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Abstract—The intra mode prediction via exhaustive mode
decision exploited in the H.264/advanced video coding effectively
improves the coding efficiency, but at the expense of yielding
higher computational complexity. In this letter, a fast intra mode
decision algorithm, called the hierarchical intra mode decision
(HIMD), is proposed to speed up the mode decision process by
reducing the number of modes required to be checked for each
macroblock. The novelty of the proposed HIMD algorithm lies
at the following accounts. 1) An early decision with adaptive
thresholding is developed for the mode decision of the luma
component. 2) The candidate modes are selected according to
their Hadamard distances and prediction directions. 3) Only one
of the hierarchical paths will be chosen to compute its least
rate-distortion cost. Experimental results have shown that the
proposed HIMD algorithm achieves a reduction of 85.75% com-
putational complexity on average, while incurring only 0.164 dB
loss in peak signal-to-noise ratio (PSNR) and 2.336% increment
on the total bit rate compared with that of exhaustive mode
decision, which is a default approach set in the joint model
reference software.

Index Terms—Early decision, H.264/advanced video cod-
ing (AVC), intra prediction, mode decision, sum of absolute
Hadamard transform difference (SAHTD), video coding.

I. Introduction

THE H.264/advanced video coding (AVC) is the latest
video coding standard developed by the joint video team

(JVT), which is composed of telecommunication standard-
ization sector of the International Telecommunication Union
(ITU-T), Video Coding Experts Group and International Or-
ganization for Standardization/International Electrotechnical
Commission (ISO/IEC) MPEG standard committees. Com-
pared with its predecessors, the H.264/AVC is also a block-
based motion-compensated hybrid video coder with much
higher coding efficiency achieved, but at the expense of
high computational complexity [1]. This is because it adopts

Manuscript received October 5, 2008; revised June 30, 2009. Date of
publication March 15, 2010; date of current version June 3, 2010. This work
was supported in part by the National Natural Science Foundation of China
under Grant 60772164. This paper was recommended by Associate Editor G.
Wen.

H. Zeng was with the Institute of Information Science and Technology,
Huaqiao University, Quanzhou, 362021, China. He is now with the School
of Electrical and Electronic Engineering, Nanyang Technological University,
639798, Singapore (e-mail: zeng0043@ntu.edu.sg).

K.-K. Ma is with the School of Electrical and Electronic Engi-
neering, Nanyang Technological University, 639798, Singapore (e-mail:
ekkma@ntu.edu.sg).

C. Cai is with the Institute of Information Science and Technology, Huaqiao
University, Quanzhou, 362021, China (e-mail: chcai@hqu.edu.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCSVT.2010.2045802

multiple sophisticated coding techniques, such as multiple
reference frames, variable block sizes, multiple intra prediction
modes, rate-distortion optimization (RDO), exhaustive mode
decision, and so on [2]. Therefore, reducing the computational
complexity while maintaining almost the same video coding
quality and the total bit rate by developing fast algorithms
has become the main objective of encoding optimization for
any practical H.264/AVC codec realization. In this letter,
fast intra mode decision is studied and a novel algorithm is
proposed.

Many fast intra mode decision methods have been proposed
in [3]– [7]. Pan et al. [3] utilized the edge directional histogram
information of the current block to determine its average edge
direction for skipping those unlikely modes. Li et al. [4]
suggested a simple edge direction detection algorithm based on
the evaluation of nonnormalized Haar transform coefficients to
effectively speed up the intra prediction process. Tseng et al.
[5] proposed an enhanced rate-distortion (RD) cost function,
which consists of sum of absolute integer-transformed differ-
ences (SAITD) and bit rate estimator. The proposed RD cost
function achieved similar performance as that of exploiting the
RDO function while its computational load is much lower.
Wang et al. [6] exploited the feature descriptors used in
the MPEG-7 to detect the dominant edge direction, which
is employed to reduce the number of modes required to be
checked. Tsai et al. [7] extracted eight orientation features of
the given block by computing the intensity gradient to choose
those more likely modes so that the computational load can
be reduced significantly.

