

pre
ision whi
h 
an be obtained. Eighth{pixel interpolation is performed in

the same manner as quarter{pixel. The quarter pixel values are 
al
ulated

using 8{tap �lters where:

1

4

position (�3, 12, �37, 229, 71, 21, 6, �1),

2

4

position (�3, 12, �37, 158, 158, �39, 12, �3),

3

4

position (�1, 6, �21, 71, 229, �37, 12, �3).
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The eighth pixel values are 
al
ulated using averaging of integer, half and

quarter pixel values. Figure 3.9 illustrates how many new pixels are added

when eighth{pixel interpolation is used.

Figure 3.9: Eighth Pixel Resolution

3.5.3.3 Chrominan
e Interpolation

Quarter and eighth pre
ision 
hrominan
e pixels are interpolated by taking

weighted averages of the distan
e from the new pixel to four surrounding

original pixels. Equation (3.11) is used for 
al
ulating every interpolated


hrominan
e pixel, the notation 
an found in Figure 3.10.

v =

(s� d

x

)(s� d

y

)A+ d

x

(s� d

y

)B + (s� d

x

)d

y

C + d

x

d

y

D +

s

2

2

s

2

: (3.11)

3.5.4 S
anning Order

The residual 
oeÆ
ients are variable length 
oded using a 2{D run{length


oding s
heme. The �rst 
omponent is the number of zeros en
ountered be-

fore the �rst non{zero 
oeÆ
ient and the se
ond 
omponent is the magnitude

of this 
oeÆ
ient. An additional, non 2{D, symbol is also sent whi
h rep-

resents an End Of Blo
k (EOB). If EOB is en
ountered then the de
oder

knows there are no more non{zero 
oeÆ
ients in the 
urrent blo
k of pixels.
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Figure 3.10: Chrominan
e Interpolation

If a blo
k 
ontains no non-zero 
oeÆ
ients, it 
an be represented by one EOB

symbol.

On
e the run{length symbols have been de
oded, the bitstream is divided

into a series of individual transform 
oeÆ
ient values. The series is then

transposed into a 4x4 array using zig{zag s
anning illustrated in Figure 3.11.

Figure 3.11: Zig{Zag S
an

The zig-zag method of pla
ing the 
oeÆ
ients is used for all types of en-


oding with some small variations. If a blo
k has been 
oded inintra 16x16

mode, the 16 DC 
oeÆ
ients from ea
h of the 16 4x4 blo
ks are grouped

together in their own 4x4 blo
k and s
anned separately from the AC 
oef-

�
ients. There are at most 15 AC 
oeÆ
ients left to s
an in ea
h of the 16

4x4 blo
ks.

Any of the 4x4 blo
ks whi
h 
ontain AC 
oeÆ
ients are then zig{zag
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s
anned starting in the se
ond position rather than the �rst be
ause the �rst


oeÆ
ient 
ontains the DC value.

The 2x2 array of DC 
hrominan
e 
oeÆ
ients are s
anned in raster order.

The 4x4 
hrominan
e blo
ks with at least one AC 
oeÆ
ient are then s
anned

in zig{zag order starting at the se
ond position.

3.5.5 Inverse Quantization and CoeÆ
ient Transfor-

mation

The 4x4 blo
ks of 
oeÆ
ients are now dequantized, re
onstru
ted trans-

formed ba
k into the pixel domain and predi
tion values are added on. These

operations 
an happen in varying order.

The pro
ess of s
aling the 
oeÆ
ient values is tied to the quantization

step. Instead of expli
itly applying a quantizer, the 
oeÆ
ient value is �rst

s
aled then a 
ertain number of bits are shifted out to the left.

Left shifting the bits is equivalent to the lossy approximation step in

quantization be
ause pre
ision is lost. If the binary representation of a 
oef-

�
ient is left{shifted by 2

n

bits then in the inverse quantization step it will

be right{shifted by 2

n

. The result is that 2

n

distin
t values are all mapped

to one value. The number of bits to shift is determined by the value of QP .

H.264 uses a 6 bit number QP , to signal whi
h quantizer should be used.

Although there is room for 64 distin
t quantizers to be signaled, the value

of this 6 bit number only ranges between �26 and 25. The signaled value


orresponds to QP

Y

� 26. QP

Y

points to whi
h quantizer should be used for

luminan
e data and it ranges in value from 0 to 51. QP

C

points to whi
h

quantizer should be used for the luminan
e 
omponents. To determine whi
h

quantizer to use for the 
hrominan
e 
omponents a simple table lookup is

used based on the value ofQP

Y

. From here forward, QP shall refer toQP

Y

when referring to luminan
e samples and QP

C

when referring to 
hrominan
e

samples.

There are three distin
tions whi
h are made by the de
oder as to whi
h

kind of blo
k is being de
oded; luminan
e DC 
oeÆ
ients from an intra 16x16

mode ma
roblo
k, 
hrominan
e DC 
oeÆ
ients and residual 4x4 
oeÆ
ients.

There are two seperate transforms whi
h are used for returning to the
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pixel domain. Both the transforms are integer based to avoid any extra

errors due to rounding. Note that this means that most of the signal noise is

now 
on
entrated in the quantization stage. Previously, in H.263, the DCT

transform was used whi
h in
urred the rounding mismat
h error between

the en
oder and de
oder. The transforms 
an be 
al
ulated without any

multipli
ation. Addition and bit shifting are the only operations whi
h are

needed.

3.5.5.1 Intra 16x16 mode DC luminan
e Transform

In the 
ase of the luminan
e DC 
oeÆ
ients from an intra 
oded blo
k the

dis
rete 4x4 Walsh-Hadamard transform is used. Hen
e the mathemati
al

equivalent of the operations performed by the de
oder is the following:

X

QD

= H

T

2

6

6

6

6

6

6

4

Y

QD00

Y

QD01

Y

QD02

Y

QD03

Y

QD10

Y

QD11

Y

QD22

Y

QD13

Y

QD20

Y

QD21

Y

QD22

Y

QD23

Y

QD30

Y

QD31

Y

QD32

Y

QD33

3

7

7

7

7

7

7

5

H (3.12)

where:

H =

2

6

6

6

6

6

6

4

1 1 1 1

1 1 �1 �1

1 �1 �1 1

1 �1 1 �1

3

7

7

7

7

7

7

5

(3.13)

On
e the data has been transformed ba
k into the pixel domain, the

values need to be res
aled and dequantized. This is done a

ording to the

following operation

13

:

X

D

(i; j) = (X

QD

� R) << (

QP

6

� 2): (3.14)

The value of R is obtained by performing a table lookup in row X of Fig-

ure 3.13 based on the value of (QP mod 6).

13

Note: the 
al
ulations for s
aling the value of X

QD

require the use of multipli
ation

and division operations whi
h 
an not be performed by bit{shifting.
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3.5.5.2 DC Chrominan
e Transform

Instead of a 4x4 blo
k, there are two 2x2 blo
ks of DC 
oeÆ
ients, one for

ea
h 
olour 
omponent. The dis
rete 2x2 Walsh-Hadamard transform is used

in this 
ase. The s
aling equations are:

X

D

(i; j) = (X

QD

� R) << (

QP

6

� 1): (3.15)

3.5.5.3 Residual 4x4 Transform

In the 
ase of these blo
ks, res
aling and dequantization is performed before

transformation. The blo
k of residual values Y

Q

is �rst partitioned into three

se
tions X; Y; Z a

ording to Figure 3.12. Let G(i; j), i; j = 0 : : : 3, be a

fun
tion whi
h returns the region (either X; Y or Z) that (i; j) belongs to.

For example, G(2; 3) = Z.

2

6

6

6

6

6

6

4

X Z X Z

Z Y Z Y

X Z X Z

Z Y Z Y

3

7

7

7

7

7

7

5

Figure 3.12: Blo
k division

The 
oeÆ
ients are then s
aled a

ording to whi
h region (X; Y; Z) they

belong to and the value of QP .

Y

0

(i; j) = (Y

Q

� R(QP;G(i; j)) << (

QP

6

): (3.16)

R is a fun
tion, whi
h given QP and the partition value will return the

appropriate s
aling value. There are six distin
t triplets (see Figure 3.13) of

s
aling fa
tors whi
h are used. The three values in the triplet 
orrespond to

the X; Y; Z partition.

On
e Y

0

has been 
al
ulated, its values are then transformed using a 1

dimensional transform T4. First ea
h row, ~y, of Y

0

is transformed, then ea
h


olumn of the resulting matrix. T4 has the form of equation (3.17):
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QPmod 6 (X; Y; Z)

0 (10; 16; 13)

1 (11; 18; 14)

2 (13; 20; 16)

3 (14; 23; 18)

4 (16; 25; 20)

5 (18; 29; 23)

Figure 3.13: S
aling triplets

T4 =

2

6

6

6

6

6

6

4

1 1 1 1

1

1

2

�

1

2

�1

1 �1 �1 1

1

2

�1 1 �

1

2

3

7

7

7

7

7

7

5

: (3.17)

The entries in the resulting matrixX are then s
aled and shifted a

ording

to the following:

X

0

(i; j) = (X(i; j) + 2

5

) >> 6 (3.18)

The predi
ted values are added using either motion ve
tors, in the 
ase of

inter 
oding or predi
tion mode in the 
ase of intra 
oding. Finally, the

numbers are 
lipped to between 0 and 255.

