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ABSTRACT

The emerging video coding standard ITU-T H.264 |
ISO/IEC MPEG-4 AVC is introduced and described.
The concept shows a significantly improved perfor-
mance as compared to former video coding standards
like H.263 or MPEG-4 Visual. Enhanced inter and
intra prediction techniques are the key to high com-
pression efliciency.

In this paper, the main features of the standard
are described, and a performance analysis is given.
The description outlines the algorithms used in the
Baseline and in the Main profile of the standard. The
focus of the performance analysis is on intra coding,
giving a detailed comparison to the state-of-the-art
still-image compression standard JPEG2000.

The simulation results reveal an excellent objec-
tive and subjective compression performance for the
new standard, especially at very low bit rates.

1. INTRODUCTION

The Joint Video Team (JVT) of the ITU-T Video
Coding Experts Group VCEG and the ISO/TEC Mov-
ing Picture Experts Group MPEG have recently draf-
ted a joint video coding standard that will be called
ITU-T Recommendation H.264 and ISO/IEC MPEG-
4 Advanced Video Coding [1]. H.264, also known un-
der its project name H.26L, represents the latest gen-
eration of standardized video compression systems,
and is expected to replace older standards like MPEG-
4 Part 2 (Visual) [2] and H.263++ [3]. At the mo-
ment, H.264 has the status Final Committee Draft
(FCD), and is planned to be finished by December
2002.

This paper is organized as follows. First, we give
an overview of the standard and describe employed
techniques. The focus of the description is on the so-
called Baseline and Main profiles of the standard. It
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includes both motion and intra prediction as well as
the concept of adaptive block-size transforms that are
introduced in the Main profile.

We briefly review some prior performance compar-
isons before we compare H.264’s intra-frame coding
efficiency to the known still image compression stan-
dards JPEG, JPEG2000, and Motion JPEG2000.

2. KEY FEATURES OF H.264

The concepts of H.264 are very similar to established
standards like H.261, H.263, and MPEG-1,24. The
standard is based on the hybrid coding scheme, i.e.
motion between frames of the sequence is predicted
using motion vectors, and the prediction error is then
transformed, quantized, and transmitted. Motion pre-
diction in inter-coded frames can be performed using
one or two reference frames that may be temporally
located before or after the current frame. Prediction
is also the method of choice in intra coding, however
based only on content of the current frame. All com-
ponents of the codec are designed to allow for a 16-bit
implementation to enable realization on 16-bit archi-
tectures, e.g. DSPs.

While the former video coding standards specified
the Discrete Cosine Transform (DCT) for transform
coding of the prediction error, H.264 employs integer
transforms. In contrast to the DCT, these transforms
allow for a bit-exact specification.

In order to remove blocking artifacts generated by
the block-wise prediction and reconstruction, a de-
blocking filter is placed in the feed-back loop after in-
verse quantization and inverse transform for both en-
coder and decoder. The strength of the filter is driven
by the prediction type, motion vectors, the prediction
error energy, and by the employed quantization level.

For encoding, frames are divided into slices, that
represent independently decodable parts of a frame,



hereby increasing the codec’s error robustness. Slices
consist of macroblocks (MBs) representing a region
of 16 x 16 luminance pixels and their corresponding
chrominance pixels. Currently, YUV with 4:2:0 sub-
sampling is the only color space used in the specifica-
tion. This means, a macroblock consist of a 16 x 16
luminance block and two (subsampled) 8 x 8 chromi-
nance blocks.

A further element to enhance robustness is the
split of the system into two hierarchically grouped
layers. The Video Coding Layer is responsible for all
coding matters as in conventional systems. It is the
task of the lower-lying Network Adaptation Layer to
account for different applications like conversational
communication types, video transmission by means
of H.32x series packets, or considering RTP/UDP/
IP-like communications.

The standard comprises three profiles, called Base-
line, Main, and X, that represent different tool sets
specified for different applications. The Baseline pro-
file consists of low-complexity low-latency technical
features and aims at interactive applications. Poten-
tially error-prone environments are accounted for as
well. The tools of the Baseline profile are common to
all profiles. The Main profile aims at high coding ef-
ficiency, e.g. for broadcasting applications. The tools
of the Baseline and the Main profile are described in
more detail in the following. Profile X is designed
mainly for streaming applications. Here, error ro-
bustness and error resilience as well as techniques for
flexible access and switching between bit streams are
included.