In this letter, a more efficient intra mode decision algo-
rithm, called the hierarchical intra mode decision (HIMD),
is proposed. The key ideas are described as follows. All the
available intra modes are grouped into four candidate mode
sets and organized in a hierarchical manner. Then, according
to the measurements of the sum of absolute Hadamard trans-
form difference (SAHTD) of some modes, only one of the
hierarchical paths is chosen to identify which mode will yield
the least RD cost. Furthermore, an early decision mechanism
with adaptive thresholding has been incorporated into the
proposed algorithm. Experimental results have shown that the
proposed HIMD algorithm significantly reduces the compu-
tational complexity while maintaining almost the same video
coding quality and the total bit rate as that of the exhaustive
mode decision, which is the default approach implemented in
the joint model (JM) reference software.
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The rest of this letter is organized as follows. An overview
of the intra prediction in H.264 is described in Section II.
The proposed fast intra mode decision algorithm, HIMD,
is presented in Section III. Extensive simulation results are
documented and discussed in Section IV. Finally, conclusions
are drawn in Section V.

II. Overview of the Intra Prediction in H.264/AVC

The H.264/AVC exploits the underlying spatial correlations
of pixel intensity within each video frame to conduct intra
prediction. A prediction block is then formed based on the
previously encoded blocks. In the intra prediction coding, only
the residual block, which is the prediction error measured
between the current block and its prediction block, is encoded.
In order to achieve higher coding efficiency, the H.264/AVC
offers four intra prediction modes (i.e., vertical, horizontal,
DC, and plane prediction modes) for both the 16 × 16 luma
block and the 8 × 8 chroma block as illustrated in Fig. 1
(a), plus additional nine modes for the 4 × 4 luma block as
shown in Fig. 1(b), including one DC prediction mode and
eight directional prediction modes [8]. It should be pointed
out that although the intra prediction modes for the 8 × 8 luma
block has been introduced in the H.264/AVC fidelity range
extension (FRExt) profile, most H.264/AVC profiles do not
support the intra 8 × 8 prediction modes [9]. Therefore, only
the intra prediction modes for the 8 × 8 chroma block, the
16 × 16 luma block, and the 4 × 4 luma block are considered
in this letter.

Note that the information regarding the best intra prediction
mode for each 4 × 4 luma block must be conveyed to the
decoder, and this needs a large number of bits for each frame.
To deal with this problem, the H.264/AVC introduces the
so-called most probable mode (MPM), based on the modes
obtained at the immediate-left and immediate-upper blocks,
because the best modes for the adjacent 4 × 4 blocks are highly
related [10]. If either the immediate-left or the immediate-
upper neighboring block is not available, the MPM of the
current block is simply set to M2 (i.e., the DC prediction
mode). Otherwise, the MPM is set to the mode obtained
either from the immediate-left or from the immediate-upper
neighboring block, depending on which block yields a smaller
index value of the coding mode.

The H.264/AVC adopts the Lagrangian RDO function [11],
[12] as its mode decision criterion, and all the chroma and
luma prediction modes are exhaustively investigated to identify
the minimum RD cost as the best mode combination (namely,
the combination of the best chroma mode and the best luma
mode); this approach is the so-called exhaustive mode deci-
sion. The Lagrangian RDO function (i.e., the so-called high
complexity method) is defined as

JRD = SSD(s, c|QP) + λMODE · R(s, c|QP) (1)

where QP is the quantization parameter, λMODE is the La-
grangian multiplier, SSD means the sum of squared difference
between the original luma block (i.e., s) and its prediction
reconstructed block (i.e., c), and R represents the number of
bits required.

Fig. 1. Intra prediction modes used in the H.264/AVC. (a) Four intra 16 × 16
prediction modes. (b) Nine intra 4 × 4 prediction modes.