3.5.6 Deblo
king Filter

H.264 uses an in{loop deblo
king �lter on the edges between the 4x4 blo
ks.

The rules for applying the �lter are very intri
ate and provide little insight

into how the �lter works. Pages 68{73 in [6℄ detail the exa
t rules for applying

the deblo
king �lter.

The �ltering is done on a per ma
roblo
k basis. First, the 3 verti
al

edges between 4x4 blo
ks are �ltered, then the 3 horizontal edges. Finally,

the top and left side of the ma
roblo
k are �ltered. The bottom and right

side are not �ltered be
ause those blo
ks have not yet been de
oded due to

the s
anning order.
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A boundary strength is then 
al
ulated between ea
h 4x4 blo
k. This

boundary strength is determined based on several properties of the blo
k

su
h as whether the blo
k has been intra 
oded, if there are 
oeÆ
ients,

if the blo
k boundary is also a ma
roblo
k boundary, et
. . . . Depending

on the boundary strength and other parameters obtained from an intri
ate

table lookup s
heme, one of two �ltering s
hemes is then applied. In the �rst

s
heme up to two 
oeÆ
ients on either side of the border 
an be updated. In

the se
ond s
heme, up to three 
oeÆ
ients on either side 
an be updated.

3.5.7 Entropy En
oding

3.5.7.1 Default S
heme

The default entropy en
oding mode for H.264 uses a universal variable

length 
ode (UVLC) table. The table is represented in 
ompressed form in

Figure 3.14 where the value x

i


an take on the value 1 or 0:

1

0 1 x

0

0 0 1 x

1

x

0

0 0 0 1 x

2

x

1

x

0

0 0 0 0 1 x

3

x

2

x

1

x

0

. . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 3.14: Default UVLC Table

Figure 3.14 spe
i�es an instantaneously de
odable 
ode. Figure 3.14


ould easily be rewritten as a binary tree with the 
odewords atta
hed as

leaves. Alternatively, Figure 3.14 
ould be represented in table format, Table

3.2. The 
odeword length l is 2n + 1 where the n + 1 trailing bits are the

INFO bits. Given l and INFO a simple formula 
an be used to �nd the


odeword number and hen
e the asso
iated value.

The UVLC 
an be used for en
oding any parameter, ma
roblo
k type,

8x8 mode, motion ve
tor data, 
oded bit pattern, any type of transform


oeÆ
ients or intra predi
tion mode. Ea
h set of parameters is asso
iated

with a set of 
odeword numbers f 0,1,2,. . . g through a 1 : 1 mapping. A
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Codeword Number Codeword

0 1

1 010

2 011

3 00100

4 00101

5 00110

6 00111

7 0001000

.

.

.

.

.

.

Table 3.2: Expli
it form of �rst 
odewords

simple formula (3.19) 
an then be used to de
ode the 
odewords by linking

through their 
odeword numbers.


odeword number = 2

b

l

2




+ INFO� 1 (3.19)

For example, in Table 3.2 
odeword 6 is 00111. The length is 5 and the value

of INFO is 11 in binary or 3 in de
imal. Therefore 6 = 2

5

2

+ 3� 1 = 4 + 2.

It is instru
tive to observe the way in whi
h di�erent parameter values

are assigned 
odeword numbers. The shortest 
odewords will be assigned to

the most probable symbols.

Intra and Inter Ma
roblo
k Types

There are two intra modes, 4x4 and 16x16. The information whi
h has to be

signaled for 4x4 mode is its mode indi
ator, the predi
tion mode and residual


oeÆ
ient values. Codeword number 0 (the shortest 
ode) is assigned to

the 
ase of 4x4 mode. Residual 
oeÆ
ient information and predi
tion mode

are separate parameters and have their own tables. For 16x16 mode there

are three parameters whi
h have to be signaled, see se
tion 3.4.2.7. The

rest of the 
ode table is devoted to representing all possible 
ombinations

of the three parameters for 16x16 mode. Codewords 1{4 are reserved for

signaling the four possible predi
tion modes for 16x16 mode blo
k with no
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DC 
oeÆ
ients and no AC 
oeÆ
ients. The next four 
odewords, 5{8, signal

the four possible predi
tion modes where there are non{zero DC 
oeÆ
ients

but all AC 
oeÆ
ients are 0. Continuing in this manner, there are 24 possible

parameter 
ombinations whi
h 
an be distinguished for intra 16x16 mode

ma
roblo
ks.

The �rst six 
odewords for inter 
oding are used for signaling the di�erent

blo
k divisions, 16x16, 16x8, 8x16, et
. . . . If any of the 8x8 blo
ks are intra


oded, intra 4x4 mode is used to 
ode the four 4x4 blo
ks and the intra 4x4

mode signaling format is used.

Motion Ve
tors and QP Change

The 
omponents for motion ve
tors and delta-QP share the same 
ode table.

The 
odewords are assigned a

ording to the as
ending magnitude of the

parameter. A positive value re
eives the �rst 
odeword and a negative value

re
eives the next. It is therefore possible that two symbols whi
h have equal

magnitude will

be assigned 
odewords of a unequal length be
ause the positive symbol

was given the last possible 
odeword of a smaller length. The idea is that a

large magnitude will rarely be sent. For both motion ve
tors and delta-QP

this assumption would be 
orre
t be
ause it is the residual motion ve
tor

whi
h is signaled. For delta-QP the di�eren
e for a spe
i�
 ma
roblo
k from

the rest of the sli
e should never be very large.

Run and Level

The �rst 
odeword is assigned to the EOB symbol whi
h has to be sent for

every ma
roblo
k. The rest of the symbols are arranged in the following order

1) sign of level, 2) Run Value (as
ending), 3) magnitude of Level (as
ending).

There is another, slightly more involved way of 
oding the transform


oeÆ
ients. Tables are still used to derive the 
odewords, but there is at

least some 
ontext adaptation to redu
e the bit{rate. The next more 
om-

pli
ated/eÆ
ient option whi
h is available for entropy 
oding is the Context

Adaptive Binary Arithmeti
 Coding, CABAC, whi
h will be presented in

Chapter 4.
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3.5.7.2 Context{Adaptive VLC for Transform CoeÆ
ients

This is an optional mode, used only for 
oding transform 
oeÆ
ients. It

will in
rease the en
oder 
omplexity but should redu
e the bit rate. The


oeÆ
ient information is broken into three parameters

1. Num{Trail signals the number of trailing 1s (T1s)

14

and the number

of non{zero 
oeÆ
ients in the 4x4 blo
k. Only the sign needs to be

de
oded for the T1s. The number of T1s is 
lipped to 3.

2. Level information is de
oded for all 
oeÆ
ients ex
ept the T1s.

3. Run information.

CoeÆ
ient data is de
oded in reverse zig{zag order. First the signs of the T1s,

then level information when it is �rst needed and run information. The run

information is divided into two 
omponents, �rst the total number of zeros

and se
ond the sequen
e of the numbers of zeros between ea
h 
oeÆ
ient.

There are three luminan
e VLC, one DC 
hrominan
e VLC and one FLC

tables whi
h 
an be used for 
oding num{trail. The blo
ks on the top and to

the left of the blo
k 
urrently being de
oded are used for determining whi
h

table to use. Table 3.3 details how the 
al
ulations are 
arried out.

Upper Blo
k Present? Left Blo
k Present? N

Y Y

N

u

+N

l

2

Y N N

u

N Y N

l

N N 0

First VLC table used if 0 <= N < 2

Se
ond VLC table used if 2 <= N < 5

Third VLC table used if 5 <= N < 8

FLC table used if N >= 8

Table 3.3: VLC Table Choi
e

14

When there are any non{zero 
oeÆ
ients in a 4x4 blo
k there tends to be several high

frequen
y 
oeÆ
ients that are �1, see [6℄
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The level information 
an be signaled using one of �ve possible tables

whi
h roughly approximate a 
ontext adaptive s
heme. The �rst table, Table

0, is designed for the 
ase when mainly low magnitude 
oeÆ
ients are present.

As the table number gets higher, the 
orresponding binary tree be
omes more

balan
ed. Table 3.4 
ontains the �rst three entries for tables 0,2 and 5. Tables

1,2,3,4 were designed for the 
ase where there is a high probability of large

magnitude level values.

Lev-VLC0

Code no Code Level

0 1 1

1 01 �1

2 001 2

.

.

.

.

.

.

.

.

.

Lev-VLC2

Code no Code Level

0{3 1XX �1 to �2

4{7 01XX �3 to �4

7{11 001XX �5 to �6

.

.

.

.

.

.

.

.

.

Lev-VLC5

Code no Code Level

0{15 1XXXX �1 to �8

16{31 01XXXX �9 to �16

32{47 001XXXX �17to �24

.

.

.

.

.

.

.

.

.

Table 3.4: VLC tables for 
oding Level information

The tables are sele
ted using a simple algorithm whi
h applies to both

intra and inter 
oded ma
roblo
ks.

