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ABSTRACT
In this paper, we proposed an intra 16×16 line-by-line (LbL)
prediction. First, we find suitable quantization parameters
(QP) for the high resolution videos without the significant
subjective quality degradation. Then, we show that closer
reference pixels give better prediction through the
experiment. Using this observation, we propose an
improved intra prediction method. In the proposed method,
the line-based prediction is performed instead of the blockbased prediction used in the current H.264/AVC.
Experimental results show that the proposed algorithm
reduces approximately 6.07% bit-rate compared to the
H.264/AVC.
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1. INTRODUCTION
As the increased demands for high quality video, a lot of
video materials are required to be distributed with high
resolution. Since these high resolution videos have large
data size, they require a higher compression. That is, a new
generation of video compression technology for high
resolution and high quality video is required.
H.264/AVC video coding standard is established by the
joint efforts of ISO/IEC Moving Picture Experts Group
(MPEG) and ITU-T Video Coding Experts Group (VCEG).
H.264/AVC is the latest video coding standard with the
highest coding efficiency. The compression efficiency of
H.264/AVC is about 50% higher than that of the previous
video compression standard, MPEG-2.
In many applications, H.264/AVC has become the most
promising video compression standard compared to the
previous MPEG video compression standards. However,
H.264/AVC cannot yield a remarkable performance for
high-definition (HD) videos since it has been developed
mainly focusing on videos with small size [1].
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As a result, Joint Video Team (JVT) established the
Fidelity Range Extension (FRExt) for HD video coding [2].
In FRExt profile, various features for high quality video
coding are added; YUV 4:2:2 and YUV 4:4:4 format, alpha
blending, bit depth increase, lossless coding, stereo coding,
integer 8×8 DCT, new intra prediction mode (I_PCM) for
lossless coding, integer color space (Y, Cg, Co), and
adaptive quantization matrix selection.
In spite of these additional technologies, H.264/AVC
cannot achieve an outstanding performance in high quality
video including HD video. Therefore, a new generation of
video compression technology that has sufficiently higher
compression capability than the existing H.264/AVC
standard is required.
To satisfy these demands, MPEG and VCEG have
decided to create a Joint Collaborative Team on Video
Coding (JCT-VC), and have jointly issued a Call for
Proposals (CfP) on video compression technology [3][4].
The aim of this work is to provide higher compression
capability than the state-of-the-art H.264/AVC standard.
In H.264/AVC, an intra prediction is performed to
remove the correlation between the pixels in the current
block and reconstructed neighboring pixels. The intra
prediction technique is recognized to be one of the main
factors that contributes to the performance of H.264/AVC.
However, the current intra prediction cannot yield
accurate prediction results, especially in lossless coding and
near lossless coding. For lossless coding, the concept of
sample-by-sample (SbS) DPCM is introduced to improve
the intra prediction of H.264/AVC [5][6]. The authors
showed the coding efficiency improvement by using the
reconstructed value of the previously predicted pixel as the
reference pixel. In lossless coding, the original pixel can be
reconstructed easily by adding the predicted value to the
residual pixel value. Since the transform and quantization
are not performed, we can obtain the reconstructed pixel
values during the intermediate process.
In this paper, we propose a line-by-line (LbL)
prediction for the intra 16×16 mode. The LbL prediction
starts from the concept of SbS DPCM; however, its target is
lossy coding. Thus, the modification of algorithm and
structure is required. We modify the structure of the intra
16×16 coding for the line-based prediction and
reconstruction.
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2. INTRA PREDICTION IN H.264/AVC
There are three types of intra modes; intra 16×16, intra 8×8,
and intra 4×4. For intra prediction, pixels obtained from the
previously coded neighboring blocks are used to predict the
current block. For coding of luminance signal, H.264/AVC
intra coding has three types of predictions; intra 16×16, intra
8×8, and intra 4×4. Intra 8×8 is a new intra prediction mode
defined in the high profile.
H.264/AVC allows four prediction modes for 16×16
blocks and nine prediction modes for 8×8 and 4×4 blocks.
In general, the intra 16×16 mode is used for flat and
homogeneous regions and the intra 4×4 mode is used for
complex regions.

predicted pixel values using some or all of the upper and
left-hand neighboring pixels as shown in Fig. 2.
Similar to intra 4×4, intra 8×8 has eight different
direction prediction modes and one DC mode. The luma
values of each sample in a given 8×8 block are predicted
from the neighboring reconstructed reference pixels based
on the prediction modes.

2.1. Intra 4×4 Prediction
There are nine 4×4 luma prediction modes designed in a
directional manner. Each 4×4 luma prediction mode
generates 16 predicted pixel values using some or all of the
neighboring pixels A-M as shown in Fig. 1.
The pixels A-M belong to the neighboring blocks and
are assumed to be previously encoded and reconstructed.
Therefore, they are available in the encoder and decoder to
generate a prediction in each mode.

