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A Diamond Web-grid Search Algorithm Combined with Efficient
Stationary Block Skip Method for H.264/AVC Motion Estimation
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ABSTRACT

H.264/AVC offers a better encoding efficiency than conventional video standards by adopting many new encoding
techniques. However, the advanced coding techniques also add to the overall complexity for H.264/AVC encoder. Accordingly,
it is necessary to perform optimization fo alleviate the level of complexity for the video encoder. The amount of computation
for motion estimation is of particular importance. In this paper, we propose a diomond web-grid search algorithm combined
with efficient stationary block skip method which employs full diomond and dodecagon search patterns, and the variable
thresholds are used for performing an effective skip of stationary blocks. The experimental results indicate that the proposed
technique reduces the computations of the unsymmetrical-cross mulfi-hexagon-grid search algorithm by up fo 12% while
maintaining a similar PSNR  performance.
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1. Introduction sizes are prompting further developments of
compression technology and video compression
standards such as ISO/IEC MPEG-1, MPEG-2,
MPEG-4, ITU-T H.261, H.263 [1], and the most
recent H264 [2], [3]. H264/AVC is the latest in

Despite recent advances in storage devices and

transmission networks, rapidly increasing video file
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video compression standards that deploy encoding
technologies such as variable block-size motion
estimation (VBSME), multiple reference frames, 4x4
integer DCT, and 1/4 pixel motion estimation (ME)
and motion compensation (MC). Thanks to many
advanced encoding techniques, H.264/AVC encoder
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is able to provide twice the compression rate that
MPEG-4 does for an identical video quality.
However, adopting mnew encoding techniques
significantly increases the amount of computation. In
particular, motion estimation accounts for the
greatest portion of H.264/AVC’s encoding time.
Accordingly, optimizing the motion estimation
algorithm is very important for alleviating the
computing complexity in H.264/AVC encoder.
Motion  estimation is an effective and
representative technique for removing the temporal
redundancy in video sequences. Block-based motion
estimation has been adopted by most video
compression standards including H.264/AVC. Maybe
the most popular technique for block-based motion
estimation is the block-matching algorithm (BMA).
BMA is widely used in video compression standards
due to its efficient prediction, accurate estimation,
and simple implementation. Working under the
assumption that every pixel in a block has an
identical motion vector (MV) that displays the
translational motion, BMA compares the block of the
current frame with that of the reference frame to
determine an optimal block. However, restricted
search ranges (SR) and limited block sizes for
the during
implementation the
reliability of estimation. As the simplest BMA, the
full search (FS) algorithm searches exhaustively all

reference blocks within the search range. Although

reducing calculations real-time

undermine accuracy and

the FS provides outstanding quality performance and
simple data flow and circuit control, a prohibitive
amount of computation is required if the search
range becomes too large. This high computational
complexity makes it often not suitable for real-time
implementations.

Over the past few years, many fast algorithms
such as the three-step search (3SS) [4], the new

three-step search (N3SS) [5], four-step search (4SS)
[6], block-based gradient descent search (BBGDS)
[7], diamond search (DS) [8], [9], hexagon-based
search (HEXBS) [10], cross-diamond search (CDS)
[11], efficient three-step search (E3SS) [12], and
cross-diamond-hexagonal search (CDHS) [13] have
been proposed to replace FS algorithm with a high
level of computational complexity. Each BMA uses
a different search strategy to satisfy the accuracy of
speed. The
unsymmetrical-cross ~ multi-hexagon-grid ~ search
(UMHexagonS) [14] algorithm has been recently
proposed as a reference ME for the H.264/AVC IM
[15]. The UMHexagonS
high-performance hybrid motion estimation algorithm

motion  estimation and search

software is a
that combines many improved technologies, but is
significantly slower than other fast BMAs.

In this paper, we propose a hybrid motion
algorithm to further improve the

of UMHexagonS. The remaining
sections of this paper are constructed as follows.
Section 2 reviews the UMHexagonS algorithm. In

section 3, real-world video sequences are analyzed.

estimation

performance

In section 4, our proposed methods are presented.
The performance can be verified based on
experimental results in section 5. Finally, in section

6, the conclusions of this paper will be given.