IF QP � 21

De
ode the �rst 
oeÆ
ient with VLC0
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De
ode se
ond 
oeÆ
ient with VLC1

In
rease VLC by one (up to 2) if jLevelj > 3

ELSE

IF (number of 
oeÆ
ients > 10)

De
ode the �rst 
oeÆ
ient with VLC1

De
ode the se
ond 
oeÆ
ient with VLC2

ELSE

De
ode the �rst 
oeÆ
ient with VLC0

De
ode the se
ond 
oeÆ
ient with VLC1

IF (vl
 == VLC1)

in
rease to VLC2 if jLevelj > 3

IF (vl
 � VLC2)

In
rease VLC by one (up to 4) if jLevelj > 5

Run information is divided into totalzeros and run lengths. Totalzeros is the

sum of all the zeros before the last 
oeÆ
ient in a forward s
an through the 16


oeÆ
ients. For example, given 0040008050003000, totalzeroes = 2+3+1+3

= 9.

Sin
e the number of non{zero 
oeÆ
ients is already known, this infor-

mation 
an be used to limit the possible number of zero 
oeÆ
ients. For

example, if there are 7 non{zero 
oeÆ
ients, there 
an not be more than 9

zeros before the last 
oeÆ
ient. There are 15 possible tables for 
oding the

totalzeros. The number of non-zero 
oeÆ
ients

15

determines whi
h table to

use.

The run size before the next non{zero 
oeÆ
ient is signaled using one of

seven VLC tables. The number of zeros remaining to distribute, zerosleft,

starts at totalzeros and is de
remented appropriately as ea
h non-zero 
oef-

�
ient is de
oded. The value of zerosleft is used to 
hoose whi
h VLC table

should be used. For example, if there is only 1 zero left to distribute then

the size of the run before the next 
oeÆ
ient is either 0 or 1 whi
h requires

only 1 bit to signal.

15

Signaled in num{trail.
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3.6 Hypotheti
al Referen
e De
oder

The hypotheti
al referen
e de
oder (HRD) models the 
hannel and de
oder

bu�er. It a
ts as a throatle on the numbers of bits being released to the


hannel. There are three parameters whi
h spe
ify the HRD, the 
hannel

rate R, the bu�er size B, and the initial bu�er fullness F in bits. The

HRD parameters represent the available resour
es of the de
oder, bandwidth,

bu�er spa
e and delay respe
tively.

The HRD starts with an initially empty bu�er. At time t

start

, the bu�er

begins to �ll with bits at an instantaneous bit rate R(t). When

R

t

0

t

start

R(t)dt =

F , t

0

is identi�ed as the de
oding time of the �rst pi
ture. It 
an be seen by

equation (3.20) how F measures de
oder delay.

Time until the �rst pi
ture 
an be de
oded =

F

1

t

R

t

0

t

start

R(t)dt

: (3.20)

The HRD 
an be easily des
ribed using a leaky bu
ket (LB). A leaky

bu
ket leaks at a rate R

1

bits/se
ond, the bu
ket has a size B

1

bits and it

has an initial fullness of B

1

� F

1

bits.

The LB parameters are signaled in the header of the bitstream. They

spe
ify the de
oder resour
es whi
h are ne
essary to 
ompletely de
ode the

bitstream in real time. A bitstream may be 
ontained in any number of

leaky bu
kets. The en
oder 
an spe
ify any number of distin
t LBs in the

bitstream, (R

1

; B

1

; F

1

); : : : ; (R

N

; B

N

; F

N

) where the R

i

's are in stri
tly in-


reasing order and the B

N

's and F

N

's are in stri
tly de
reasing order.

In the 
ontext of the HRD, a bitstream is 
ompletely 
hara
terized by

the 2{D integer sequen
e, (t

0

; d

0

); (t

1

; d

1

); : : :, where t

i

is the de
oding time

of pi
ture i and d

i

is the numbers of bits making up pi
ture i.

A bitstream is 
ontained in a given LB if the bu
ket doesn't over
ow

under the following 
onditions:

1. The bu
ket starts out with B

1

� F

1

bits.

2. At time t

0

, d

0

bits are inserted into the bu
ket in addition to the B

1

�F

1

bits.

3. The bu
ket begins to drain at a rate of R

1

bits/se
ond.
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4. If the bu
ket empties, then it will stop draining and remain empty until

the next insertion

5. At time t

i

i � 2, d

i

bits are inserted into the bu
ket whi
h will drain

at rate R

1

In other words, the initial bu
ket fullness is de�ned by equation (3.21)

and the number of bits in the bu�er at time t

i+1

is de�ned by equation (3.22).

b

0

= B

1

� F

1

(3.21)

b

i+1

= maxf0; b

i

+ d

i

� R(t

i+1

� t

i

)g: (3.22)

The bu
ket will not over
ow if b

i

+ d

i

� B

1

8i � 0.

As mentioned above, the en
oder 
an spe
ify several di�erent LBs to 
on-

tain the bitstream. When the de
oder re
eives the bitstream over a 
hannel

with rate R, it must 
he
k if its HRD parameters, R,B and F are suÆ
ient

to de
ode the bitstream. This is done through linear interpolation and ex-

trapolation. Be
ause of the enfor
ed ordering in the bitstream, the sequen
e

of LBs form a 
onvex 
urve as seen in Figure 3.15. The de
oder will test to

see if the point (R;B) resides above the 
urve.

Figure 3.15: Leaky Bu
ket

If R

i

� R � R

i+1

then the HRD will not over
ow or under
ow if B �

B

min

(R) and F � F

min

(R).

B

min

(R) = �B

n

+ (1� �)B

n�1

(3.23)

F

min

(R) = �F

n

+ (1� �)F

n�1

(3.24)

� =

R

n+1

� R

R

n+1

� R

n

: (3.25)
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If R < R

1

B

min

(R) = B

1

+ (R

1

� R)T (3.26)

F

min

(R) = F

1

: (3.27)

Where T is the time from the de
oding of the �rst pi
ture to the last

pi
ture.

If R > R

n

B

min

(R) = B

N

(3.28)

F

min

(R) = F

N

: (3.29)

Alternatively, given a bu�er size, B, the bitstream is de
odable provided

R � R

min

(B) and F � F

min

(B) where B

n

� B � B

n+1

.

R

min

(B) = �R

n

+ (�� 1)R

n�1

(3.30)

F

min

(B) = �F

n

+ (�� 1)F

n�1

(3.31)

� =

B

n+1

� B

B

n+1

� B

n

: (3.32)

If B > B

1

R

min

(B) = R

1

+

(B � B

1

)

T

(3.33)

F

min

(B) = F

1

: (3.34)

If B < B

N

then the stream may not be de
odable.

3.7 Analysis

3.7.1 Blo
k Sizes

By grouping pixels in smaller blo
k sizes, 4x8, 8x4 and 4x4, there is a higher

probability that the best mat
h in the previous frame will be found. A better

mat
h results in a residual blo
k with low magnitude 
oeÆ
ient values. The

extra signaling required to indi
ate the sub{division mode and motion ve
tors

must be o�set by the savings in transmitting the residual 
oeÆ
ient values.

The smaller blo
k sizes also mean more sear
hes must be made to de-

termine the motion ve
tors. For example, with a QCIF image, there are
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99 ma
roblo
ks or 396 8x8 blo
ks. If only 8x8 blo
ks are used and only

one other previous pi
ture is sear
hed, 396 sear
hes must be made. If 4x4

blo
ks are used then 1548 sear
hes must be made. If 4x4 blo
ks are used

and the four most re
ent pi
tures are sear
hed then 6336 sear
hes must be

made. If the largest motion ve
tor 
omponent allowed is 32 pixels, then 16382

subtra
tions have to be performed whi
h results in approximately 1:0� 10

8

operations whi
h have to be performed for ea
h pi
ture. At 29.9 pi
tures per

se
ond this amount to 3:0� 10

9

operations per se
ond.

Smaller blo
k sizes also lead to fewer blo
king artifa
ts. Smaller blo
ks

will result in better representation of edges in the pi
ture.

3.7.2 Predi
tion Equations

The impa
t of the expensive sear
hes is balan
ed by simple predi
tion op-

erations for inter mode. The ve
tor 
omponents are basi
ally predi
ted in

only one way. This is a marked di�eren
e from intra mode where, for 4x4

mode, there are 8 available predi
tions modes, some of them very intri
ate.

For example, predi
tion mode 7 requires 10 separate 
al
ulations for ea
h

4x4 blo
k. These expensive 
al
ulations are balan
ed by the la
k of blo
k

sear
hes whi
h are not required in intra mode.

Inter mode seems ideal for the situation where 
omputing power is readily

available but bandwidth is limited. Conversely intra mode is best suited

to situations where little 
omputing power is available but bandwidth is

plentiful. An intelligent en
oder 
ould use 
hannel{traÆ
 feedba
k to swit
h

between intra and inter modes as ne
essary.

The 
oded bit pattern (
bp), whi
h is sent for every inter blo
k and intra

16x16 mode blo
ks 
an save a 
onsiderable number of bits. In the 
ase of an

inter ma
roblo
k, the four least signi�
ant bits are used to indi
ate whi
h of

the 8x8 blo
ks do not 
ontain any non-zero 
oeÆ
ients. If all four bits are

set to 0 then none of the 8x8 blo
ks 
ontain transform 
oeÆ
ients. If these

four bits were not used, 16 bits of EOB symbols would have to sent. This

results in a savings of 12 bits for every empty ma
roblo
k. The n
 
ag, whi
h

o

upies the 2 most signi�
ant bits of the 
bp, 
an also save unne
essary EOB

symbols for 
hrominan
e information. The 
ase for n
=0 results in a savings
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of 9 bits be
ause 10 bits would have to have been sent, 2 for the 2x2 DC

blo
ks and 8 for the 4x4 AC blo
ks. The bene�t of using the 
bp is of 
ourse

minimized when a ma
roblo
k does 
ontain transform 
oeÆ
ients. The 
ags

do not impose a heavy burden on the bitstream. No more than one byte is

taken up for ea
h ma
roblo
k.