Fig. 2. Nine different modes for intra 8×8 prediction.

Besides, a distinguishing element of intra 8×8
prediction is a second-order binomial pre-filtering process
on the boundary reference pixels before the prediction step.
It should be noticed that the transform of intra 8×8
prediction must use the new 8×8 integer discrete cosine
transform (DCT) addressed by the high profile.
2.3. Intra 16×16 Prediction
There are four 16×16 luma prediction modes designed in a
directional manner as shown in Fig. 3. Each 16×16 luma
prediction mode generates 256 predicted pixel values using
some or all of the upper and left-hand neighboring pixels.
The vertical, horizontal, and DC mode are similar to 4×4
prediction modes. Plane mode is an approximation of
bilinear transform with only integer arithmetic.

Fig. 1. Nine different modes for intra 4×4 prediction.

The predicted pixels are calculated by a weighted
average of the neighboring pixels A to M for each mode
except the vertical, horizontal, and DC mode. The DC mode
is always used regardless of the availability of neighboring
pixels. It is adopted based on which neighboring pixels
among A to M are available. Other prediction modes can be
used only if all the required neighboring pixels are available.
2.2. Intra 8×8 Prediction
Intra 8×8 mode is a new intra prediction type defined in the
high profile. For the high quality video, intra 8×8 prediction
is introduced by extending the concept of intra 4×4
prediction. Each 8×8 luma prediction mode generates 64

Fig. 3. Four different modes for intra 16×16 prediction.

Vertical mode is calculated as Eq. 1. This prediction
mode shall be used only when the samples p(x,-1) with
x=0,…,15 are marked as available. In this equation, (x,y)
denotes the position of the pixel in a macroblock.
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pred(x,y) = p(x,-1)

(1)

The process for horizontal mode is similar. Prediction
values are calculated from Eq. 2. This prediction mode shall
be used only when the samples p(-1,y) with y= 0…15 are
marked as available.
pred(x,y) = p(-1,y)

(2)

3. PROPOSED INTRA PREDICTION
In this section, we propose an improved intra prediction
method for the high resolution videos using the line based
prediction. We describe the details of the proposed
algorithm in the following subsections.
3.1. Suitable Quantization Parameters

general, lower QP requires high bitrates after encoding.
Therefore, a more efficient intra prediction method is
required for this range of QP.
3.2. Analysis of Prediction Accuracy According to the
Distance between Predicted Pixels and Reference Pixels
Generally, the more closely located reference pixels provide
a better prediction. We checked the prediction accuracy
according to the reference pixel position of Toys and
Calendar when QP is equal to 16, 20, 24, and 28. The bitrate comparison result is shown in Fig. 5. As expected, the
further located pixels provide a poorer prediction. The
increment of the distance between the current pixel and the
reference pixel causes the bit-rate increment.

In high resolution video coding, the quality of the decoded
video is important. Figure 4 shows the decoded result of
Toys and Calendar using various quantization parameters
(QP). Generally, smaller QP gives a higher quality. We can
observe that the quality of the decoded frame is abruptly
degraded when QP is greater than 28.
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Fig. 5. Bit-rate comparison according to reference pixel distance.

As shown, the prediction accuracy of the intra 16×16
mode is not high so that many macroblocks are encoded
using the intra 4×4 mode that can predict a block more
accurately. However, it requires more bits to represent the
mode information of each 4×4 block than the intra 16×16.
Thus, if we improve the prediction accuracy of the intra
16×16 mode, the coding bits will be reduced efficiently.

(a) QP = 24 (left) and QP = 28 (right)

3.3. Line-by-Line Prediction
(b) QP = 32 (left) and QP = 36 (right)
Fig. 4. Decoded quality comparison for various QP.

From the observation, we determine that the suitable
QP for high resolution video coding is below 28. Thus, we
set QP from 16 to 28. Using this range of QP, we can
encode the high resolution video without the significant
subject quality degradation.
This range of QP is lower than the case of general lossy
coding. However, since the intra frame can be used as a
reference frame of inter frame, its quality is more important.
Thus, we should encode the intra frame accurately. In

In the H.264/AVC intra 16×16 prediction, we predict the
current macroblock referring left and up neighboring pixels.
However, the prediction accuracy of intra 16×16 is low
when we refer from the further located pixels and it causes
bit-rate increase.
Especially, when the input sequence has gradient values
within the macroblock, H.264/AVC intra 16×16 coding
cannot yield the adequate prediction accuracy. Thus, we
propose the line-based vertical prediction and line-based
horizontal prediction that yield more accurate prediction
result than the H.264/AVC intra 16×16 mode.
For the vertical mode and horizontal mode, we do not
predict the entire macroblock in one operation, but apply the
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line-based prediction. Figure 6 shows the proposed vertical
and horizontal line-based prediction. In the proposed
algorithm, we define 1×16 (vertical mode) or 16×1
(horizontal mode) as a line-of-pixel (LOP) and predict this
line by copying the previous LOP.