2. Unsymmetrical-cross Multi-
hexagon-grid Search Algorithm

The UMHexagonS algorithm embedded in the
H.264/AVC M
high-performance hybrid motion estimation algorithm

reference  software is a
that combines many improved techniques, including
motion vector prediction and early termination, and
search patterns of cross, diamond, and hexagon. As

shown in Figure 1 (a), a 16 points big hexagon
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pattern is based on the fact that generally horizontal
motion is much heavier than that of vertical motion
for real-world video. Two search patterns of Figure
1 (b) and (c) are adopted in the extended
hexagon-based search (EHS) [14], which is used as
a sub-algorithm in the UMHexagonS. The search
process of the UMHexagonS algorithm is
summarized as follows:

o

(a) (b) (c)
(Fig. 1) Search patterns used in UMHexagonS.
(a) 16 points big hexagon pattern,
(b) Hexagon search pattern,
(c) Small diamond search pattern.
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(Fig. 2) Search process of UMHexagonS.

START: Before the integer-pixel = motion
estimation, the start search point should be
decided at first.

- Early Termination.

STEP 1: First, an unsymmetrical-cross search is
made. The spacing between checking points is
two and there are twice as many points
horizontally than vertically.

- Early Termination.

STEP 2: Starting from the best point found in the
cross search step, next small rectangular full
search is made.

- Early Termination.

STEP 3: A multi-hexagon-grid search strategy is
taken (from 1 to SR/4). The 16 points hexagon
pattern used in the grid search has more points at
the left and right edges.

- Termination by Threshold for Strong Motion.
STEP 4: In the last step, EHS (STEP 4-1) or small
diamond search (STEP 4-2) is used to refine the
best MV found in the multi-hexagon-grid stage.

3. Motion Vector Distribution

Figure 3 and 4 show the motion vector probability

(MVP) distributions resulted from simulations using
the full search algorithm with a search range SR =
+7. Sequences used for Figure 3 (a) and (b) are CIF
Sequence “Claire” (100 frames) and CCIR601
Sequence “Stefan” (200 frames) respectively. Figure
4 is using three CCIR601 Sequences - “Garden”,
“Stefan”, and “Susie” (30 frames respectively).

(a) (b)
) Motion vector distributions for
(a) “Claire” and (b) “Stefan’.

(Fig. 3
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(Fg. 4) Mation vector probabiity dstribution for three GORA0TS.

In Figure 3 (a), over 89% of motion vectors are
found at the central point (0, 0). Within the central
5x5 area, most of motion vectors are also found.
The MVP distribution for the CCIR601 sequence
“Stefan” including tough and rough sports scene is
shown in Figure 3 (b). Unlike the distribution as
illustrated in Figure 3 (a), Figure 3 (b) does not
show altogether center-biased MVP distribution but
wide distribution.

Figure 4 displays the results of MV’s accumulated
distribution for the three CCIR601 sequences. The
MVP distribution diagram can be divided into nine
regions to comprehensively analyze the general MVP
distribution tendency of video data. In Figure 4, it
can be seen that the portion of MV within the 5x5
region in the center of the search range is the
highest at 53%. Moreover, the portions of MVP in
the horizontal and vertical regions are especially high
in the regions other than the central region. The
major cause for this phenomenon is closely related
to the fact that the camera capturing the images
mainly moves in horizontal and vertical directions.

4. Proposed Methods

4.1 Revised Diamond Search Algorithm

4.1.1 Search Patterns and Search Process
of RDS

[
L

L Y
s
ey
Bd
BE
*

» A
(a) Large diamond-shaped pattern (LDSP) of DS

\j’ %
I

(b) Redefined LDSP (RLDSP)
(c) Small X-shaped pattern (SXSP)

%

S
N

(d) Small diamond-shaped pattern (SDSP)
(Fig. b) Redefined search patterns from LDSP
used in original DS.

The dense search points in the large
diamond-shaped pattern (LDSP) of the original DS
algorithm, as shown in Figure 5 (a), are inadequate
for searching wide-area movements. On the other
hand, in Figure 5 (b), the redefined large
diamond-shaped pattern (RLDSP) of the distributed
search points is more appropriate for horizontal and
vertical searches. Furthermore, the small X-shaped
pattern (SXSP) as shown in Figure 5 (c), which has
branched out from the LDSP, can flexibly cope with
local minimum block distortion measure (BDM)
points. The small diamond-shaped pattern (SDSP) as
shown in Figure 5 (d) is used in the final searching
step of the proposed revised diamond search (RDS)
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algorithm. Two Examples of search paths of the
proposed RDS are shown in Figure 6. The search
process of the RDS algorithm using RLDSP, SXSP,
and SDSP can be summarized as follows:

STEP 1: The 5 checking points of RLDSP are
tested. If the minimum BDM point is located at the
center, go to STEP 3; otherwise, go to STEP 2.