3.7.3 Pi
ture Referen
ing

The ability to referen
e more than the immediately surrounding pi
tures is

a new feature in H.264. Ea
h extra pi
ture sear
hed results in millions of

extra operations. It is therefore not a feature to be used lightly. Multiple

pi
ture referen
ing (MPR) also results in an in
rease in signaling data. The

referen
e parameter must be sent indi
ating whi
h previous pi
ture ea
h

motion ve
tor is pointing to. MPR 
ould also involve the use of the long{

term bu�er detailed in se
tion 3.5.2.

The standard does not state the spe
i�
 reason for using a long{term

pi
ture bu�er. The reason 
an, however, be inferred. A long{term pi
ture

bu�er would be very useful in the 
ase when several pi
tures were repeated

many times over a long period. For example, a news broad
ast often 
onsists

of two distin
t types of video, shots of the news reader sitting still reading

the news and short 
lips of video for ea
h news story. If one pi
ture for ea
h


amera angle was 
oded in intra mode and saved in the long{term bu�er, then

every subsequent shot of the news reader would have an ex
ellent referen
e

frame, no new intra frames would be needed. The 
omplexity involved in

implementing su
h a system would be high by today's standards, be
ause this

would require and intelligent en
oder to examine the bitstream and identify


ommonly o

uring s
enes.

3.7.4 Quantization Operation

The standard spe
i�es that the values whi
h result from dequantization

16

should be 
onstrainted to (�2

15

; 2

15

� 1). It 
an be inferred that ea
h trans-

form 
oeÆ
ient is assigned at least 2 bytes.

16

These values are usually transform 
oeÆ
ients.
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There are 51 distin
t values QP 
an take on, however this does not mean

that there are 51 di�erent quantizers to 
hoose. Rather, the way the equa-

tions are de�ned, there are only 9 quantizers whi
h operate by shifting out a

di�ering number of bits. For ea
h quantizer there are 6 possible values whi
h


an be used to s
ale the 
oeÆ
ient values.

Given that equations (3.14), (3.15) and (3.16) are used for performing

the inverse quantization operation, the 
orresponding forward quantization

must be of the form of equation (3.35).

X

QD

= (

X

D

R(QP;G(i; j)

) >> (QP=6): (3.35)

Note that for ea
h in
rement of 6 for QP the s
aling parameter halves. Sin
e

many of the s
aling parameters are not powers of two, integer round o�

should be used to remove any mismat
h between the en
oder and de
oder.

In order to help visualize how the quantizer works, Figures 3.16 and 3.17

show the result of applying the quantizer to luminan
e 
omponents without

the additional s
aling operations

17

. As the value of QP in
reases, many of

the transform 
oeÆ
ient (TC) values are de
imated to 0.

Figure 3.16: Zoomed view of H.264 Quantizer

17

Sin
e the s
ale in Figure 3.17 is too large to show �ne detail, Figure 3.16 was in
luded

to show a zoomed view.
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Figure 3.17: Full View of H.264 Quantizer

3.7.5 Transform Coding

Both the transforms used for H.264 are very simple and provide 
orrespond-

ingly less signal 
ompa
tion.

In the 
ase of residual AC blo
ks, three distin
t s
aling values have to

be used. Re
all, these residual blo
ks are transformed a

ording to equation

(3.36) and the resulting blo
k is partitioned for s
aling a

ording to Fig-

ure 3.12. In order to understand why all this is done, it should be noted

that the basis fun
tion of T4 have two distin
t norms whi
h results in three

distin
t norms for the two{dimensional transform of equation (3.36). These

three distin
t norms are distributed in X in the pattern of Figure 3.12.

It should also be noted that the s
aling fa
tors asso
iated with one of

norms of T4 are the same s
aling fa
tors whi
h are used for the 4x4 Hadamard

transform whi
h shares the same norm.

X = T4 �Y �T4

T

: (3.36)

3.7.6 Entropy En
oding

The default UVLC tables whi
h are provided are not espe
ially noteworthy.

They 
an only have been designed with the most general image 
hara
ter-

isti
s. For example, EOB is given the shortest 
ode word for transmitting

transform 
oeÆ
ient information. This must mean that EOB is the most

frequently transmitted symbol in general. There is no ability to adapt to
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and take advantage of image 
hara
teristi
s.

The 
ontext adaptive VLC for transform 
oeÆ
ients allows a limited de-

gree of adaptability however results in 
hapter 5 will show that the CABAC

system provides a mu
h better 
ompression rate.

3.8 Comments

The primary 
hara
teristi
 of most of the H.264 tools is to sa
ri�
e run{time

for better rate{distortion performan
e. This is a 
onsequen
e of the re
ent

growth in 
omputer power whi
h has been steadily following Moore's Law

18

sin
e the late sixties. Computers are now roughly 16 times more powerful

then they were in 1996 when H.263 was �rst produ
ed. Even so, H.264 is

not being designed with 
urrent 
omputing limits in mind. In order for the

standard to stand the test of time it must 
hallenge today's te
hnology while

anti
ipating and driving the 
reation of new te
hnology.

Many of the new features in H.264 require not only additional 
omputing

resour
es but also in
reased bandwidth. Sin
e it is not always possible to

in
rease the available bandwidth the only variable whi
h 
an be adjusted is

the rate-distortion performan
e. If the bandwidth stays 
onstant and the

amount of 
ontrol signalling in
reases then the pi
ture quality will have to

su�er.

As the results in Chapter 5 will bear out, using all the features of H.264

in real time is well outside the 
apability of a powerful personal 
omputer.

However, H.264 has been designed in a modular fashion; as te
hnology evolves

we will be able to 
ombine the tools in in
reasingly powerful 
ombinations.

18

Computing power doubles every 18 months.



Chapter 4

H.264 { Main Pro�le

The main pro�le 
ontains all the features in the baseline pro�le with the

addition of three features.

{ B pi
tures

{ Context Adaptive Binary Arithmeti
 Coding (CABAC)

{ Adaptive blo
k-size transform

4.1 B Pi
tures

B{pi
tures, or bidire
tionally 
oded pi
tures, are predi
tive 
oded pi
tures

with up to two referen
e pi
tures. There are several �ne distin
tions to be

made in understanding B{pi
tures whi
h are not made any more 
lear by the

use of 
onfusing terminology.

A B{pi
ture 
an be predi
ted by motion ve
tors whi
h point into two

di�erent bu�ers, a forward referen
e frame bu�er and a ba
kward referen
e

frame bu�er. The terms forward and ba
kward do not mean that, relative

to the B{pi
ture, the bu�ers 
ontain pi
tures in pre
eding or subsequent

order respe
tively. In other words, a forward referen
e frame bu�er does

not ne
essarily have to 
ontain only pi
tures whi
h pre
ede the B-pi
ture in

the video stream; as with the ba
kward referen
e frame bu�er, it does not

ne
essarily have to 
ontain pi
ture whi
h are subsequent to the B-pi
ture.

If the B{pi
ture has two motion ve
tors for a blo
k of pixels, the predi
tion

blo
k will be a weighted 
ombination of the two referen
ed blo
ks.

61
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The division of the ma
roblo
k for a B{frame is the same as for P{frames:

16x16, 16x8, 8x16 and 8x8 divisions with 8x8,4x8,8x4 and 4x4 divisions avail-

able for 8x8 
oded ma
roblo
ks.

When B{pi
tures are used, the lo
ation of pi
ture data is no longer in tem-

poral or display order. For example, if the following dependen
y stru
ture ex-

ists in Figure 4.1 then the resulting bitstream will be P0; P1; B1; B3; B2; : : :

instead of P0; B1; B2; B3; P1; : : ::

Figure 4.1: Example of a pi
ture sequen
e 
ontaining B-pi
tures

4.1.1 Ma
roblo
k Modes

There are �ve available ma
roblo
k modes for B{pi
tures whi
h 
an be

broadly 
lassi�ed into three fun
tional groups.

4.1.1.1 Forward and Ba
kward

Forward mode and ba
kward mode are basi
ally equivalent to the inter 
oding

mode. The predi
tion blo
k is taken from the forward referen
e frame bu�er

if forward mode is used and from the ba
kward referen
e frame bu�er if

ba
kward mode is used.

4.1.1.2 Bi{predi
tive and Dire
t

Bi{predi
tive mode and dire
t mode referen
e two distin
t blo
ks for ea
h

blo
k being 
oded. These blo
ks 
ould be in either of the referen
e frame
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bu�ers. It should again be emphasized how loose the 
onstraints are for these

bu�ers. For example, the same pi
ture 
ould be assigned to both bu�ers. It

is up to the en
oder to 
ontrol how pi
tures are added to the bu�ers.

The only di�eren
e between bi{predi
tive mode and dire
t mode is in how


ertain parameters are 
oded. In bi{predi
tive mode, the referen
e frame

indi
es and the forward and ba
kward motion ve
tors are 
oded separately.