Since the computational complexity resulted from the ex-
haustive mode decision is extremely high, the JM reference
software [13] supports the other cost function with much re-
duced complexity (i.e., the so-called low-complexity method)

JSATD = SATD(s, c|QP) + 4 · λMODE · P (2)

where P is set to 0 if the current mode is equal to MPM,
otherwise, P is set to 1. The SATD denotes the sum of
absolute transform difference, which works by applying a
transform to the difference between s and c. In the JM
reference software, the Hadamard transform is employed due
to its simplicity and good performance in assisting the mode
decision. Hence, the sum of absolute Hadamard transform
difference (SAHTD) is defined as

SAHTD =
N∑
i

N∑
j

∣∣dij

∣∣ (3)

where dij denotes the (i, j)-th element of d—the Hadamard
transform of the residual block, which is computed as

d = H(s − c)HT (4)

where

H = HT =

⎡
⎢⎢⎣

1 1 1 1
1 1 −1 −1
1 −1 −1 1
1 −1 1 −1

⎤
⎥⎥⎦

.

(5)

III. Proposed Hierarchical Intra Mode Decision

(HIMD) Algorithm

Intuitively, one can easily perceive that the intra 4 × 4
prediction mode is more suitable for the macroblocks (MBs)
with detailed information; on the contrary, the intra 16 × 16
prediction mode is more proper for smooth MBs. Therefore, if
the smoothness of MB can be predicted in advance, it would
be logical to skip the checking of all the intra 4 × 4 prediction
modes for those smooth MBs. Further studies indicate that the
smoothness of MB is intimately related to its SAHTD value.
Obviously, if a MB is not smooth, the differences between
the original pixels and the prediction pixels will be large;
consequently, its SAHTD value will be large too. Hence, this
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Fig. 2. Probability (i.e., degree of confidence) of the intra 16 × 16 prediction
mode chosen as the best mode resulted from exploiting the exhaustive mode
decision under different SAHTD16 × 16 values and different QP values. From
left to right, the curves denote the results obtained under QP = 16, 20, 24,
28, 32, 36, and 40, respectively.

relation can be utilized on the design of fast mode decision
algorithm. If the minimum SAHTD value of all the intra
16 × 16 prediction modes (denoted as SAHTD16×16) is small
enough (that is, below a threshold T ), then the current MB is
quite likely smooth. In this case, the intra 16 × 16 prediction
mode is thus selected as the best luma prediction mode, and
the mode decision process is proceeded to the next MB.
Otherwise, all the nine intra 4 × 4 prediction modes should
be further checked to see which one yields the least cost as
the best luma mode.

Now, the key question is how to find the value of threshold
T. For this, all the MBs from a set of commonly-used
test sequences listed in Table I are employed to empirically
determine the reliable threshold T value—with a goal of
achieving 90% degree of confidence. In other words, if the
computed SAHTD16×16 value of the current MB is smaller
than T, the intra 16 × 16 prediction mode is assigned to
the current MB as its best luma mode, and the probability
that this intra 16 × 16 prediction mode is indeed the best
luma mode according to the exhaustive mode decision is
not less than 0.9. Since different QPs could yield different
details of the picture, consequently, the threshold T must
be QP-dependent. Fig. 2 shows the probability of the intra
16 × 16 prediction mode chosen as the best luma mode versus
the SAHTD16×16 value of the current MB under different
QP values. For example, with 90% degree of confidence,
the corresponding threshold T at QP = 28 is set to 1800.
The threshold T for other QPs are determined likewise and
the results are documented in Table II. Furthermore, it can be
easily observed from Table II that there is a linear relationship
between the threshold T values and the various QP values. To
mathematically model this relationship, a MATLAB function,
polyfit, which essentially performs polynomial fitting to ap-
proximate a linear function: f (x) = ax + b, where parameters
a and b are to be determined based on the data points in
Table II. The resulted formula is

T = 50 · QP + 400. (6)