The profiles are organized in so-called levels that
define certain parameter values like maximum picture
size and processing rate. Each level implies inclusion
of the requirements of all lower-numbered levels.

2.1. Baseline profile

A Baseline decoder has to operate on intra (I) slices,
consisting of intra-frame MBs only, and inter (P) slices
which contain mainly temporally predicted MBs but
may also include intra-frame MBs. P slices are pre-
dicted by one or more temporally preceding P or I
slices. In order to adapt the prediction more pre-
cisely than previous standards to movement within
one video picture, MBs can be further divided into
subblocks with one or both dimensions cut into halves
as depicted in Fig. 1.

8 x 8 subblocks may in turn be divided into further
subblocks according to the same scheme. This leads to
a tree-structured motion segmentation with possible
block sizes (X xY) 16 x 16, 16 x 8, 8 x 16, 8 x 8, 8 x 4,
4 x 8, and 4 x 4. All subblocks within one MB are of
the same type (I/P).

For intra prediction, there are 8 different direc-

Figure 1: Possible block splits for motion compensa-
tion on 16 x 16 and 8 x 8 blocks.

tional prediction modes, and an additional DC (mean)
prediction mode for 4 x 4 blocks. The pixels along
the block boundaries from the decoded neighboring
upper and left blocks are used for the prediction. The
corresponding directions are depicted in Fig. 2. In ad-
dition, there are 4 intra-frame prediction modes on a
16 x 16-block basis, including DC, horizontal, vertical
and a so-called plane prediction.

Figure 2: Prediction directions for intra 4 x 4 predic-
tion modes.

Motion estimation is done with 1/4-pel accuracy
by means of interpolation with a 6-tap filter. The de-
termined motion vectors are median-predicted from
neighboring blocks, i.e. a vector offset is computed,
and the vector difference is coded. Up to 15 differ-
ent reference frames can be employed for prediction,
depending on the chosen level.

The prediction error is — independently of the block
mode — transformed by means of a low-complexity
4 x4 integer transform which, together with an appro-
priate scaling in the quantization stage, approximates
the 4 x 4 DCT. The transform is applied in both hor-
izontal and vertical direction. The transform matrix
T, is given by

1 1 1 1
2 1 -1 -2

e e ()
1 -2 2 -1

The transformed coefficients in the encoder are
then quantized by means of one quantizer out of the
set of 52 uniform scalar quantizers, scanned in a zig-
zag manner and finally entropy-encoded by context-
adaptive variable-length coding (CAVLC). All other



data, e.g. header information, is encoded with regard
to a single VLC table, an exponential Golomb code
with parameter zero, i.e. without suffix. The Baseline
profile supports not only progressively scanned pic-
tures but, level-dependent, can also handle interlaced
frames.

As mentioned before, MBs in H.264 are grouped
into slices which in turn make up a single picture in a
tile-like manner. Slices may arrive at the decoder in
an arbitrary order; this is abbreviated to ASO. Fur-
ther, the data of one slice may be repeated in the bit
stream, thus generating redundant slice (RS) descrip-
tions that can be utilized in case a slice with identical
data has been error-affected previously. There are no
spatial-prediction dependencies between slices to stop
error propagation in the picture plane under erroneous
transmission, hereby increasing the bit stream’s error
resilience. The affiliation of MBs to a slice is either
determined by simple raster scan order or by an al-
location map as used by a technique called flexible
macroblock ordering (FMO).

2.2. Main profile

The Main profile compounds of all Baseline profile
algorithms plus additional features, but except the
functionalities FMO, ASO, and RS. The decoder has
also to expect an arbitrary number of B slices placed
between I and P slices, which use temporally succeed-
ing or preceding pictures of all types for prediction,
even including other B slices. Two predictions may
be weighted for prediction.

In the Main profile, the concept of adaptive block-
size transforms (ABT) is employed. The basic idea
of ABT for inter coding is to connect the block size
used for transform coding of the prediction error to
the block size used for motion compensation [4]. The
maximum feasible signal length is exploited for trans-
form coding. For complexity reasons, the maximum
transform block size is restricted to 8 x 8.