mode, x is a line index that represents the current line and it
has the value from 1 to 15.
3.4. Improved Intra Coding using LbL Prediction
Since the basic unit of the proposed algorithm is not
block but line, we should modify the procedure of the intra
coding. Note that we do not need any change of syntax
elements.
For the intra 16×16 mode, the optimal directionality of
the current macroblock called the best mode is selected
using sum of absolute transformed difference (SATD). It
represents the error between the real macroblock and the
predicted effect. SATD can be expressed by the following
formula.

(a) Line-based vertical prediction

SATD =

∑ T {org ( x, y) − pred ( x, y)

(7)

( x , y )∈bk

(b) Line-based horizontal prediction
Fig. 6. Line-by-line intra prediction method.

In the line-based vertical prediction, the first LOP of the
macroblock is predicted from the previous LOP like Eq. 3.
Here, x has the value from 0 to 15.
pred(x,0)=p(x,-1)

(3)

Then, the residual data is formed by subtracting the
predicted LOP from LOP in the original image. After this,
we should reconstruct the current line, because it is used as
the reference data of the next LOP. The transform,
quantization, inverse transform, and inverse transform is
applied to the residual data. After the reconstruction, the
next LOP is predicted using Eq. 4 and this process is
repeated until the last LOP of the current macroblock.
pred(x,y)=r(x,y-1)

(4)

Here, r(x,y-1) is the reconstructed pixel value of the
previous LOP and y is a line index that represents the
current line. It has the value from 1 to 15.
pred(0,y)=p(-1,y)

(5)

pred(x,y)=r(x-1,y)

(6)

The line-based horizontal prediction is performed in the
same manner. Equation 5 and equation 6 show the
prediction equations for the horizontal mode. Here, the only
change is the direction of the prediction. Unlike the vertical

Here, org(x,y) is the real value of the video, pred(x,y) stands
for the predicted value, and bk represents the corresponding
block. Under the intra 16×16 mode, there are four prediction
directions. After compare SATD values under all the
directions, we determine the minimum as the best mode.
In the proposed intra 16×16 coding method, the current
macroblock is coded by one prediction mode. Therefore, the
directionality of the prediction should be fixed within one
macroblock. To keep the same direction of prediction, we
apply the conventional 16×16 intra prediction for the current
macroblock and calculate SATD using Eq. 7.
Using the calculated SATD, we can find the
directionality of the current macroblock. Selected prediction
direction is kept until the final line in macroblock is
predicted. If we do not keep the same prediction mode, we
have to signal the mode information for all lines to the
decoder side and it will introduce the bit increase. When the
selected prediction mode is the vertical or horizontal mode,
the line-based prediction is applied. For other modes (DC or
plane mode), the conventional algorithm is applied.
The coded block pattern (cbp) contains information that
provides coefficients/no_coefficients in the transform block.
In the conventional H.264/AVC, one cbp information is
calculated for one macroblock for the intra 16×16 mode.
Thus, we also calculate cbp once a macroblock in the
proposed algorithm. Since the prediction is an applied lineby-line in the proposed intra 16×16, cbp for the 16×16 block
is calculated as a cumulated cbp of each line shown as Eq. 8.
Here, cbp1 represents the cbp of the first line.
cbp = cbp1+cbp2+…+cbp16

(8)

The encoding structure of the proposed algorithm is
depicted in Fig. 7. Here, i16mode represents the best mode
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of the current intra 16×16 block. The detailed procedure of
the proposed algorithm is as follows:
Step 1: Conventional macroblock-based intra prediction is
applied and four predicted blocks are produced and
the SATD for each prediction is calculated.
Step 2: Find the mode that gives the smallest SATD values
and decide it as the best mode for the macroblock
because this mode provides the best match to the
actual current block is decided.
Step 3: If the best mode is the vertical or horizontal mode,
the line-based intra 16×16 prediction is conducted.
Otherwise, finish the intra 16×16 coding.
Step 4: Subtract the predicted line from the original line and
make a residual line of pixels. Construct a 4×4
block using this line of residual pixels.
Step 5: Residual pixels of the line are transformed and
quantized. Then, the quantized data are scaled and
inverse transformed to produce reconstructed pixels
that will be reference data of the next line coding.
Step 6: Construct 16 difference pixels of the line using
inverse transformed 4×4 block. To provide a
reference for further line-based prediction,
predicted line is added to line of pixels and create
the reconstructed reference pixels of line.
Step 7: Steps 4-6 are repeated until the last line of the
macroblock.