TABLE I

Test Video Sequences

QCIF Sequences CIF Sequences
Salesman Akiyo

Table tennis News
Mobile calendar Flower garden

Bus Foreman
Grandma Silent

TABLE II

Empirically-Determined Threshold T Values With 90% Degree

of Confidence Under Different QP Values. These Values Are

Based on SAHTD16 × 16 Experimented on All the Video

Sequences Shown in Table I

QP 16 20 24 28 32 36 40
T 1200 1400 1600 1800 2000 2200 2400

If the above-mentioned early decision is not granted (i.e.,
SAHTD16 × 16 ≥ T ), a fast mode decision algorithm for the
4 × 4 luma block is further proposed to reduce the compu-
tational complexity rather than exhaustively checking all the
nine intra 4 × 4 prediction modes. From the spatial point of
view, the texture of adjacent blocks are highly related, hence,
the MPM is more likely to be the best mode. With this intu-
ition, extensive simulation experiments are conducted by using
different video sequences listed in Table I for investigating
the distribution of the optimal intra 4 × 4 prediction mode
resulted from exploiting the exhaustive mode decision of the
H.264/AVC reference software, and the results are documented
in Table III. This study clearly indicates that the MPM indeed
yields the highest possibility as the best mode. This observa-
tion implies that the MPM mode checking can be served as
an early decision mechanism for each 4 × 4 luma block.

For conducting the intra 4 × 4 prediction, all the eight
modes as shown in Fig. 1(b) are grouped into four candidate
mode sets: {M0, M7, M3}, {M0, M5, M4}, {M1, M6, M4},
and {M1, M8, M3}, according to their inherited directions
as indicated. By exploiting the SAHTD evaluation criterion
through a set of hierarchical checking procedures, one of the
four candidate mode sets will be chosen for further evaluating
its three candidate modes, besides the compulsory checking
of the mode M2 (i.e., the DC prediction mode). Note that,
rather than using the SAHTD, the more sophisticated (thus,
more time-consuming) RD cost evaluation criterion is applied
at this refined mode decision stage. The above-mentioned intra
4×4 prediction process will be applied to the other three 4×4
blocks individually, such that the total RD costs of the four
4×4 blocks will be further compared with the RD cost resulted
from the intra 16 × 16 prediction mode.

In summary, the proposed HIMD algorithm is described
below.

1) For each 8 × 8 chroma block, compute the SAHTD val-
ues of four 8 × 8 chroma prediction modes and choose
the mode with the minimum SAHTD as the best chroma
prediction mode.

2) For the 16 × 16 luma block, evaluate four intra 16 × 16
prediction modes by calculating their SAHTDs, re-
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TABLE III

Distribution of the Optimal Intra 4 × 4 Prediction Mode Resulted From Exploiting the Exhaustive Mode Decision by Using

Different Video Sequences Listed in Table I Under Different QP Values

QP MPM M0 M1 M2 M3 M4 M5 M6 M7 M8
16 43.28 15.83 25.32 10.19 6.23 8.59 6.40 8.43 7.12 11.89
20 48.92 17.27 26.06 10.88 5.77 8.02 6.04 7.88 6.71 11.37
24 54.25 19.16 26.98 11.41 5.32 7.48 5.65 7.32 6.20 10.48
28 59.66 20.04 27.45 12.44 5.10 6.96 5.34 6.83 5.88 9.96
32 64.84 21.27 27.73 14.89 4.68 6.14 4.78 6.11 5.31 9.09
36 71.77 23.21 28.21 17.58 4.13 5.22 4.09 5.26 4.55 7.75
40 79.43 24.94 28.63 22.68 3.57 4.02 3.12 3.98 3.32 5.74

Fig. 3. RD cost performance evaluation. (a) “News” in QCIF-format.
(b) “Mobile Calendar” in CIF-format.

spectively. Then, choose the mode with the minimum
SAHTD as the best intra 16 × 16 prediction mode,
and the corresponding SAHTD value is denoted as
SAHTD16×16.

3) If SAHTD16×16 < T , where T = 50 · QP + 400, then
the best intra 16 × 16 mode will be chosen as the best
luma prediction mode, and the mode decision process
is proceeded to the next MB; otherwise, proceed to the
next step.

4) For the selected 4 × 4 luma block:

a) Select M2 (i.e., the DC prediction mode) as a
candidate mode;

b) Select M0 or M1 as the second candidate mode,
depending on which one yields a smaller SAHTD.

