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Least-Squares Directional Intra
Prediction in H.264/AVC

Diogo Caetano Garcia and Ricardo L. de Queiroz, Senior Member, IEEE

Abstract—A new intra-prediction mode for the H.264/AVC
standard is proposed. Each pixel within a block is predicted by a
weighted sum of its neighbours, according to an [N th order Markov
linear model. The weights are obtained through a least-squares
estimate from reconstructed data in the neighbouring blocks, so
that no overhead is necessary to convey the weights to the decoder.
Results show significant improvements in H.264/AVC compression
for images that are rich in directional structures, and moderate
improvements for the other images and sequences tested.

Index Terms—H.264/AVC intra prediction, image coding, least
square prediction.

I. INTRODUCTION

HE H.264/AVC standard [1] represents the state-of-
T the-art in video coding, outperforming previous stan-
dards such as MPEG-2 and MPEG-4 Part 2 [2]. Moreover,
H.264/AVC introduced new intra-prediction methods which,
allied to other innovations (e.g. context-adaptive entropy en-
coding and in-loop deblocking filter), offer a still image coding
performance that is comparable or superior to the JPEG and
JPEG2000 image coding standards [3].

The H.264/AVC intra-prediction methods are directional in
nature. There are different block sizes, each having different
number of modes and making use of up to 4 neighbouring
blocks for prediction. Despite this great encoding flexibility,
which adapts itself to the image characteristics, only the block’s
surrounding pixels are used for prediction.

In this letter, a new intra-prediction mode for H.264/AVC
is proposed, based on a backward-adaptive linear predictor
[4]. Previous image and video coding schemes used similar
approaches for prediction [5]-[10]. Here, however, we apply
the prediction model directly in the H.264/AVC intra prediction
stage [11]-[15].

II. PROPOSED INTRA-PREDICTION METHOD

The proposed method assumes that, for all pixel positions n
within an image, each pixel X (n) has a linear prediction X (n)
which is found using an Nth order Markov model, i.e.

N

X(n) =) aiX(n-n) (1)

=1
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Fig. 1. H.264/AVC zig-zag intra prediction for 4 X 4 blocks: (a) current mac-
roblock (16 x 16 pixels), (b) subdivision in 4 X 4 blocks and corresponding
encoding order, and (c) available reference blocks for the 13th encoded block.

where {n;} represent the offset positions of a causal predic-
tion window of neighbouring pixels, and {a;} are their corre-
sponding weights.

Before (1) can be applied to predict pixels in the image to be
encoded, the weights must be computed. To do so, a training
window is defined, composed of previously reconstructed
pixels. We assume that the model fits the data in the training
window, where a given pixel X (n) corresponding to a predic-
tion X (n) is associated to a vector X,,.q of M x 1 elements,
and { X (n — n;)} are the pixel’s causal neighbours, composing
a matrix Xpe;gn of M x N elements. Arranging the weights
{a;} inan N x 1 vector, a, we obtain

Xpred = XneighQ. (2)

We perform a linear regression of (2), such that a minimizes
the error in this model in a least-squares sense, i.e.

~ T -1 7
a= (x”/ﬁigh/x"fﬁigh/) Xnﬁ'igh,xprﬁzﬁ (3)

The training window and the prediction window ({n;}, M and
N) may change from region to region, as we will discuss later.

In H.264/AVC, for 4 x 4- and 8 x 8-pixel blocks, intra pre-
diction is performed in a zig-zag fashion inside the macroblock
(a 16 x 16-pixel block). Fig. 1(a) represents a macroblock, and
Fig. 1(b) shows the encoding order for 4 x 4 blocks. For each
block to be encoded, there are different neighbourhoods with re-
constructed data. For example, Fig. 1(c) shows the available ref-
erence blocks (containing reconstructed data) for the 13th block
inside the macroblock.

Fig. 2 summarizes all possible reference-block configura-
tions, and Table I relates these configurations to the encoding
order of 4 x 4 and 8 x 8 blocks, regardless of whether they
occur inside or outside of the current macroblock. Note that not
all of these reference blocks are used for prediction in regular
H.264/AVC intra mode, and our training window uses as many
reference blocks as available.

The proposed model predicts entire blocks of 4 x 4 and 8 x 8
pixels, as does H.264/AVC intra prediction. In order to do so, (1)
is applied to each pixel of a block at a time, where { X (n—n;)}
represent reconstructed pixels within a causal neighbourhood,
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Fig.2. Possible cases of available reference blocks (painted in grey) throughout
H.264/AVC’s zig-zag intra prediction, for 4 X 4 and 8 x 8 blocks (CUR BLK).