In dire
t mode, the referen
e frame indi
es and forward and ba
kward motion

ve
tors are derived from those in the 
orresponding ma
roblo
k in the pi
ture

with referen
e index 0 in the ba
kward referen
e frame bu�er. Essentially this

means that the stru
ture of the pi
ture with referen
e index 0 di
tates the

stru
ture of the 
urrent B-pi
ture. It is also 
lear that in order to begin using

dire
t mode, bi{predi
tive mode must be used �rst to 
reate the ma
roblo
k

divisions whi
h are found in the pi
ture with referen
e index 0.

The two referen
e ma
roblo
ks will be 
ombined together using one of

several weighting s
hemes.

4.1.1.3 Intra Modes

B{pi
ture intra mode is no di�erent to P{pi
ture intra mode. The pi
ture

is 
oded using spatial predi
tion using one of the nine available modes.

4.1.2 Coding the Modes

If a blo
k is 
oded using dire
t mode, no information needs to be sent for the

sub{blo
ks be
ause this information 
an be found in the pi
ture with refer-

en
e index 0 in the ba
kward bu�er. There is therefore only one 
odeword

needed to signal this 
ase.

If 16x16 division size is used, the blo
k 
ould be 
oded using forward

mode, ba
kward mode or bi{dire
tional mode. Three 
odewords are required

to distuinguish these modes.

If 8x16 or 16x8 blo
ks are used for dividing the ma
roblo
k, ea
h of the

two blo
ks may use a di�erent mode, either forward mode, ba
kward mode

or bi{dire
tional. That makes 9 possible predi
tion 
hoi
es for two ways of

dividing the ma
roblo
k. This results in 18 distin
t 
odewords whi
h are

needed to des
ribe these situations.
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If 8x8 divisions are used a further 12 
odewords are needed to des
ribe

the 
ombinations of blo
ks and predi
tion 
hoi
es.

4.1.3 Predi
tion Generation

Unless expli
itly spe
i�ed, when bi-dire
tional mode or dire
t mode are used,

the sum of the two referen
ed ma
roblo
ks is divided by two to form the

predi
tion for the 
urrently regarded blo
k. There is however, the 
apability

to signal mu
h more expli
it parameters for 
ombining the two ma
roblo
ks.

If so indi
ated in the bitstream, the parameters FWF ,SWF , LWD and

D are sent to be used in equation 4.1.

P = 
lip

�

P

1

FWF + P

2

SWF

2

LWD

+D

�

(4.1)

Where P

1

and P

2

are the two referen
ed ma
roblo
ks. P is 
lipped be-

tween 0 and 255 whi
h is to be expe
ted be
ause the values in the ma
roblo
k

being predi
ted are also 
on�ned to [0,255℄.

4.1.4 De
oder Pro
ess

The motion ve
tors for B{pi
tures are di�erentially en
oded as with I{pi
tures.

That is to say, a predi
tion is formed for the motion ve
tor and then the pre-

di
tion error is sent over the 
hannel. The predi
tions are formed in the same

manner as inter pi
tures, using median predi
tion ex
ept in one spe
ial 
ase.

If bi-dire
tional mode or dire
t mode are used and the two pi
ture are in

the same dire
tion

1

then the motion ve
tor for the farthest pi
ture is formed

using a di�erential motion ve
tor from a s
aled motion ve
tor pointing to

the nearest pi
ture. The 
on
ept is illustrated in Figure 4.2.

The motion ve
tor, MV1, is s
aled a

ording to two parameters, dis-

tan
e 1 and distan
e 2. Then the di�erential motion ve
tor, DMV, is added

to rea
h the appropriate blo
k in the se
ond referen
e pi
ture. Equation 4.2

details the 
al
ulations ne
essary to obtain MV2.

MV 2 =

distan
e 1

distan
e 2

MV 1 +DMV (4.2)

1

That is to say in the same bu�er.
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Figure 4.2: Cal
ulation of Se
ond Motion Ve
tor

4.2 CABAC

The CABAC system allows for more eÆ
ient 
ompression at the expense of

mu
h higher 
omplexity. Ea
h bit en
oded, entails a signi�
ant amount of

pro
essing. Every en
oded parameter has its own 
ontext modeling system,

some more 
ompli
ated then others. Table 4.1 lists most of the information

whi
h has to be en
oded for H.264.

Ma
roblo
k Type (I,P,B Sli
es)

Motion Ve
tor Data (P,B ve
tors)

Referen
e Frames

Coded Blo
k Patterns (intra 16x16 mode, inter mode)

Intra Predi
tions Modes

CoeÆ
ient Information

Table 4.1: H.264 Parameters

Non{binary parameters are mapped to binary 
ode words. Ea
h of the
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bits in the binary 
odewords will have an asso
iated probability distribution

whi
h is determined by 
ontext modeling. Context is derived from at most

the two surrounding samples on top and to the left of the 
urrently regarded

sample, as shown in Figure 3.5{(a). As ea
h bit is en
oded, these probability

distributions are updated a

ordingly.

Many of the 
omputations whi
h are normally asso
iated with arithmeti


en
oding are side{stepped in CABAC by the use of table look up s
hemes.

Tables are used to determine the new size of the en
oding range and for

updating the 
ontext models. The disadvantage of using tables is that ap-

proximations have to made.

It will be helpful to make some terms 
lear for the 
ontext of CABAC.

Ea
h bit whi
h is en
oded has a 
orresponding 
ontext variable. These


ontext variables 
an take on one or several possible values. For example:

if pixel bit i of pixel 
 was being en
oded then the 
ontext variable,
tx 


i

,


ould look something like equation 4.3. Ea
h of the possible values of 
tx 


i

is a 
ontext.


tx 


i

= (
tx a

i

+ 
tx b

i

)=2 (4.3)

The basi
 steps for CABAC are summarized below.

1. Determine the 
ontext

2. Initialize the 
ontext model

3. Perform arithmeti
 en
oding on ea
h individual bit

4. Update the 
ontext, res
ale if ne
essary, and return to step 3.

The de
oder will know in whi
h order to expe
t data from the bitstream.

Given this knowledge, the 
ontext model has to be initialized. If the in-

formation being en
oded/de
oded is non{binary valued then it has to be

binarized

2

. This pro
ess involves traversing a binary tree where ea
h bran
h

in the tree is a de
ision whi
h has its own 
ontext model. Sin
e these 
on-

texts only model the possible values of one bit, the random variable is de�ned

by one value, p whi
h represents the probability of the least likely value of

the bit. After en
oding ea
h bit, the 
ontext model is updated a

ordingly.

2

This awkward term was taken from [6℄.
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4.2.1 Context Modeling

The 
ontext modeling for every type of parameter is presented in the stan-

dard. For the sake of brevity, only sele
ted parameters will be dis
ussed

here, en
oding inter ma
roblo
k mode information, motion ve
tor data and

transform 
oeÆ
ients.

4.2.1.1 Inter Ma
roblo
k Modes

Re
all, for inter ma
roblo
ks there are six ways of dividing the ma
roblo
k

and for 8x8 mode there are a further �ve ways of dividing ea
h of those

blo
ks. All these modes must be sent to the de
oder. Table 4.2 details these

modes with their asso
iated 
odewords.

Ma
roblo
k Mode Binarization

SKIP 0

16x16 1 0 0 0

16x8 1 0 1 1

8x16 1 0 1 0

8x8 1 0 0 1

Intra 4x4 1 1 0

Intra 16x16 1 1 1

De
isions 1 2 3 4

8x8 Partition Mode Binarization

8x8 1

8x4 0 0 0

4x8 0 0 1 1

4x4 0 0 1 0

Intra4x4 0 1

De
isions 1 2 3 4

Table 4.2: Binarization for intra 
oding modes

For en
oding the ma
roblo
k mode, the �rst de
ision has three possible


ontext models based on the value of equation 4.4. See table 4.3 for the

asso
iated 
ount values, Se
tion 4.2.2 details how the values 


i

and r

i

are

used. Therefore, the value of 
tx mb type di
tates whi
h probability distri-

bution p will be used for en
oding the �rst bit for the 
odeword denoting the

ma
roblo
k mode.


tx mb type P (C) =

8

>

>

>

<

>

>

>

:

0 if A and B were both skipped

1 if A XOR B was skipped

2 if A and B were not skipped

(4.4)
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The rest of the de
isions have only one 
ontext model ea
h to 
hoose

from, i.e. only one possible distribution for p. The se
ond de
ision is 
oded

using 
tx mb type P (C) = 3 (
ontext 3). The third de
ision is based on the

value of the se
ond. If a value of 0 is en
oded then 
ontext 4 is used, 
ontext

6 otherwise. For the fourth de
ision, if a 0 is en
oded then 
ontext 5 is used,


ontext 6 otherwise. The 8x8 divisions are en
oded in a similar manner using

a di�erent table.


tx mb type P = 


0




1

r

0

r

1

0 7 2 5 0

1 1 2 0 0

2 1 2 0 0

3 30 1 0 0

4 2 1 0 0

5 5 9 9 �9

6 4 3 0 0

Table 4.3: Contexts for en
oding intra ma
roblo
k modes

4.2.1.2 Motion Ve
tor Data

As with intra frames, only the �rst bit of motion ve
tor data is en
oded using

a 
ontext variable with more than one possible value. Equation 4.5 is used

to derive the 
ontexts shown in equation 4.6.

e

k

(A;B) = jMD

k

(A)j+ jMD

k

(B)j (4.5)


tx MD(C; k) =

8

>

>

>

<

>

>

>

:

0 if e

k

(A;B) < 3

2 if e

k

(A;B) > 32

1 otherwise

(4.6)

These three 
ontexts represent three di�erent probability distributions. Context{

0 
orresponds to a mu
h higher weighting given to zero as the most probable

symbol. This is due to how the motion ve
tor 
omponents are binarized. The


odeword for a zero magnitude 
omponent is 0, therefore every other 
ode-

word must start with a 1

3

. The extra weight given to the zero in 
ontext{0

3

For unique de
odability.
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now makes sense be
ause it 
orresponds to a 
ontext where the surrounding

residual motion ve
tors have a small magnitude.