STEP 2: A new RLDSP with the center at the
previous minimum distortion point is formed. If
the minimum BDM point obtained is located at
the center of RLDSP, go to STEP 3; otherwise,
recursively repeat this step.

STEP 3: Switch the search pattern from RLDSP
to SXSP. If the minimum BDM point occurs at
the center of SXSP, go to STEP 4; otherwise,
repeat STEP 2.

o
N

N

,>
©)

(Fig. 6) Two examples of search paths of RDS.

STEP 4: One of the 5 checking points of SDSP is
determined as the new minimum BDM point,
which is the final MV.

4.1.2 Performance Evaluation of RDS

The performance evaluation experiments of the
proposed RDS algorithm evaluate the search speed
and quality. The search speed can be checked with
the average number of search points per block, and
the average PSNR (peak signal-to-noise ratio) is used
to evaluate the search quality. A total of eight
sequences, named “Claire” (CIF 360%288, 100
frames), “Coastguard” (CIF 352x288, 200 frames),
“Football” (CIF 360x240, 200 frames), “Salesman”
(CIF 360x288, 200 frames), “Football” (CCIR601
720%486, 50 frames), “Garden” (CCIR601 720x486,
90 frames), “Stefan” (CCIR601 720x480, 90
frames), “Susie” (CCIR601 720%486, 90
frames), are used for the experiment. The sum of
absolute differences (SAD) criteria is used for BDM
measurement. It is defined as follows:

and

N-IN-1

SAD=3"%"|C, R, |

i=0 j=0 (1)

where N is the parameter about the macroblock
size. Cij and Rij are current and reference area
samples respectively. The block size and the search
range are set at 16x16 and SR = *15, respectively.

Tables 1 and 2 compare the performance of the
proposed RDS algorithm with those of BMAs such
as DS, HEXBS, and CDS. The results in Table 2
indicate that the proposed RDS always uses less
search points than the original DS. However, the
RDS provides a higher prediction quality than the
DS in most sequences, as shown in Table 1. In
particular, the search quality is more remarkable for
CCIR601 sequences. In sequences like “Football”
“Stefan” that
movements, the proposed algorithm outperforms the

and include intense and abrupt

DS algorithm in terms of the search speed and
quality.

X253 (11225)
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(Table 1) PSNR comparison.

CIF Sequences
BMA - Average
Claire |Coastguard |Football | Salesman

DS | 41162 | 29483 | 24241 | 35281 | 32542

HEXBS | -0.325 -0.161 0205 | 0043 | 0184

s | -0.015 -0.005 -0.051 0.09% 0.006

RDS | -0.023 -0.027 0032 | -0.010 | -0.007

CCIR601 Sequences
BMA Average
Football| Garden | Stefan | Susie

DS | 24643 | 26252 | 22616 | 34659 | 27.043

HEXBS | -0.103 -0.194 0383 0113 0.050

bs | -0.043 -0.038 -0.058 | -0.097 | 0.059

RDS | 0.042 0.093 0.611 0172 0.230

(Table 2) Search points comparison.

CIF Sequences

BMA Average
Claire |Coastguard | Football | Salesman

DS 13.226 17692 | 23898 | 13831 | 17.162

HEXBS | -2107 3784 -6436 | 252 | -3712

Ds | -3.651 1157 0555 | -3203 | -1.286

RDS | -0.033 -1.680 3198 | 0240 | -1.288

CCIR601 Sequences
BMA Average
Football | Garden | Stefan | Susie

DS 23.051 2328 | 20491 | 20463 | 21.583

HEXBS | -6.467 -5.767 4548 | 5037 | -5455

DS 0.240 3221 -0113 | 058 0.983

RDS | -3.053 -3.355 2004 | 2140 | -2.638

(a) (b)
(Fig. 7) New search patterns used in DWS.

(a) Full diamond search pattern,
(b) Dodecagon search pattern.

4.2 Diamond Web-grid Search Igorithm

4.2.1 Search Patterns and Search Process
of DWS

The proposed diamond web-grid search (DWS)
algorithm for H.264/AVC motion estimation was
developed based on the MVP distribution and
multiple local minima for real-world sequences. The
full diamond search pattern and dodecagon search
pattern, as shown in Figure 7 (a) and (b), are used
as basic search patterns in the proposed DWS
algorithm. The full diamond search pattern is very
suitable for searching center-biased motions. In
contrast to the multi-hexagon-grid used in the
UMHexagonS, the multi-dodecagon-grid (web-grid)
is considering all directions, but is heavier in
horizontal and vertical directions than in diagonal
directions. In the last searching step of the DWS, the
RDS algorithm proposed in section 4.1 can be used
to refine the best MV. The DWS algorithm can be
summarized in three steps, as follows:

START: Before  the
estimation, the start search point should be
decided at first.

integer-pixel ~ motion

- Early Termination.