In general, the separable 2-D transform of a 2-D
signal of size n x m pixel can be written as

Cn,m — T’u : Bn,m : T}?a (2)

where B, ,, denotes the signal block of n x m pixels,
Chp,m are the transform coefficients, and T, and T}, are
the m x m and n x n transform matrices in vertical
and horizontal direction, respectively. Hence, only an
additional 8 x 8 transform matrix has to be defined
for the application of ABT [5].

Since the macroblock mode is already transmitted
for motion compensation, no additional side informa-
tion needs to be coded for inter ABT. For intra coding,
blocks of size 4 x 4, 4 x 8, 8 x 4, and 8 x 8 are used for
prediction and transform. Prediction is done with re-

spect to the directions given for the fundamental 4 x 4
modes.

For higher coding efficiency, VLC is replaced by
context-based adaptive binary arithmetic coding (CA-
BAC). Here, non-binary values are binarized, and the
resulting bins are coded with a binary arithmetic en-
coder. The general building blocks of CABAC are
depicted in Fig. 3.
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Figure 3: CABAC building blocks.

To demonstrate the performance gain introduced
by ABT, rate-distortion curves for the CCIR test se-
quence FOOTBALL are shown in Fig. 4. The sequence
was encoded with the frame structure [BBPBBP...].
The rate-distortion-optimized Joint Model JM-3.9a
software with CABAC was used to produce the re-
sults for both ABT and non-ABT.
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Figure 4: Comparison of ABT and non-ABT coding
in Main profile on the test sequence FOOTBALL, CCIR
601 format.

All these mentioned features contribute to H.264’s
high adaptivity which in turn is quantified in Sec. 3 by
performance comparisons with respect to other well
known standards.

2.3. Encoding issues

The encoder will preferably select the prediction mode
according to a Lagrange rate-distortion optimization



criterion, which in turn is based on the encoded rate

and distortion for each block and each prediction mode.

This mode selection achieves optimum rate-distortion
performance but is highly complex. A simplified me-
thod is therefore to chose the one prediction mode for
which the overall transformed prediction error, chosen
for instance to be the summed absolute transformed
difference (SATD), is minimized. This can e.g. be
done by Lagrange functional minimization

J=SATD + \- R, (3)

with a rate constraint R and the optimization param-
eter A. SATD for a 4 x 4 block is defined as

3
SATD = % > Tu{D, )} (4)

4,7=0

Ty{-} is the 2-D Hadarmard transform, and the defi-
nition of the prediction error is

D(Zvj) = Xorg(iaj) - Xpred(iaj)a (5)

with the original and predicted samples X, at position
pixel ¢ in line j. The minimization is done for all
intra- and inter-frame MB coding modes (the latter
one implying all reference frames).

In general, the techniques for finding the predic-
tion mode are encoder-specific and thus non-norma-
tive.

3. PERFORMANCE EVALUATION

The performance of the upcoming standard is exem-
plified by results for one of its former software imple-
mentations, TML-8, from September 2001 [6]. Sev-
eral video sequences of different sizes are tested at
various rates. All employed codecs are based on La-
grange rate-distortion optimization. The following
are PSN R luminance values. Compared to MPEG-
2 (Verification Model VM-5, SW-1.2) at equal band-
width, H.264’s TML-8 yields an average gain of 5.8 dB
and a maximum gain of 7.2 dB for CIF picture size
at a transmission rate of 1024 Kbps and a frame rate
of 30 fps. In comparison to H.263++ High-Latency
profile, the gain spans from 2.5 dB (max. 3.0 dB) for
QCIF at 32 Kbps and 10 fps, to 3.8 dB (max. 5.2 dB)
for CIF at 1024 Kbps and 30 fps. Related to the op-
timized MPEG-4 Advanced Simple profile, there is a
gain range of 1.9 dB (max. 2.8 dB) for QCIF at 32
Kbps and 10 fps to 2.5 dB (max. 3.6 dB) for CIF at
1024 Kbps and 30 fps. Considering subjective evalu-
ations, TML-8.0 operates on approximately half the
bandwidth of MPEG-4 for the same visual fidelity.

A detailed comparisons of the intra coding scheme
to still image codecs is given in the following.

