784 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 15, NO. 6, JUNE 2005

Transactions Letters

An Effective Variable Block-Size Early Termination Algorithm
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Abstract—The H.264 video coding standard provides consider-
ably higher coding efficiency than previous standards do, whereas
its complexity is significantly increased at the same time. In an
H.264 encoder, the most time-consuming component is variable
block-size motion estimation. To reduce the complexity of motion
estimation, an early termination algorithm is proposed in this
paper. It predicts the best motion vector by examining only one
search point. With the proposed method, some of the motion
searches can be stopped early, and then a large number of search
points can be skipped. The proposed method can work with any
fast motion estimation algorithm. Experiments are carried out
with a fast motion estimation algorithm that has been adopted
by H.264. Results show that significant complexity reduction is
achieved while the degradation in video quality is negligible.

Index Terms—Early termination, H.264, motion estimation,
variable block-size.

1. INTRODUCTION

ECENT years have seen rapid development of video

coding techniques. Generally, compression performance
is improved along with an increase of computational cost.
H.264, as the newest joint standard of the ITU-T Video Coding
Experts Group (VCEG) and the ISO/IEC Moving Picture Ex-
perts Group (MPEG), has achieved a significant improvement
in coding efficiency compared to previous standards, such as
MPEG-1/2/4 and H.261/H.263. However, its complexity is too
high to be widely applied in real-time applications.

In general, motion estimation (ME) contributes most of the
complexity of a video encoder. There are two ways to reduce
the computational cost. The first one is to speed up the algo-
rithms themselves. For ME, numerous fast algorithms have been
proposed, such as hexagon-based search (HBS) [5], enhanced
predictive zonal search (EPZS) [3], and hybrid unsymmetrical-
cross multihexagon-grid search (UMHexagonS) [1]. The other
way is to terminate the ME calculation early. By predicting the
blocks whose discrete cosine transform (DCT) coefficients will
quantize to zeros, some methods [2], [6], [4] effectively reduce
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the computation of ME. On the other hand, a significant por-
tion of blocks have a zero motion vector (MV) after ME. The
zero-motion detection (ZMD) algorithm proposed in [4] de-
tects such blocks by comparing their sum of absolute difference
(SAD) with a predefined threshold and then skips the remaining
search points.

However, the aforementioned early termination methods are
all developed for previous coding schemes, such as H.263. They
cannot be applied to H.264 any longer. This is because com-
pared to H.263, where only two block sizes (16 x 16 and 8 x 8)
are used, seven block sizes varying from 16 X 16 to 4 X 4 are
used in H.264.

Extending the concept of ZMD, we propose a variable block-
size best motion detection (VBBMD) algorithm for H.264 video
coding. The proposed method differs from ZMD in three as-
pects: 1) the thresholds used in VBBMD are obtained based
on the detection accuracy of different block sizes, respectively,
while complexity reduction is also considered, which makes
the threshold decision more reasonable; 2) the predicted motion
point, rather than the zero motion point, is checked in VBBMD,
so that more search points can be skipped; and 3) dual thresholds
are utilized for the block size of 16 x 16 in VBBMD. The lower
threshold is used to skip the motion search of smaller block
sizes. Our method can work with any motion search algorithm
and no additional computation is required. The entire discussion
is focused on inter-frames (P-frames) and integer pixel motion
search only.

The rest of this paper is organized as follows. Section II de-
scribes the early termination algorithm and its improvement.
Simulation results are shown in Section III. Finally, we conclude
the paper and give future directions in Section IV.

II. EARLY TERMINATION ALGORITHM
A. Variable Block-Size Zero Motion Detection

Generally, for most sequences, there exist a significant
number of blocks that have a zero MV after ME, as shown in
Table I. In this table, mode 1-7 represent seven inter prediction
modes with different block sizes varying from 16 x 16 to
4 x 4 in H.264, as shown in Fig. 1. It can be seen that 30.71%
to 98.03% of blocks have zero motion in different video se-
quences with low and high motion activities. If we can predict
the zero-motion blocks (ZMB), we can stop ME early and
eliminate a portion of the computation. Extending the concept
of ZMD, we develop a variable block-size ZMD (VBZMD)
algorithm.
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TABLE 1
ZMB RATES (%) OF SEVEN MODEs (QP = 32)
Mode | Mode | Mode |Mode | Mode | Mode | Mode
Sequence
1 2 3 4 5 6 7
Akiyo 98.03 [97.51 | 97.18 [97.28 [ 97.14 | 96.47 | 97.04
Salesman | 96.80 [95.92 | 95.69 [95.15 [ 94.78 | 94.13 | 94.33
News 91.90 [91.72 | 91.98 |92.35191.93 | 91.31 | 91.78
Silent 85.01 | 84.65 | 84.15 |85.01 | 84.75 | 84.23 | 85.06
Coastguard | 32.44 | 33.51 | 32.80 |30.91 | 31.40 | 30.71 | 31.06
Foreman |43.97 |44.15| 43.57 |44.25|44.81 | 43.73 | 45.42
16x16 16x8 8x16 8x8
2 4 4
1 3 3
2 4 4
Mode=1 Mode=2 Mode=3 Mode=4
8x4 4x8 4x4
5 7 7
6 6
5 7 7
Mode=5 Mode=6 Mode=7
Fig. 1. Seven prediction modes in H.264.