STEP 1: First, a full diamond search and a
symmetrical-cross search are made. The spacing
between checking points of the symmetrical-cross
search pattern is 4.

- Early Termination.

STEP 2: A web-grid search strategy is taken. The
16 points dodecagon pattern is scaled to various
sizes (from 1 to SR/4).

- Termination by Threshold for Strong Motion.
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(Fig. 8) Search process of DWS.

STEP 3: In the final step, an unrestricted

center-biased search (STEP 3-1: RDS or EHS) or

the small diamond search (STEP 3-2) is adopted

to refine the best MV found in the web-grid stage.

The search process of the proposed DWS
algorithm is also shown in Figure 8.

4.2.2 Performance Evaluation of DWS

The experiments are conducted by using four
QCIF sequences “Claire”, “Container”, “Grandma”,
four CIF
“News”, and

and “Salesman” and sequences
“Coastguard”, “Mobile”, “Stefan”.
Three hundred frames are used for each of the eight
sequences. We compare the proposed algorithms
with fast full search (FFS) and UMHexagonS
algorithm using the H.264/AVC reference software
JMI12.4 with search range SR = 16, quantization
parameter QP = 40, and rate distortion optimization
RDO = 0, and the baseline profile. DW+EHS and
DW+RDS algorithms, in STEP 3-1 of the DWS, are
using EHS and RDS respectively.

Tables 3 and 4 show that the proposed DW+RDS
is about 0.011 dB higher compared with that of the
UMHexagonS in terms of PSNR while the average

bit rate increase is 0.02%. From Table 5, the motion
estimation time reduction is still about 5%.

(Table 3) PSNR (dB) comparison.

ME FFS | UMHS | DW+EHS | DWHRDS
Claire 31477 | 31384 | 0017 0.067
Container | 27850 | 27.841 | 0.014 | -0.015
oar Grandma | 29.683 | 29.621 | -0.001 0.033
Salesman | 27.381 | 27.367 | -0.010 0.013
Coastguard | 26.675 | 26663 | -0.010 | -0.016
Mobile | 24380 | 24342 | 0.002 -0.004
CIF News 29902 | 29.864 | 0.002 -0.006
Stefan 26372 | 26339 | -0.003 0.015
Average - - -0.002 0.011

(Table 4) Bit rate (%) comparison.

ME FFS | UMHS |DW+EHS | DW+RDS
Claire 7593 7528 -0.11 0.05

Container | 8402 8414 -0.56 -057

Grandma | 6099 6067 -0.26 -0.36

Salesman | 9660 9510 0.72 0.81

Coastguard | 111963 | 111654 041 031

Mobile | 228985 | 229682 | -0.33 038

CIF News 49051 | 48988 | -0.36 021
Stefan | 240217 | 232526 | 039 0.55

Average - - -0.01 0.02

(Table 5) Motion estimation time (%) comparison.

ME FFS | UMHS |DW+EHS| DW+RDS
Claire 45912 | 9017 9.69 704
Container | 46505 | 10792 | -3.90 -4.36
QI Grandma | 47674 | 10085 -5.90 -6.09
Salesman | 47576 | 12073 -6.92 -3.98
Coastguard | 196767 | 55820 -5.08 -5.33
Mobile | 189266 | 60204 -4.63 -5.69
. News 186276 | 39662 | -4.98 -2.98
Stefan | 189677 | 57613 -6.21 -6.96
Average - - -5.92 -5.30

eh= QB FEstE| (11229)
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4.3 Efficient Stationary Block Skip
ethod

4.3.1 Skipping Zero Motion Vector

A block with a zero motion vector (ZMV) is
regarded as a stationary block. ZMVs are usually
distributed around the background of a video
sequence. In Figure 9, a ZMV is positioned at the
center of the search window. Most of BMAs start
the search process from the central point of the
search window. Attention needs to be paid to the
fact that ZMV only uses a single central point, and
that the BDM value from the previous frame can be
A Diamond Web-grid Search Algorithm Combined
with Efficient Stationary Block Skip Method for
H.264/AVC Motion Estimation reused. SAD or
SATD (sum of absolute transformed differences) are
mainly used for measuring block distortion. Because
and bit
simultaneously considered in H.264/AVC, the rate

video quality distortion rate  are

distortion optimization can also be used, as defined
in equation 2.