3.1. Comparison H.264 intra coding to JPEG-
2000 and JPEG

In order to evaluate the performance of H.264’s intra-
frame coding scheme, some tests are carried out under
the following conditions. We let H.264’s Joint Model
JM-3.9a Main profile without ABT compete with the
default mode of VM-9.0 of JPEG2000 [7]. Since H.264
lacks a rate distortion control, the quantization pa-
rameters (QPs) of JM, which control the choice of em-
ployed quantizer, have been chosen beforehand, and
then VM-9.0 is adjusted to the achieved rate of JM-
3.9a, picture per picture, in several iterations with a
tolerance of 0.001 bpp. Tab. 1 shows the results in
terms of luminance PSNR [dB] and bit rate [bpp].
The achieved bit rate corresponds to the QPs 20, 28,
36, and 44. All values are averaged over 20 pictures
of equispaced frame indices from the respective se-
quence. The last column contains the difference, i.e.
JM minus VM PSNR values. Negative values here
means that JPEG2000 outperforms H.264.

H.264 performs very well in intra mode. For al-
most all sequences at all bit rates, it always outper-
forms JPEG2000. This may be explained by the var-
ious excellent intra-frame prediction modes of H.264.
JPEG2000, on the other hand, consists of a wavelet
decomposition without prediction, followed by scalar
quantization and arithmetic encoding. It is observed
that the gain shrinks somewhat for larger image sizes.
Moreover, the highest gains are achieved especially
at lower rates (higher QPs). The average gain over
all sequences and all bit rates is 1.12 dB, i.e. H.264
outperforms JPEG2000 significantly on the video test
material.

daree 44 wagm A OB
112 15 12w

18 18 70 6§58 20

75 76 71 5 76 77
el e o

(a) JPEG2000

(b) H.264

Figure 5: Detail from sequence Mobile at luminance
rate of 0.253 bpp, picture 121.

The visual evaluation reveals that, for all rates,
JPEG2000 is slightly better in preserving details than
its competitor. H.264 further shows some for a block-
based compression scheme typical blocking artifacts,
even though not very distinct. At higher rates (above
approx. 1.5 bpp), the subjective comparison shows
no perceivable differences. However, considering a



Sequence (Size) Av.Q QP Bit rate PSNR Difference JM to
(JPEG) | (H.264) (av.) | JPEG | JPEG2000 | H.264 || JPEG [ JPEG2000
Container (QCIF) 82 20 1.715 | 37.26 43.28 | 43.28 6.02 0.87
43 28 0.892 || 31.64 35.63 | 37.24 5.60 1.61
7 36 0.405 | 25.26 29.28 | 31.55 6.29 2.27
0 44 0.153 | 18.42 23.68 | 26.05 7.63 2.37
News (QCIF) 80 20 1.667 | 37.22 42.69 | 43.77 6.55 1.08
40 28 0.942 | 31.78 35.55 | 37.63 5.85 2.08
9 36 0.462 | 26.07 29.23 | 31.27 5.20 2.04
0 44 0.192 || 16.78 24.00 | 25.90 9.12 1.90
Tempete (CIF) 86 20 2.334 [ 37.90 43.27 [ 42.91 5.01 -0.36
61 28 1.316 || 32.58 36.01 | 36.05 3.47 0.04
16 36 0.580 [ 27.38 29.43 | 29.55 2.17 0.12
3 44 0.189 | 21.56 24.44 | 24.14 2.58 -0.30
Mobile (CCIR 601) 86 20 2.632 [ 36.16 42.05 | 42.68 6.52 0.63
63 28 1.530 || 30.21 34.94 | 36.02 5.81 1.08
21 36 0.724 || 25.66 28.19 | 29.53 3.87 1.34
4 44 0.253 || 21.01 23.03 | 23.96 2.95 0.93
[ Total [ [ [ I [ [ [ 529 ] 112 ]

Table 1: H.264’s I picture coding performance. PSNR and difference values in dB.

very low bit rate (below 0.5 bpp), the JPEG2000 im-
ages look generally blurred; they contain further much
ringing artifacts. This is due to the wavelet transform
employed. With H.264, the subjective image repre-
sentation is much better at these rates, as shown in
Fig. 5.