Symbols 
orresponding to 
omponent magnitudes from 1 to 63 are en-


oded using a unary 
ode of the following form: magnitude n is en
oded as

1

0

1

1

: : : 1

n

0. Codewords 64 and upwards are en
oded with an initial run of 63

1's followed by an additional blog

2

(n� 62)
 1's, a 0 then �nally some suÆx

bits. Table 4.4 shows 
odewords 64 to 72.

Context{1, whi
h assigns an equi-probable distribution to the 
ounts, is

used for the 
ase when the surrounding motion ve
tor residuals are not very

large. Context{2, whi
h 
orresponds to high magnitude surrounding motion

ve
tor residuals, assigns a slightly higher probability to 1. The rest of the

bits are en
oded using a �xed 
ontext model.

Index Pre�x SuÆx

63 1. . . 10 -

64 1. . . 110 0

65 1. . . 110 1

66 1. . . 1110 00

67 1. . . 1110 01

68 1. . . 1110 10

69 1. . . 1110 11

70 1. . . 11110 000

71 1. . . 11110 001

72 1. . . 11110 010

De
ision 123. . . . . .

Table 4.4: Binarization of motion ve
tor magnitudes

4.2.1.3 Transform CoeÆ
ients

For ea
h blo
k of transform 
oeÆ
ients, a one bit variable, 
bp4, is signaled

whi
h indi
ates if there are any non{zero 
oeÆ
ients. 
bp4 is not sent if the

ma
roblo
k header indi
ates there are no non-zero 
oeÆ
ients in that region

of the ma
roblo
k. If 
bp4 equals zero then no further information is sent for
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the blo
k.

The blo
k types

4

are divided into 5 
ategories. Equation 4.7 is used for

all �ve 
ategories of blo
ks. There are four possible values for equation 4.7

whi
h results in a total of 20 di�erent possible 
ontexts for en
oding the 
bp4

bit.


tx 
bp4(C) = 
bp4(A) + 2 x 
bp4(B) (4.7)

If 
bp4 indi
ates there are non{zero 
oeÆ
ients, a signi�
an
e map of

the blo
k must be sent indi
ating the positions of the non{zero 
oeÆ
ients.

For every 
oeÆ
ient position, a 1{bit variable, SIG, is transmitted. If SIG

equals 1, the 
oeÆ
ient is non{zero. Furthermore, if SIG 'equals 1 then

a 1{bit variable, LAST, is signaled to indi
ate if this is the last non{zero


oeÆ
ient for the blo
k. Table 4.5 gives an example of this 
oding style.

CoeÆ
ients 10 2 0 0 0 5 1 1 0 0 0 0 1 0 0 1

SIG 1 1 0 0 0 1 1 1 0 0 0 0 1 0 0 (1)

LAST 0 0 - - - 0 0 0 - - - - 0 - - (1)

Table 4.5: Example of SIG,LAST 
oding

There is a di�erent 
ontext variable for ea
h 
oeÆ
ient position. The

same 
ontext is used for both SIG and LAST.

Now that a map has been formed indi
ating where non{zero 
oeÆ
ients

are lo
ated, the magnitudes and signs of those 
oeÆ
ients must be en
oded.

This is a

omplished in a manner very similar to that of motion ve
tor in-

formation.

4.2.2 Initialization of Context Models

Having 
hosen a 
ontext, the variables 


1

and 


0

are assigned values for ea
h

needed bit. These variables now have to be initialized to make them ready

to be sent to the en
oder/de
oder.

There are three types of 
ontext models, those with QP{independent

initial 
ounts, those with QP{dependent initial 
ounts and uniform initial


ounts. These models are initialized in the following manner:

4

See table 3.1.
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Note: 


total

= 


0

+ 


1

QP{INDEPENDENT

while(


total

> 16)




temp

= 


1




1

= (


1

+ 1) >> 1




total

= 


1

+ ((


total

� 


temp

+ 1) >> 1)

QP{DEPENDENT{
ase1

qp fa
tor = min(33, max(0,QP � 22)) - 12


s

0

= 


0

+ (r

0

x qp fa
tor)>> 3


s

1

= 


1

+ (r

1

x qp fa
tor)>> 3

QP{DEPENDENT{
ase2

qp fa
tor = min(36, max(0,40�QP )) - 12


s

0

= 


0

+ (r

0

x qp fa
tor)>> 4


s

1

= 


1

+ (r

1

x qp fa
tor)>> 4

The QP{Independent algorithm is a
tually used whenever the 
ount val-

ues get too high and have to be res
aled. The res
aling operation ensures

that 


total

is never higher than 16. This pla
es an upper bound of 64 on the

possible number of probability distributions and 
orrespondingly, a bound of

64 on the number of en
oder/de
oder states.

The most probable symbol (MPS), the least probable symbol (LPS) and

state index STATE have to be determined from the initialized distribution.

The STATE index is used for making transitions in

the en
oding tables.

GET{MPS{AND{STATE

MPS = 0

IF ((


total

� 


1

) < 


1

)

MPS = 1

STATE = StateTab[


total

� 


1

� 1℄[


total

� 2℄

ELSE

STATE = StateTab[


1

� 1℄[


total

� 2℄
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StateTab is a table 
ontaining en
oder states whi
h are referen
ed by the

value of 


LPS

and 


total

.

For the uniform distribution, 


1

= 


0

= 1, MPS=0 and STATE=0.

4.2.3 Implementation Details

CABAC is implemented using mainly table lookups. Instead of making 
ostly


al
ulations, the en
oder/de
oder moves from state to state based on the

values of 


0

and 


1

as they are updated when ea
h bit is en
oded/de
oded.

Ea
h state 
ontains an approximation of two variables R and V .

The range R, is a 16{bit number. The pointer V , points into the 
urrent

sub{range of R whi
h 
ontains the most re
ently en
oded symbol. R is

initialized as 0x8000 (32768) and is never allowed to shrink smaller than

0x4000 (16384). In other words, be
ause of the nature of of arithmeti
 
oding,

R will 
ontinue to shrink as more numbers are en
oded. Eventually, R will

rea
h a value whi
h triggers a re{s
ale operation.

First, R is initialized to 0x8000, then the �rst bit to be en
oded is ex-

amined. If this bit is the LPS, then R is shrunk to R � p

5

and V is set to

point into [0; R � p). If the bit is the MPS, then R is shrunk to R � (1� p)

and V is set to point to [R � p; R). When the next symbol is en
oded, R will

be shrunk even further. In order to avoid these 
ostly multipli
ation opera-

tions, R is quantized to four values; that is to say, the range (0x4000,0x8000℄

is quantized to four values using equation 4.8.

There are 64 di�erent values of p. Many of these distributions are equal

but they must remain distin
t in order to preserve the 
ount values. For

example, if 


0

= 1 and 


1

= 2 then p =

1

3

; if 


0

= 2 and 


1

= 4 p is again

equal to

1

3

. Table 4.2.3 illustrates all these di�erent distributions.

Sin
e there are only 4 values for R and 64 values for p, every possible

value of R � p 
an be stored in a 64x4 table.

Q = (R� 0x4001) >> 12 (4.8)

5

Remember, p is the probability of the least probable symbol.
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Table 4.6: All Possible Probability Distributions for p

The value of p is part of the family of variables whi
h make up the 
urrent

state of the en
oder/de
oder. The state 
ontains, p, 


total

, V , R and the MPS.

Transitions between states are handled using a 64x2 table. The two


olumns in this table, Next State MPS and Next State LPS, 
ontain the

index of the next state whi
h the en
oder/de
oder will enter if the 
urrent

symbol being en
oded/de
oded is the MPS or LPS respe
tively.

4.3 Adaptive blo
k-size transform (ABT)

No matter whi
h blo
k division method is 
hosen for a ma
roblo
k, in the

baseline pro�le, the pixels are always transformed in 4x4 blo
ks. The advan-

tage to this situation is simpli
ity. However, using a transform whi
h 
an

take advantage of the entire signal length of larger blo
ks su
h as 8x8, 4x8

and 8x4 then the transform 
an a
hieve a greater signal 
ompa
tion.
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Predi
tion

As with regular intra luminan
e 
oding, there are nine available predi
tion

modes for luminan
e intra ABT 
oding. The predi
tion modes for regular

intra 
oding were de�ned for 4x4 blo
ks while the intra ABT predi
tion

modes are de�ned for NxM blo
ks where N=4 or 8 and M=8 or 4. The

predi
tion modes for two blo
ks are 
oded together unless there is an odd

number of blo
ks, in whi
h 
ase the last blo
k is grouped with a 0 whi
h the

de
oder will subsequently dis
ard.