In the previous ZMD method, when the SAD of a block is
smaller than a given threshold, the block can be regarded as a
ZMB. In H.264, the cost function .J, rather than SAD, is used
as the measure of prediction error in selecting the best matching
block

J(m,\) = SAD(s,c(m)) + AR(m — p) (1)

where m = m (m,,m,)" is the current MV, p = (p,., p,)7 is
the predicted MV, and A is a Lagrangian multiplier. R(m — p)
is the number of bits to code the MV.

If a block has zero motion, it is likely to have a small cost at
MV(0, 0). Therefore, we define thresholds THZ; (i = 1,...,7)
for seven block sizes, respectively. During ME, MV(0, 0) is
first examined. If the cost at MV(0, 0) satisfies (2), the block
is regarded as a ZMB, and then the remaining searches can be
skipped

J; < THZ;, fori=1,...,7. )

How to determine the thresholds for different block sizes is
the key to ZMD in H.264. It is clear that the larger the thresh-
olds are, the more ZMBs are detected and the more search points
can be skipped. However, more blocks are incorrectly selected
at the same time, which results in more significant loss in image
quality. Therefore, there is a tradeoff between performance and
complexity. In practice, preventing loss in video quality may
be more important than a minor increase in complexity. There-
fore we regard detection accuracy as the guide in determining

thresholds. Here the accuracy represents the probability of a
block being ZMB when its cost is smaller than a threshold. Our
method is to obtain several candidate sets of thresholds based on
different accuracy rates in experiments and select an optimal set
which provides a good tradeoff between quality and complexity
in practice. Experiments on many sequences show that with the
same threshold, both accuracy rates and detection rates in low
motion scenes are higher than those in large motion scenes. As
the Foreman sequence can represent scenes that possess rela-
tively large motion, we can select thresholds based on Foreman
and apply them to other sequences. Table II shows the candidate
thresholds we obtain.

In our method, if the zero-motion cost of a block is smaller
than the corresponding threshold, we regard (0,0) as the best
MYV of the block and jump to the next block in the same mac-
roblock. If the current block is the last block in a macroblock,
we jump to the next mode. After all modes are examined, the
mode with the minimal cost is selected as the best mode as any
ME algorithm for H.264 does. In mode 1, since one macroblock
contains only one block, if the zero-motion cost is small enough,
it is likely that not only (0, 0) is the best MV, but also mode 1
is the best mode of this macroblock. Thus, we define an addi-
tional lower threshold THS for mode 1. If the zero-motion cost
is smaller than THS, the motion search of the entire macroblock
is stopped. The entire procedure of VBZMD is outlined as fol-
lows.

Assume the current macroblock is MB(z, y)
For each mode i (i = 1,...,7) of the MB(z, y)
For each block in the macroblock
Calculate the cost at (0, 0)
If cost < THZ;
Set MV = (0,0)
If mode = 1 and cost < THS
Set best mode = 1
Exit two loops
End if
Exit one loop
Else
Do the normal motion search process
End if
End for
End for
If best mode is not set
Set best mode to be the mode with the minimal cost

The H.264 encoder we use is version 6.1e of the reference
JVT software [7]. We combine the proposed method with the
fast ME algorithm UMHexagonS [1] that has been adopted by
the H.264 standard. The fast ME method can reduce the com-
plexity of integer-pixel ME by up to 90% in comparison to
full search, whereas the calculations can be further reduced by
using the proposed method. Because the threshold of 800 cor-
responds to a relatively high accuracy rate of 78% in mode 1
and it seems to work well in experiments, we choose it as THS.
As shown in Table III, for the Akiyo sequence that represents




786 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 15, NO. 6, JUNE 2005

TABLE 1II
CANDIDATE THRESHOLDS FOR DIFFERENT ACCURACY RATES OF
FOREMAN (QP = 32)

Accuracy [Model[Mode2Mode3ModedfModeJMode6Mode7
80% 60 55 570 40 318 300 250
75% 96 65 66(Q] 48 36 35 270
70% 165 92 89 60 41 40 300
65% 22700 12000 116 70 47 46 350
60% 2800 1500 143 88 53 53 400