In addition to JPEG2000, we also record the cod-
ing efficiency of the JPEG standard in default mode,
as Tab. 1 shows. We use the software implementa-
tion version 6b of the Independent JPEG Group. The
PSNR values given must be interpreted with caution
since it is not possible to put a rate constraint on
the software directly. Instead, the quality parame-
ter of the JPEG algorithm is adjusted picture-wise
such that the resulting rate is closest possible to the
target bit rate. JPEG consists of an 8 x 8 DCT with
subsequent coefficient scan, quantization, and entropy
encoding, but lacks an intra prediction mechanism as
H.264 [8]. Mainly because of this difference, we can
see that H.264 outperforms JPEG significantly for all
image size at all rates. The average gain over all se-
quences and all bit rates is 5.3 dB. Given these large
gains, it is clear that also the subjective evaluation is
in favor of H.264.

A useful side result is the PSNR gain of JPEG-
2000 over the old JPEG standard; it is on the average
4.2 dB, spanning a range from approximately 2 dB to
over 7 dB.

It should be mentioned that JPEG2000 has been

developed for real still images and a broad range of
applications, demanding so various features like e.g.

SNR/spatial scalability and region-of-interest coding,
abilities that are not standardized in H.264.

3.2. Comparison for chrominance

As chrominance coding is not implemented for the
JPEG2000 software, we also record the performance
of the verification model of the currently evolving Mo-
tion JPEG2000 (MJ2) project, and compare its re-
sults in PSNR to those of H.264 Main profile with-
out ABT in intra-coding mode. An MJ2 bit stream
is basically a sequence of coded still images as de-
fined in JPEG2000 [9]. In addition, the same YUV
color space and chroma subsampling is supported by
MJ2 as in H.264. MJ2’s software version VM-2.0 is
used. The software model of H.264 is identical with
the one in Sec. 3.1, i.e. JM-3.9a. The tests are carried
out with the sequences, QPs, frame skipping, etc. as
specified before. The resulting chrominance PSNR
values in dB and their differences are listed in Tab. 2.
The values have been averaged beforehand over the
respective sequence and both U and V components.
It is stressed that the bit rate, which is put picture-
wise as an constraint on MJ2, is the rate over all color
components and hence somewhat higher than the rate
shown in Tab. 1.

We see that Motion JPEG2000 achieves better
chroma PSN R values than H.264 with nearly all test
conditions. The average gain is 1.42 dB. The explana-
tion of this fact is that H.264 processes chroma sam-
ples with less accuracy than luminance values, e.g. by
means of a simple 2 x 2 integer transform. The up-



Seq QP PSNR Difference
(H.264) [ MJ2 | H.264 || H.264 — MJ2
Cont. 20 48.24 | 46.15 -2.09
28 41.53 | 40.52 -1.01
36 37.32 | 36.63 -0.69
44 33.87 | 34.81 0.94
News 20 47.04 | 45.58 -1.46
28 41.32 | 39.76 -1.56
36 36.85 | 36.13 -0.72
44 32.99 | 33.86 0.87
Temp. 20 47.12 | 43.53 -3.59
28 41.10 | 38.41 -2.69
36 37.23 | 35.25 -1.98
44 33.73 | 33.10 -0.63
Mob. 20 46.34 | 43.27 -3.07
28 39.94 | 37.51 -2.43
36 35.47 | 33.73 -1.74
44 32.11 | 31.17 -0.94
[Total | | | I T4 |

Table 2: H.264’s chrominance coding performance.
PSNR and difference values in dB.

coming still-image compression standard on the other
hand uses in its default mode visual weighting of color
components and processes the chroma samples with
relatively high accuracy, both of which lead obviously
to superior results. However, the difference in chromi-
nance coding seems to be large but is visually imper-
ceptible.

4. CONCLUSIONS AND OUTLOOK

Many have postulated that conventional, i.e. block-
based, video compression ’is dead’. H.264’s techni-
cal concepts, however, proof once more to be suc-
cessful, complemented by several new efficient com-
pression methods as explained in this paper, which
together constitute the final codec. Hence, an upper
limit in video compression seems not to be reached
yet. The standard shows further that great adaptiv-
ity to the source, the video sequence, is the key to
high-performance coding. This adaptivity is accom-
plished by enlarged complexity as compared to older
standards, and in addition by larger memory require-
ments as for the picture reference buffer.

H.264 targets not only video conferences but the
whole spectrum from television broadcasting, Inter-
net streaming, and digital storage media to databases,
telemedicine systems, and digital cinema, etc. Real-
time solutions are already in position for the market.
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