The Transforms

Two transforms are used for the two signal lengths. For 4x4 and 8x4 blo
ks

the transform from equation (3.17) is used. For 4x8 and 8x8 blo
ks, the 8x8

transform in equation (4.9) is used. Note that the bases in the transform T8

has a 
ommon norm whi
h will simplify the s
aling pro
ess.

T8 =

2

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

4

13 13 13 13 13 13 13 13

19 15 9 3 �3 �9 �15 �19

17 7 �7 �17 �17 �7 7 17

9 3 �19 �15 15 19 �3 �9

13 �13 �13 13 13 �13 �13 13

15 �19 �3 9 �9 3 19 �15

7 �17 17 �7 �7 17 �17 7

3 �9 15 �19 19 �15 9 �3

3

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

5

: (4.9)

Blo
k S
anning

After the blo
ks have been transformed, they are s
anned using a zig-zag

pattern. For the 8x4 and 4x8 blo
ks, a slightly modi�ed version of zig-zag is

used to a

ommodate the non-square shape of the blo
ks. The modi�ed 4x8

s
an is shown in Figure 4.3.
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Figure 4.3: Example of the 4x8 S
an

Inverse Quantization and Re
onstru
tion

DC blo
ks are still transformed dequantized in the manner de�ned in Se
-

tions 3.5.5.1 and 3.5.5.2. The residual 8x8, 8x4, 4x8 and 4x4 blo
ks are

transformed and dequantized in a manner similar to that de�ned in Se
-

tion 3.5.5.3. Table 4.7 shows all the s
aling values whi
h are needed for the

di�erent 
ombinations of transforms.

For an 8x8 blo
k, the rows and 
olumns are both transformed by T8.

Sin
e every basis fun
tion in T8 has the same norm, only one set of s
aling

values is needed. These values are presented in 
olumn S

8�8

of Table 4.7.

For a 4x8 or 8x4 blo
k, both T8 and T4 are needed. In the 
ase of an

8x4 blo
k, �rst the rows are transformed using T4 then the 
olumns of the

resulting matrix are transformed using T8; for a 4x8 blo
k, the rows are

transformed using T8 and the 
olumns of the resulting matrix are trans-

formed using T4. Sin
e there are two distin
t norm values for T4, but only

one norm for T8, only two sets of s
aling values are needed. These values

are presented in 
olumn S

8�4;4�8

of Table 4.7.

For a 4x4 blo
k, T4 is used for both the rows and 
olumns. It should

be noted that the s
aling values presented in 
olumn S

4�4

of Table 4.7 are

roughly four times larger than the values de�ned in Table 3.13. This essen-

tially amounts to a left bit{shift by two. It is rather 
urious that the s
aling

values were 
hanged, otherwise there is no di�eren
e between the regular
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transformation pro
ess for 4x4 blo
ks and ABT.

QP mod 6 S

8�8

S

8�4;4�8

S

4x4

0 15 9 11 40 64 51

1 17 10 12 45 72 57

2 19 11 14 50 81 64

3 22 12 16 57 91 72

4 24 14 17 63 102 80

5 27 15 20 71 114 90

Table 4.7: S
aling values for the di�erent transform sizes

4.4 Summary

The additional options whi
h form the main pro�le try to in
rease the 
om-

pression rate by taking advantage of further redundan
y in the video data.

B{pi
tures use as mu
h temporal information as possible by examining

not just pre
eding pi
tures but also subsequent ones. All the predi
tion

modes for B{pi
tures provide great 
exibility for �nding a predi
tion blo
k

but a heavy


omputational burden is imposed. In order for B{pi
tures to be useful,

the extra signaling whi
h is required must not en
roa
h signi�
antly on the

gains made by the extra 
ompression. If the extra signaling results in the

same bit{rate as without B{pi
tures then 
omputing time will have been

wasted.

CABAC a
hieves additional 
ompression by exploiting statisti
al redun-

dan
y between subsequent bits are they are en
oded. This essentially entails

paying 
areful attention to every data bit sent over the 
hannel. The obvious

result is a mu
h higher 
omplexity. This is borne out in the test results in

Chapter 5. CABAC depends mu
h less on spatial 
ontinuity between subse-

quent pi
tures than other tools su
h as B{pi
tures whi
h will not work well if

ea
h pi
ture shows a new s
ene. By 
ontinually updating the 
ontext model,

CABAC a
hieves a 
onsistant performan
e gain over UVLC.
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Adaptive Blo
k Size transforms add the least amount of additional 
om-

putation of the three extra features in the main pro�le. Mat
hing the trans-

form to the blo
k size will result in greater signal 
ompa
tion and potentially

better run{length 
oding performan
e. If an 8x8 blo
k does not 
ontain any

non{zero 
oeÆ
ients then only one EOB symbol must be sent, instead of 4

if the blo
k had been divided into 4 4x4 blo
ks.



Chapter 5

Performan
e of H.264 en
oder

5.1 Testing Conditions

Table 5.1 details the test sequen
es whi
h were 
ompressed to show the per-

forman
e of the latest H.264 en
oder. The sequen
es were stored in YUV-


on
atenated format, with 8 bits used for ea
h video 
omponent with 30

frames per se
ond. The sequen
es were obtained from [9℄.

Sequen
e Sequen
e Resolution Number Size Rate

Name Number Of Frames (MB) (kb/s)

Container 1 QCIF 300 10.8 8640

Foreman 2 QCIF 400 14.5 8640

News 3 QCIF 300 10.8 8640

Silent Voi
e 4 QCIF 300 10.8 8640

Mobile and Calendar 5 CIF 300 43.5 34800

Paris 6 CIF 1000 145 34800

Tempete 7 CIF 260 37.7 34800

Table 5.1: List of test video sequen
es

The �rst frame of ea
h sequen
e is shown in Figures 5.1 and 5.2; the

sequen
es have the following visual and temporal 
hara
teristi
s:

� Container: a large 
ontainer ship moving slowly in the distan
e.

78
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Figure 5.1: QCIF video sequen
es; starting from top left, 
ontainer, foreman,

news and silent

� Foreman: a 
lose{up fa
e shot of a person talking, the 
amera then

pans to show a 
ompletely new s
ene of a 
onstru
tion site.

� News: two newsreaders, who do not move very mu
h, in the 
enter

ba
kground a ballet is performed, while the left and right ba
kground

do not 
hange.

� Silent Voi
e: a person is speaking in sign-language; the ba
kground

does not 
hange.

� Mobile: a toy train moves along tra
ks in front of a 
alendar. This

s
ene has perhaps the most movement.

� Paris: two people are seated, talking. There arHadamarde many hand

gestures and 
hanges of fa
ial expression.

� Tempete: a 
amera slowly zooms out from a nature s
ene. Leaves are


ontinually blowing between the 
amera and the ba
kground.

The tests were run using the JM H.264 software en
oder, version 3.40a.

The en
oder ran in Mandrake Linux 8.2 on a Pentium-4M 1.4 GHz with 256

MB of 266MHz RAM and 512 KB CPU 
a
he.
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Figure 5.2: CIF video sequen
es; starting from top left,mobile, paris and

tempete

For a thorough 
omparison of a slightly older software implementation of

H.264, H.263 and MPEG4, see [7℄ and [2℄.

The following features were tested to demonstrate the e�e
t on run{time

and the bit{rate; PSNR values

1

are given throughout, however, they are kept

relatively 
onstant.

1. I{frames vs. P{frames

2. E�e
t of de
reasing the blo
k size

3. 1 referen
e frame vs. 5 referen
e frames

4. UVLC vs. CABAC

5. P{frames vs. B{frames

1

The PSNR values presented are the mean of the three Y, U and V PSNR values.
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Adaptive blo
k size transforms were not tested be
ause that option was

unavailable on the software.

Emphasis will be pla
ed on the tradeo� between the additional run{time

in
urred by using ea
h additional option and the savings on the bit{rate.

Two situations will be assumed to provide a 
ontext in whi
h to analyse

the results, an oÆ
e setting, with powerful desktop 
omputers and a high

bandwidth

LAN or a small handheld devi
e using wireless 
ommuni
ations. In both

situations, 
omputing power and network bandwidth 
an be assumed to be

equally valuable. In an oÆ
e setting it would be very 
ostly to upgrade all the

desktop 
omputers; it would also be very 
ostly to upgrade all the internal

LAN equipment su
h as routers, swit
hes and 
abling. For the handheld

devi
e, 
omputing power is at a premium due to size and heat 
onstraints;

wireless bandwith is also not 
heap. These two situations are fairly typi
al

instan
es where H.264 will be used in real time.

However, it should be remembered that non{real time video has fewer

restri
tions. In this 
ontext, run{time is almost irrelevant; the media only has

to be en
oded on
e and 
an be de
oded any number of times. For example,

if a parti
ular option quadruples the run{time but results in the material

�tting on one CD{ROM instead of two, the tradeo� is probably worthwhile.

All tests were run with the following options, unless otherwise spe
i�ed:

1. One referen
e frame.

2. UVLC Entropy En
oding.

3. P{frames on.

4. No for
ed I{frames (i.e. only the �rst frame is an I{frame) item.

5. Motion ve
tor sear
h range 
lipped to 16.

6. Sli
es turned o�.

7. All seven blo
k sizes used.
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5.2 Using P{frames

The �rst test was performed to determine the e�e
t of using P{frames. Ta-

ble 5.2 illustrates that P{frames have a signi�
ant impa
t on both the run{

time and the bit{rate. On average, the 
ost of using P{frames seem worth-

while; for the pri
e of more than tripling the run{time, the bit{rate 
an be

de
reased by more than six times.