TABLE III

PERFORMANCE OF VBZMD WITH CANDIDATE THRESHOLDS (QP = 32)

PSNR Bit-rate
Sequence | Method |Accuracy| PPMB
(dB) (kbps)
Fast ME 35.22 63.86] 14.52
80% 35.18 29.021 14.65
75% 35.20 2141 14.67
Akiyo Fast ME
70% 35.19 7.96] 14.70
+VBZMD
65% 35.18 517 14.59
60% 35.17 417 14.67
Fast ME 32.90 160.48] 79.34
80% 32.87 124.97)  79.00
75% 32.86 112.85| 79.55
Foreman | Fast ME
70% 32.82 88.75| 80.49
+VBZMD
65% 32.77 64.77) 82.19
60% 32.75 49.39] 84.73

small motion scenes, up to 93.47% of search points per mac-
roblock (PPMB) are reduced while the average peak signal-to-
noise (PSNR) degradation is not more than 0.05 dB and the
increases of bit rates are marginal. Even for the Foreman se-
quence, which possesses larger facial motion and camera pan-
ning, calculations are also obviously saved and the PSNR loss is
still slight. Here the number of search points is calculated at the
macroblock level. For example, one search point in mode 4 with
the block size of 8 x 8 equals to 1/4 PPMB in this way. Here,
the threshold set corresponding to the accuracy rate of 65%
provides a good tradeoff between performance and complexity.
The PSNR degradations on Akiyo and Foreman sequences are

Fig. 2. Current and neighboring blocks.

TABLE IV
RATES OF PREDICTED VECTOR BLOCKS (%)

Mode | Mode | Mode | Mode| Mode | Mode | Mode

Sequence

1 2 3 4 5 6 7

Akiyo 98.05197.51197.23197.37| 97.27| 96.61 | 97.24
Salesman | 96.84 | 95.71|95.46 | 95.40( 95.11 | 94.54 | 95.03
News 91.80191.70 | 91.66 1 92.83192.7192.22 | 93.16
Silent 85.09 | 85.04 | 84.57186.32| 86.80 | 86.36 | 88.28
Coastguard | 58.68 |62.19162.41164.32]66.17|67.09 | 69.04
Foreman |54.19]56.26|55.46]57.79]160.00 | 59.15]63.15

0.04 and 0.13, respectively, whereas the computation savings
are 91.9% and 59.64%, respectively.

Intuitively, PSNR associated with high accuracy should be
larger than PSNR associated with low accuracy. However, in this
table, it can be seen that the PSNR values for Akiyo sequence
with accuracy of 75% and 70% are larger than that with accu-
racy of 80%. This is possible because larger thresholds not only
reduce more computation but also reduce the bits required to
code MVs, and then the saved bits improve the overall PSNR.

B. Variable Block-Size Best Motion Detection

Although the VBZMD algorithm has achieved fairly good
performance on reducing computation, we can further improve
it to achieve better performance. In H.264, the median value of
the left, top and top-right (or top-left) neighboring blocks” MVs
is used as the prediction of the current block’s MV, as illus-
trated in Fig. 2. Since the MVs of the neighboring blocks are
usually correlated, the predicted vector is likely to be the best
MYV after ME. For the convenience of description, we define the
blocks whose best MV is exactly the predicted vector as pre-
dicted vector blocks (PVB). As shown in Table IV, the PVB rates
of different sequences are consistently larger than the ZMB rates
shown in Table I. Particularly, for scenes with relatively large
motion, such as Coastguard and Foreman sequences, PVB rates
are higher than ZMB rates by 23%—122%. On the other hand,
another experiment shows that for most sequences, more than
97% of ZMBs are also PVBs at the same time. The observa-
tions inspire us to use the predicted vector to predict the best
MYV instead of the zero MV. In addition, in H.264, the differ-
ence between the current MV and the predicted vector, rather
than the current MV itself, is encoded and transmitted. There-
fore, using the predicted vector to predict the best MV can save
bits that are used to code MVs.
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TABLE V
PERFORMANCE OF VBBMD WITH THE OPTIMAL THRESHOLDS (QP = 32)

PSNR Bit-rate
Sequence Method PPMB

(dB) (kbps)

Fast ME 35.22 63.86 14.52

Akiyo | Fast ME+VBZMD | 35.18 5.17 14.59
Fast ME+VBBMD | 35.18 4.17 14.59

Fast ME 32.90 |160.48 79.34

Foreman| Fast ME+VBZMD | 32.77 64.77 82.19
Fast ME+VBBMD | 32.77 30.12 82.34

Based on the preceding VBZMD, we propose a VBBMD al-
gorithm. The key idea is to compare the cost at the predicted
vector with a given threshold. If the cost is smaller than the
threshold, the predicted vector is regarded as the best MV, and
then the remaining search points can be skipped.