TABLE I
OCCURRENCE OF THE SIX CASES OF AVAILABLE REFERENCE BLOCKS (Fig. 2)
ACCORDING TO THE ENCODING ORDER FOR 4 X 4 AND 8 X 8 BLOCKS

CASE | 4x4 CODING ORDER | 8x8 CODING ORDER
(a) 1,3,5,9 and 13 1
(b) 2,6,7,10, 11 and 15 2 and 3
(c) 4,6,8,12, 14 and 16 4
(d) 1,3,9and 11 1,3
(e) 1 and 5 1
) 2 and 6 2
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Fig. 3. Pixels used for prediction, according to the available reference blocks
depicted in Fig. 2.

relative to the pixel to be predicted. If the reconstructed value is
not available, its predicted value is used. Fig. 3 depicts the pos-
sible set {n; } of predictors, according to the available reference
blocks. Once computed, the same set of weights {a;} is used
throughout the whole block. Within a block, we process pixels
in row-major order, with the exception of case in Figs. 2(e) and
3(e), in which case we follow a collumn-major order.

As the set of weights {a;} minimize the model error in a
least-squares sense, pixels that are unsuited for prediction in a
given block receive smaller weights. In this manner, the pro-
posed prediction model adapts itself to the local characteristics
of each image.

Since prediction is carried using information that is available
to both the encoder and the decoder, our backward-adaptive ap-
proach requires no side information to transmit the weights to
the decoder. We have opted to include our directional adaptive
mode to replace one of H.264/AVC’s intra-prediction modes.
For both 4 x 4 and 8 x 8 blocks, the “horizontal-up” mode is
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replaced, which is the last mode in the H.264/AVC prediction
table, making it the least likely to be chosen. Results show that
moving up the proposed prediction method on the table incurs
in negligible gains. In the cases where (3) cannot be solved, due
to non-invertible matrices that are bound to appear, the original
“horizontal-up” mode is used. Hence, the choice for adaptive
directional prediction is made on a block basis and is encoded
just as is regular intra-prediction mode selection.
The whole prediction process can be summarized as

for all 4 x 4 and 8 x 8 blocks do

Determine from Figs. 2 and 3 the M -pixel positions of
available reference blocks (blk,.s) and the N-pixel
predictor set (setpreq)

Arrange available reference blocks into an M X 1 vector
(xpred)

for: = 1to M do
for j = 1to N do
X (blk, . (i) -

X'nmgh( 7,}) Setpre(l(j))

end for
end for
a= (XZeig}aneigib)_1xz:eighxp”‘8d
for all pixel positions n in current block do
X(m) =0
fori = 1to N do
if X(n — sety,..q(7)) is available then

A

X(@n) = X(n) + &)X (n -
setprea(i))

else
X(n) = X(n) +a()X(n -
set,eq(i))

end if

end for
end for
end for

III. EXPERIMENTAL RESULTS

The proposed intra-prediction mode was implemented in the
H.264/AVC reference software JM10.2. All results were eval-
vated using the luminance component, and enabling CABAC
(context-adaptive binary arithmetic coding), in-loop deblocking
filter, and rate-distortion (RD) optimization. QP values of 22,
27, 32, and 37 were used to generate the RD performance
curves for the 2048 x 2560-pixel image Bike, as well as for
the 512 x 512-pixel images Barbara, Lena, Monarch, Peppers
and Spoke (part of the Bike image, as shown in Fig. 4). We also
ran tests with these QP values for 300 frames of CIF-resolution
sequences Foreman, Mother and Daughter and Paris, for 260
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Fig. 4. Test image Spoke.
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Fig. 5. RD performance for the luminance component of image Spoke.
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Fig. 6. RD performance for the luminance component of image Barbara.

frames of CIF-resolution sequence Tempete, and for the first
ten frames of 720p50-resolution sequences Mobcal, Parkrun
and Shields. For these sequences, all frames were coded in intra
mode [16].

Figs. 5 and 6 present the RD performances for the proposed
method. Clearly, it offers great gains for directional images.

Table II shows the PSNR gains and the bit-rate reduction for
each image or sequence tested here, using the BJM metric [17].

TABLE II
PSNR GAIN AND RATE REDUCTION FOR DIFFERENT IMAGES AND SEQUENCES
IMAGE/SEQUENCE | PSNR GAIN (dB) | RATE REDUCTION (%)
Barbara 1.17 18.68
Bike 0.56 9.69
Foreman 0.08 144
Lena 0.1 227
Mobcal 0.01 0.26
Monarch 0.13 1.82
Mother and Daughter 0.06 1.21
Faris 0.15 1.68
Parkrun 0.04 0.59
Peppers 0.16 3.93
Shields 0.02 047
Spoke 274 51.92
Tempete 0.12 1.51
TABLE III