Sequen
e Only I Only P

Number Time Rate PSNR Time Rate PSNR

(s) (kb/s) (dB) (s) (kb/s) (dB)

1 66.375 619.32 37.9 254.779 26.43 37.5

2 90.467 637.30 37.4 343.931 102.23 37.1

3 80.64 687.36 37.7 255.99 56.52 37.4

4 273.65 919.82 34.8 969.897 213.91 33.9

5 335.507 6336.76 34.3 1137.124 1342.84 33.3

6 995.46 3626.25 36.5 3453.104 306.61 36.0

7 257.339 3818.18 36.0 925.903 953.74 35.5

Average time 
ost of using P{frames: 345%

Average rate of the P{frame videostream: 14.7%

Average PSNR de
rease from I{frames to P{frames: 0.55 dB

Table 5.2: I{frames vs. P{frames

5.3 Using Di�erent Blo
k Sizes

The se
ond test was performed to determine the impa
t of varying the range

of blo
k sizes available to the en
oder. Previously, the smallest blo
k size

available, was 8 pixels by 8 lines. H.264 provides seven di�erent blo
k sizes

whi
h 
an be grouped together as shown in Table 5.3.

Table 5.4 shows the results from testing ea
h of sequen
es, starting with

only using type{1 blo
ks and gradually in
reasing to in
lude all �ve types of

blo
ks. Table 5.5 summarizes the impa
t ea
h blo
k type has on the run{time

and bit{rate.

The most signi�
ant redu
tion in bit{rate 
an be seen from using blo
k

types 1{4 versus just using blo
k type 1 blo
ks. This should be expe
ted



CHAPTER 5. PERFORMANCE OF H.264 ENCODER 83

Type 1 16x16

Types 2 and 3 16x8 and 8x16

Type 4 8x8

Types 5 and 6 8x4 and 4x8

Type 7 4x4

Table 5.3: Blo
k Types

however, previous standard su
h as H.263 and MPEG4 used blo
k types 1{4.

It is more important to observe the e�e
t of in
luding blo
k types 5{7 whi
h

have not appeared in any other international standards. The results show

that these blo
k sizes provide a minimal de
rease in blo
k size while adding

a signi�
ant portion to the run{time. At high bit{rates there are marginally

more savings in the bit{rate.

5.4 Using 5 Referen
e Frames

Table 5.6 demonstrates the e�e
t of using 5 referen
e frames. This data is


ompared with the P-frame results from Table 5.2. Both tests were run using

the same parameters, di�ering only in the number of number of referen
e

frames; the results from Table 5.2 were obtained using only one referen
e

frame. The referen
e frames were implemented using a sliding window poli
y.

There were no long{term pi
tures used.

There are two important observations to be made about in
reasing the

use of referen
e frames. Firstly, the run{time penalty for using more sear
h

frames de
reases at higher resolutions. Se
ondly, the bene�ts of in
reasing

the number of sear
h frames seems to be highly subje
tive. For �ve of the

seven sequen
es there was only a small redu
tion in the bit{rate. However,

for two of the sequen
es tempete and mobile, the bit{rate was redu
ed by

approximately 18%. These �ndings are borne out by [2℄.
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Sequen
e 1 1-3

Number Time Rate PSNR Time Rate PSNR

(s) (kb/s) (dB) (s) (kb/s) (dB)

1 152.092 30.44 37.38 161.566 27.02 37.44

2 199.966 120.17 36.93 226.944 106.35 37.04

3 149.706 69.61 37.20 183.404 61.47 37.29

4 569.295 232.26 51.1 623.392 220.41 51.14

5 643.951 1470.62 33.22 721.586 1389.61 33.30

6 2066.763 371.40 35.81 2204.749 330.78 35.97

7 510.030 1029.69 35.39 589.005 976.21 35.44

1-4 1-6

1 218.636 26.75 37.49 232.154 26.37 37.48

2 287.92 105.15 37.06 315.674 102.53 37.09

3 213.430 59.72 37.35 233.545 56.86 37.41

4 775.857 216.17 51.14 873.902 214.05 51.15

5 993.688 1375.85 33.33 1045.930 1346.46 33.38

6 3132.981 323.09 35.96 3219.810 307.98 36.05

7 772.311 965.54 35.49 847.227 954.88 35.54

Sequen
e 1-7

Number Time Rate PSNR

(s) (kb/s) (dB)

1 254.779 26.43 37.5

2 343.931 102.23 37.1

3 255.99 56.52 37.4

4 969.897 213.91 51.1

5 1137.124 1342.84 33.3

6 3453.104 306.61 36.0

7 925.903 953.74 35.5

Table 5.4: Results from de
reasing the blo
k sizes

5.5 Using CABAC

The CABAC en
oder is supposed to provide near optimal en
oding, see [3℄.

The results of using CABAC are presented in Table 5.7 and they are 
om-

pared with those of the P-frame results from Table 5.2. From the point of

view of run{time versus bit{rate, CABAC proves disappointing. For an av-

erage in
rease in run{time of 66% the bit{rate is redu
ed, on average, 7%.
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{ Average run{time Average bit{rate

in
rease de
rease

1 to 1-3 111% 90%

1-3 to 1-4 130% 98%

1-4 to 1-6 107% 97%

1-6 to 1-7 109% 99%

overall in
rease 172% 87%

Table 5.5: Impa
t of de
reasing the blo
k sizes

Sequen
e 5 Sear
h Frames

Number Time Rate PSNR

(s) (kb/s) (dB)

1 712.168 24.53 37.60

2 1056.149 98.28 37.22

3 777.905 56.37 37.48

4 2824.667 203.60 51.16

5 3259.739 1092.06 33.59

6 9663.227 297.18 36.09

7 2553.817 812.61 35.77

Average 
ost of using 5 referen
e frames: 290%

Average bitrate redu
tion when using 5 referen
e frames: 92%

Average PSNR 
hange when using 5 referen
e frames: 0.13

Table 5.6: Impa
t of using 5 referen
e frames

This does not mean CABAC should not be used; rather, it should not be

used indis
riminately. Remember that the redu
tion of 7% is a
hieved with-

out losing any information. CABAC would therefore be an ideal option in

the 
ase of non{real time video.

5.6 Using One B{frame

The results of 
ompressing ea
h of the sequen
es using one B-frame are pre-

sented in Table 5.8. The resulting bitstream started with one I-frame, and

then alternated between I-frames and B{frames. The results were, again,

highly subje
tive. The bit-rate was only redu
ed for the mobile and tempete
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Sequen
e CABAC

Number Time Rate PSNR

(s) (kb/s) (dB)

1 432.301 24.57 37.5

2 572.870 96.87 37.1

3 427.273 53.36 37.4

4 1642.476 192.65 33.9

5 1856.461 1234.15 33.3

6 5792.271 283.93 36.0

7 1535.987 886.93 35.5

Average 
ost of using CABAC: 166%

Average bitrate redu
tion when using CABAC: 92.7%

Average PSNR 
hange when using CABAC: 0

Table 5.7: Impa
t of using CABAC

sequen
es; for the other �ve, the bit{rate was a
tually in
reased along with

the run{time.

Sequen
e 1 B{Frame

Number Time Rate PSNR

(s) (kb/s) (dB)

1 321.149 38.78 37.59

2 436.778 104.63 37.23

3 319.583 64.44 37.50

4 1236.086 222.71 51.15

5 1372.299 1233.20 33.56

6 4224.252 364.70 36.20

7 1152.049 908.47 35.68

Average 
ost of using 1 B-frame: 124%

Average bitrate redu
tion when using 1 B-frame: 110%

Average PSNR 
hange when using 1 B-frame: 0.13

Table 5.8: Impa
t of using 1 B-frame
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Con
lusions

The baseline and main pro�les for the emerging H.264 video en
oding stan-

dard have been presented and analyzed. Test results have shown the e�e
-

tiveness of some of the available 
ompression tools. It was found that most

of the tools impose a heavy 
omputational burden and should not be used

indis
riminately.

It 
an be argued that an intelligent en
oder is required to independently

apply the 
apabilities of H.264. For example, in some 
ases B-frames redu
e

the bit{rate while in other 
ases the bit{rate is a
tually in
reased. It would

be helpful if the en
oder 
ould make this determination either beforehand

or during en
oding. There are many possible methods of implementing an

intelligent en
oder; many of whi
h would be a mix of brute{for
e sear
hing

and subje
tive analysis.

For brute{for
e, multiple en
oding pro
esses with di�erent 
ombinations

of options 
ould be run; whi
hever set of options yielded the best rate{

distortion/run{time performan
e would be pi
ked as the best possible 
hoi
e.

A subje
tive analysis algorithm would follow the 
hange in the video 
ontent

and determine through empiri
al results whi
h options to use. Approxima-

tions 
ould be made to save resour
es; not every possible 
ombination of

options would need to be tested in the brute{for
e method and any num-

ber of parameters 
ould be used to follow the video 
ontent 
hanges for the

subje
tive analysis.

The intelligen
e part of the en
oder would have to be light{weight and

s
alable to meet available resour
es. Given some reasonable approximations,

87
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an intelligent en
oder should be able to be implemented whi
h 
ould e�e
-

tively manage the H.264 algorithm.
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