If the SAHTD of M0 is smaller than that of M1,
proceed to the next step; otherwise, go to Step
(4-d);

c) If the SAHTD of M5 is smaller than that of M7,
select M5 and M4 as the third and fourth candidate
modes; otherwise, select M7 and M3 as the third
and fourth candidate modes. Then, go to Step
(4-e);

d) If the SAHTD of M6 is smaller than that of M8,
select M6 and M4 as the third and fourth candidate
modes; otherwise, select M8 and M3 as the third
and fourth candidate modes;

e) Compare the SAHTD values of the MPM and
these candidate modes. If the MPM yields the
minimum SAHTD value, then choose the MPM
as the best intra 4 × 4 prediction mode, and the
mode decision process is proceeded to the next
4 × 4 luma block;

f) Compute the RD costs of the selected candidate
modes, and choose the mode that yields the mini-
mum cost as the best intra 4 × 4 prediction mode.

5) Repeat Step (4) for each remaining 4 × 4 luma block
of the current MB to find the corresponding best intra
4 × 4 prediction mode. The RD cost of the current MB
is calculated by adding the RD costs of all the 4 × 4
luma blocks computed at their best intra 4 × 4 prediction
modes and denoted as RDcost4×4.

6) The RD cost of the current MB based on the chosen best
intra 16 × 16 prediction mode is calculated and denoted
as RDcost16×16.

7) If RDcost16×16 > RDcost4×4, the above-determined
intra 4 × 4 prediction mode is chosen as the best luma
prediction mode; otherwise, the above-determined intra
16 × 16 prediction mode is chosen instead.

IV. Experimental Results and Discussion

To evaluate the performance, the proposed HIMD algorithm
has been incorporated into the JM10.2 provided by the JVT
[13]. A set of experiments were conducted by using mul-
tiple commonly-tested quarter common intermediate format
(QCIF)-format and common intermediate format (CIF)-format
MPEG video sequences, covering a wide range of scenarios.
The personal computer used for conducting these experiments
consists of the Intel Pentium IV 3.0 GHz central processing
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TABLE IV

Performance Comparison of Five Methods: (a) Low-Complexity

Method [13], (b) Pan et al. [3], (c) Wang et al. [6], (d) Tsai et al. [7],

and (e) Our Proposed Hierarchical Intra Mode Decision (HIMD)

Algorithm. All the Incremental Differences Are Measured

With Respect to the Exhaustive Mode Decision Approach and

Averaged Over Four QP s, Individually

Sequences Methods �PSNR (dB) �B (%) �T (%)
(A) −0.212 +3.785 −89.81

Foreman (B) −0.285 +4.437 −65.38
(QCIF) (C) −0.094 +1.694 −69.96

(D) −0.243 +4.411 −81.73
(E) −0.154 +2.488 −83.89
(A) −0.284 +3.919 −90.46

News (B) −0.294 +3.902 −55.34
(QCIF) (C) −0.362 +4.927 −63.04

(D) −0.218 +2.962 −77.93
(E) −0.177 +2.227 −86.01
(A) −0.252 +4.210 −90.05

Container (B) −0.234 +3.695 −56.36
(QCIF) (C) −0.306 +4.907 −63.59

(D) −0.158 +2.539 −77.88
(E) −0.173 +2.604 −88.12
(A) −0.215 +4.262 −90.29

Silent (B) −0.183 +3.54 −65.17
(QCIF) (C) −0.189 +3.808 −58.58

(D) −0.186 +3.753 −74.72
(E) −0.142 +2.550 −83.96
(A) −0.201 +4.131 −90.18

Coastguard (B) −0.106 +2.361 −55.02
(QCIF) (C) −0.220 +4.314 −62.99

(D) −0.151 +2.932 −74.91
(E) −0.097 +1.793 −85.43

(A) −0.219 +3.189 −90.71
Paris (B) −0.230 +3.210 −57.78
(CIF) (C) −0.288 +4.117 −61.62