AVERAGE ENCODING/DECODING TIME IN SECONDS
FOR DIFFERENT IMAGES AND SEQUENCES

IMAGE/SEQUENCE PROPOSED H.264/AVC
Barbara 4.56 /1 0.24 2.06 / 0.07
Bike 9792 /297 4788/ 0.79
Foreman 1908.5/ 1823 | 81585/7.39
Lena 4.28/0.16 1.79 / 0.07
Monarch 430/0.14 1.83 /0.09
Mother and Daughter | 17794 /1328 | 703.18 / 6.77
Spoke 455/025 2.11/0.07

For the test images, the rates were generally inside the range of
0.2 and 1.4 bits per pixel. For the test sequences, they had a wide
range, from 400 to 7000 kbits/s for CIF-resolution sequences,
and from 10 to 100 Mbits/s for 720p50-resolution sequences.
From these results, it can be seen that the proposed intra-pre-
diction mode offers substantial gains for directional images and
sequences, and it yields a slightly better performance than reg-
ular H.264/AVC for the other images and sequences.

Table III shows the average encoding and decoding times for
some of the tested images and sequences. There is roughly a
150% increase in encoding and decoding times from adding the
proposed intra-prediction mode to H.264/AVC. Note that the
code was not optimized for performance.

Tables IV and V show, for images Spoke and Lena, respec-
tively, the average percentage of chosen intra modes using the
original H.264/AVC “horizontal-up” prediction mode (mode 8),
and substituting this mode by the proposed method. The top
three modes for each situation are marked in bold letters. It can
be seen that the proposed mode is always ranking among the
top three modes. In the case of the Spoke image, the proposed
method is fundamental for the high PSNR gain and rate reduc-
tion, and in the case of the Lena image, it does not incur in great
gains, despite being selected in a great number of times. Other
tests show that these two images are representative in terms of
mode choices.

Comparing these results with previous works, we find mixed
gains and losses. For instance, Graziosi et al. [5] report PSNR
gains similar to ours for the Barbara and Lena images, using the
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TABLE IV
AVERAGE PERCENTAGE OF CHOSEN INTRA MODES FOR THE Spoke IMAGE
MODE | 4x4 ORIG. | 4x4 PROP. | 8x8 ORIG. | 8x8 PROP.
0 25.33 222 21.24 1.80
1 537 220 392 1.74
2 27.58 31.59 25.16 27.01
3 449 397 3.80 3.01
4 16.27 10.32 21.35 10.90
5 9.89 4.73 12.49 421
6 439 320 5.11 232
7 4.24 7.17 428 4.13
8 242 34.67 2.64 44.88
TABLE V
AVERAGE PERCENTAGE OF CHOSEN INTRA MODES FOR THE Lena IMAGE
MODE | 4x4 ORIG. | 4x4 PROP. | 8x8 ORIG. | 8x8 PROP.
0 31.55 17.19 30.60 17.08
1 5.84 453 4.68 4.01
2 22.08 22.05 18.61 18.91
3 10.78 9.83 10.39 9.76
4 530 4.64 549 4.60
5 637 539 744 581
6 3.29 398 389 3.88
7 8.57 10.57 11.29 10.92
8 6.24 21.83 7.60 25.04

same type of intra-prediction methods in a much more complex
image coding algorithm.

Zheng et al. [11] enhance the template matching prediction
method by adding an adaptive illumination compensation. They
present bit-rate savings of 12.80, 4.53 and 3.42% for the CIF-
resolution sequences Foreman, Paris and Tempete, respectively,
and 18.32% for a non-standard image that presents non-uniform
illumination, denominated 7oy example. Our proposed method
achieves 1.44, 1.68 and 1.51% bit-rate savings for the same se-
quences, and 3.11% for the Toy example. Directional images
such as Barbara, Bike and Spoke were not tested by Zheng et
al., which represent the highest gains for our method. Further-
more, the Toy example is highly directional, but suffers from
great differences in illumination, which indicates that our pro-
posed method could also benefit from the adaptive illumination
compensation presented by Zheng et al..

Liu et al. [15] present an edge-oriented intra-prediction
method for H.264/AVC and JPEG2000, reporting maximum
gains of 1.478 and 0.341 dB for the Foreman sequence and
the Barbara image. Our method presents corresponding PSNR
gains of 0.08 and 1.17 dB. Nevertheless, Liu ef al. achieve
these gains by using only 16 x 16 blocks, as opposed to the 4
x 4 and 8 x 8 blocks used here, which makes the comparison
harder to judge.
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IV. CONCLUSIONS

In this letter, we proposed a new intra-prediction mode for
the H.264/AVC standard, following an N th order Markov linear
predictor model. The weights are calculated by a least-squares
optimization at the neighbouring blocks that contain re-
constructed data, so that the decoder can perform the same
calculation, without demanding transmission overhead. Results
for the proposed method show that, for directional images
such as Barbara and Spoke, the proposed method achieves
substantial rate reductions (18.68 and 51.92%, respectively),
while other test images and sequences present moderate, yet
positive, gains.
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