4. EXPERIMENTAL RESULTS
We implemented the proposed algorithm on the H.264/AVC
reference software, JM 12.2 [7]. In order to examine the
performance of the proposed intra prediction method, we
performed experiments on several test video sequences of
the YUV 4:2:0 format with 720p and 1080p HD resolutions.
All the tested sequences are intra only coded and the
detailed encoding parameters for the experiment are
summarized in Table 1.
Table 1. Encoding parameters
ProfileIDC
100 (high profile)
LevelIDC
51
IntraPeriod
1 (intra only)
QPISlice
16, 20, 24, 28
SymbolMode
1 (CABAC)

Our proposed method was applied to H.264/AVC intra
coding by replacing the conventional 16×16 vertical and
horizontal mode. The Bjøntegaard delta peak signal-to-noise
ratio (dB) and the Bjøntegaard delta bit rate (%) are used to
evaluate the performance of the proposed algorithm [8]. The
results for several test sequences are shown in Table 2. We
achieved average bit savings of 6.07%.
As shown, the proposed method performs much better
for the sequence like BasketballDrive than ShuttleStart. It
results from the characteristics of the mode distribution of
each test sequence. Table 3 shows the mode distribution
change for BasketballDrive sequence due to the proposed
method. When QP is equal to 16 and 20, many blocks are
coded by intra 4×4 mode. However, using the proposed
method, the percentage of the intra 16×16 mode is increased.
That is, blocks coded by intra 4×4 mode in H.264/AVC are
coded by intra 16×16 mode. This implies that the proposed
intra 16×16 coding provides a more accurate prediction than
the H.264/AVC intra 16×16 coding.
QP
16
20

Fig. 7. Flowchart of the proposed method.

Table 3. Mode distribution comparison (%)
Method
H.264/AVC
Proposed
Intra 16×16
0.1
33.5
Other Modes
99.9
66.5
Intra 16×16
3.7
25.7
Other Modes
96.3
74.3

In the conventional coding, some blocks that can be
coded as intra 16×16 is coded as intra 4×4 because of the
low prediction accuracy of the existing intra 16×16 coding
method. However, by using the proposed method, we
improved the prediction accuracy of the intra 16×16 block
and the best mode of some blocks are changed from the
intra 4×4 mode to the intra 16×16 mode.
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Sequence

Bigships
(720p)

Jets
(720p)

ShuttleStart
(720p)

BasketballDrive
(1080p)

ChristmasTree
(1080p)

Cactus
(1080p)

BQTerrace
(1080p)

QP
16
20
24
28
16
20
24
28
16
20
24
28
16
20
24
28
16
20
24
28
16
20
24
28
16
20
24
28

Table 2. Comparison of BDPSNR and BDRATE
H.264/AVC
Proposed
PSNR
Bitrate
PSNR
Bitrate
(dB)
(kbits/s)
(dB)
(kbits/s)
47.08
61143.12
46.00
51110.40
43.47
40422.96
42.62
33569.76
40.54
25798.08
40.01
23119.68
37.76
16042.80
37.46
15061.68
46.45
32622.48
45.99
23141.04
43.67
16313.04
43.37
13814.40
42.00
8712.00
41.82
8208.72
40.45
5236.56
40.25
4983.12
48.58
19584.24
48.04
16558.56
46.13
11039.04
45.77
9649.68
44.14
6380.64
43.89
5915.28
42.13
3559.20
41.97
3405.12
48.13
112107.12
46.42
76696.56
42.83
59862.48
42.34
45584.40
40.33
27544.08
40.16
25075.44
38.84
14913.84
38.70
14117.28
47.99
167586.48
46.50
144808.30
45.12
125040.48
43.40
104407.20
39.54
78764.64
39.13
71287.92
36.63
45160.80
36.46
43360.56
46.48
172070.88
45.79
150515.00
42.25
106455.36
41.83
92064.72
39.38
60227.52
39.07
54915.84
37.36
34913.28
37.13
32742.72
48.06
169545.12
47.26
158143.90
44.52
124250.16
43.64
112598.60
40.23
83761.44
39.51
73423.44
36.90
53018.64
36.38
47027.52

Average

Since the intra 4×4 mode requires more bits to represent the
mode information than the intra 16×16 mode, we can reduce
the coding bits using the proposed method.
5. CONCLUSION
In this paper, we introduced an efficient line-based intra
16×16 prediction method for high resolution video. In the
proposed algorithm, we have used the line-based, instead of
block-based, prediction and reconstruction since the more
closely located reference pixels provide the better prediction.
Using line-based processing, we have improved prediction
accuracy for the intra 16×16 mode. Experimental results
show that the proposed algorithm provides approximately
6.07% bit savings, compared to coding performance of intra
16×16 coding in the current H.264/AVC FRExt high profile.
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