(D) −0.158 +2.260 −76.87
(E) −0.151 +1.990 −86.82
(A) −0.313 +4.025 −91.38

Mobile Calendar (B) −0.255 +3.168 −59.09
(CIF) (C) −0.194 +2.420 −59.31

(D) −0.137 +1.714 −75.22
(E) −0.200 +2.306 −85.27
(A) −0.278 +4.398 −90.81

Tempete (B) −0.229 +3.514 −57.70
(CIF) (C) −0.193 +3.115 −60.96

(D) −0.162 +2.609 −75.72
(E) −0.170 +2.409 −85.43
(A) −0.376 +5.157 −90.83

Stefan (B) −0.242 +3.717 −57.97
(CIF) (C) −0.227 +3.068 −62.28

(D) −0.204 +2.761 −76.04
(E) −0.217 +2.662 −86.67
(A) −0.262 +4.119 −90.50
(B) −0.228 +3.505 −58.87

Average (C) −0.230 +3.597 −62.48
(D) −0.179 +2.882 −76.77
(E) −0.164 +2.336 −85.75

unit and 512 MB memory. The test conditions are set as
follows.

1) For each test sequence, 300 frames are all encoded as
intra frames.

2) The QP is set at 28, 32, 36, and 40, respectively.
3) The Hadamard transform and RDO are enabled.
4) The CABAC entropy coding is used.

Table IV compares the outcomes resulted from the proposed
HIMD algorithm, the low-complexity method [13] and the
method recently proposed by Pan et al. [3], Wang et al. [6],
and Tsai et al. [7] over a set of QCIF-format and CIF-
format MPEG video sequences. The performance evaluation
is conducted with respect to the results obtained by the
exhaustive mode decision, and their differences are measured
by the following performance indexes as suggested in [14]:
�PSNR means the average peak signal-to-noise ratio (PSNR)
changes (in dB); �B means the average bit rate changes in
percentage; �T means the average time saving in percentage;
“+” means “increase”; and “−” means “decrease.” All the
above-mentioned measurements are averaged over four QPs.

From the results shown in Table IV, it can be seen that the
proposed HIMD algorithm constantly achieves, on average,
85.75% time saving with only 0.164 dB loss in PSNR and
2.336% increment in the total bit rate, comparing with the
outcomes resulted by applying the exhaustive mode deci-
sion. Fig. 3 presents the RD performance evaluation results:
(a) “News” in QCIF-format with slow-motion content, and
(b) “Mobile Calendar” in CIF-format with complicated-
motion, highly-textured content. HIMD algorithm has
achieved a similar RD performance as that of the exhaustive
mode decision.

Experimental results further indicate that the proposed
HIMD algorithm consistently outperforms the approach
proposed by Pan et al. [3] in all aspects—with about 26.88%
encoding time saving, 0.064 dB PSNR improvement, and
1.169% total bit rate reduction, and the recently proposed
approach by Wang et al. [6]—with about 23.27% encoding
time saving, 0.066 dB PSNR improvement, and 1.261% total
bit rate reduction, and another recently proposed approach
by Tsai et al. [7]—with about 8.98% encoding time saving,
0.015 dB PSNR improvement, and 0.546% total bit rate
reduction. It should be pointed out that the speed of the
proposed HIMD algorithm is slightly slower than that of
the low-complexity method, but the coding performance
of the proposed HIMD algorithm is better than that of
the low-complexity method—with about 0.098 dB PSNR
improvement and 1.783% total bit rate reduction.

V. Conclusion

In this letter, a novel fast mode decision algorithm for the
H.264/AVC intra prediction has been proposed. The speed gain
is achieved by rearranging all the modes in a hierarchical
manner and then choosing a proper checking path. For the
chroma block, the chroma prediction mode with the minimum
SAHTD value will be chosen as the best chroma mode.
For the luma block, the initial evaluation of the minimum
SAHTD value among all the intra 16 × 16 prediction modes
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provides an early chance to possibly skip all the intra 4 × 4
prediction modes, once this minimum SAHTD value is below
a QP-dependent threshold. If such an early decision is not
granted, then a candidate mode selection scheme is employed
to eliminate those unlikely intra 4 × 4 prediction modes to
further speed up the mode decision process. Experimental
results have verified that the proposed fast intra mode decision
algorithm, HIMD, effectively reduces the computational load
by 85.75% on average as compared with that of the exhaustive
mode decision approach based on the JVT reference software
(version JM10.2), while only incurring a negligible loss of
PSNR (about 0.164 dB on average) and slightly increase of
the total bit rate (about 2.336% on average).
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