Similarly, how to select the thresholds for different block
sizes is still the key issue. Using the same approach in VBZMD,
we can obtain several candidate sets of thresholds in terms of
different accuracy rates. The procedure of VBBMD is almost
the same as that of VBZMD, only except for checking the pre-
dicted vector instead of the zero MV. We encode different video
sequences with the candidate threshold sets and select an op-
timal set. The results show that the set of thresholds (2500,
1500, 1400, 920, 625, 570, 500) with accuracy of 66% provides
a good tradeoff. Moreover, the lower threshold THS for mode
1 is also 800 because it works well. Table V shows the results
of VBBMD with the optimal threshold set. Compared to the re-
sults of VBZMD in the same table, we can see that more search
points are further reduced, while the PSNR and bit rates remain
almost the same. It is verified that VBBMD is more effective
than VBZMD.

In the foregoing descriptions, the thresholds are determined
when the quantization parameter (QP) is set to 32. However,
experiments show that different QP values result in different
thresholds. This is because the cost value .J is related to QP. In
(1), J is directly related to A, while X is obtained from a lookup
table indexed by QP. Therefore, we need to adjust the thresholds
according to the value of QP. When a block is regarded as a
PVB, the maximal difference between the current MV m and
the predicted MV p in (1) is 3/4 pixels, which can be encoded
with 10 bits. Thus, we approximately set R(m — p) to 10. We
define the thresholds for QP = 32 to be the principal thresholds,
then the thresholds for other QP values can be set as the principal
thresholds plus (Aqp — As2) X 10.

III. SIMULATION RESULTS

We apply VBBMD to a H.264 reference encoder [7] with the
UMHexagonS fast ME [1]. We set the motion search range to

TABLE VI
PERFORMANCE OF VBBMD IN DIFFERENT CONDITIONS

Sales- Coast- | Fore-
QP | Performance |Akiyo News | Silent
man guard | man
APSNR (dB) | -0.05| -0.02| -0.06| -0.04| -0.05] -0.12
28 [APPMB (%) | 94.12] 90.22| 83.30| 81.95| 87.67| 81.76
ABit-rate (%) | 0.04] 1.60| 1.33| 242 3.72 4.60
APSNR (dB) | -0.03] -0.02( -0.06| -0.04] -0.06( -0.13
32 |APPMB (%) | 93.39| 91.07| 83.48| 83.46| 86.37| 80.61
ABit-rate (%) 1.03 0.80| 1.26| 295 4.63| 3.43
APSNR (dB) | -0.05| -0.06| -0.08| -0.04| -0.06] -0.13
36 |APPMB (%) | 92.63| 90.43( 82.17| 83.72| 77.46| 76.10
ABit-rate (%) | 0.66| 0.37| 1.41| -0.07| 3.00| 3.45

32, and set the number of reference frames to 1. The RD opti-
mization is disabled and the CAVLC entropy coding is enabled
in our experiments.

To examine the effectiveness of the proposed method in dif-
ferent experimental conditions, we choose six sequences with
motion activities varying from small to large. They are Akiyo,
Salesman, News, Silent, Coastguard, and Foreman sequences.
All sequences are in quarter common intermediate format
(QCIF) and encoded at 30 frames/s. All frames except for the
first frame are encoded as P-frames. In addition, in order to
examine the performance at different bit rates, three QP values,
28, 32, 36, are used in our experiments. As described in Section
2.2, the thresholds used in VBBMD are adjusted according to
QP.

For the convenience of comparison, we show the average
PSNR gains (APSNR), the average reduction rates of PPMB
(APPMB) and the increasing rates of bit-rate (ABit-rate) in
Table VI. From the results we can see that the proposed methods
are stable and work well in different conditions. Compared to
using the fast ME algorithm only, our method further reduces
76.10% to 94.12% of the integer-pixel search points, while the
PSNR degradation is only 0.06 dB on average and the bit rates
are just slightly increased.

IV. CONCLUSION

In this paper, an early termination method VBBMD is pro-
posed for H.264 video coding to help existing fast motion search
algorithms by further reducing the amount of computation. It
predicts the best MV by examining only one search point. With
this method, some of the motion searches can be stopped early
and the computation associated with these searches can there-
fore be reduced. In the method, the thresholds are decided based
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on the detection accuracy of different block sizes while com-
plexity reduction is also considered, which makes the thresh-
olds decision more reasonable. Experimental results show that
our proposed method achieves significant complexity reduction,
while the degradation in video quality is negligible.

Future directions may include making the thresholds adaptive
to the quantization level and the motion level, and applying the
early termination method to subpixel ME.
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