ZMV block

(a) MV space (b) ZMV = (0, 0)
(Fig. 9) (a) A ZMV block found in MV space, (b)
Location of the ZMV in search range = *7.

RDcost =SAD+ A

vode X Rates )

where AModeis the Lagrangian multiplier and it
adjusts the tradeoff between bit rate and video
distortion. Rates denotes the number of bits required
for coding the difference between the candidate MV

and the MV predictor.

Simulation experiments are conducted using the
FS algorithm with the luminance of four CIF
sequences (100 frames respectively) to analyze the
correlation between the ZMV and the mean absolute
error (MAE). The MAE is calculated as follows:

1 N

NxN ‘=7

1

1

=

-1
IC, — R,

MAE = ;
©)

~
]
(=}

2 B 8 888 38 8 8

Care Salesmen Football Flower* Claire Sdesman Football Flower

* "Flower” MV (1, 0) = 42.60%
(a) (b)
(Fig. 10) (@) AWV ratio comparison, (b) MAE comparison.

ZMV.SAD g iota =
Average SAD of all ZMV blocks

All ZMV blocks

MV space
(Fig. 11) The existing ZMV skip method.

As a result of the simulation, Figure 10 (a) and
(b) indicate that the ZMV ratio is inversely
proportional to the MAE value. Based on this fact,
an existing technique for effectively skipping ZMV
[16] is introduced.

In Figure 11, the existing ZMV skip technique
uses the average SAD value of all ZMV blocks as a
threshold to predict ZMV. The threshold is
calculated as Equation 4.

1
ZMV _SADy, 04 = N

MV

> ASAD, ;| MV, ; = ZMV'}

Q)
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Table 6 expresses the pseudo code for using the
threshold in BMA. However, this technique can only
be used in the motion estimation unit for MPEG-1,
2 fixed block-sizeIn other words, it
appropriate for VBSME of H.264/AVC.

is not

(Table 6) Pseudo code for using ZMV threshold in BMA.

Block — Matching _ Algorithm(Frame, ..., Frame,,,....i, j) =
{

SAD, .y = SAD(Frame,,,..,Frame,,,.,,, Block, ;);
< ZMV _SAD,,;...> return ZMV;

ccccccc

Threshold 1 for MB type 1
Threshold 2 for MB type 2
Threshold 3 for MB type 3

Threshold 7 .for MB type 7
] e
]
(Fig. 12) Seven variable thresholds used in the proposed
ESBSM method and seven segmentations of the macroblock.

4.3.2 Proposed Method for VBSME

In order to implement the ZMV block skip
technique in the H.264/AVC reference software JM,
we propose a simple solution referred to as the
efficient stationary block skip method (ESBSM). The
proposed solution usesseven different variable
threshold variables depending on the type of
macroblock.

For example, in Figure 12, if a stationary block is
a Block Type 2, its SA(T)D is added to the
macroblock type 2 variable. Then the average
SA(T)D is calculated right beforemoving from the
current frame to the subsequent frame. The average

SA(T)D can only be used as a threshold for

macroblock type 2. There are seven variable
thresholds in total, and each threshold value is
determined according to the average SA(T)D of the
corresponding macroblock type. Figure 13 displays
the flow of the proposed method implemented in the
H.264/AVC reference software JM. The proposed
ESBSM can easily be combined with the existing
ME algorithms in H.264/AVC.

Initial Start Point Prediction

End of Current Frame 7

min meost

<
ZMV Treshold[block typel

ZMVSumMcost [block type]
+=

min_mcost

Average ZMV SumMcosts
(ZMVTresholds)

(Fig. 13) Flowchart of the proposed ESBSM in the JM.
5. Experimental Results

The experiments are conducted at JM12.4 with the
default settings of SR = 16, QP = 40, RDO= 0, and
the baseline profile. Three hundred frames are used
for each of the six sequences - QCIF sequences
"Claire”, and CIF
sequences “Coastguard”, “Mobile”, and “Stefan”. In

“Container”, and "Foreman”,
addition, 30 frames from three high-resolution
HDTV  sequences - "Harbour”  (720p),
“Ship”(2160p), and “Spinningchair” (2160p) are also
used in the experiments. The experimental results, as
shown in Tables 7 -9, indicate that the DW+RDS
algorithm combined with ESBSM (EDWS) reduces
the computations of the UMHexagonS by up to 12%,

while generally maintaining the PSNR.
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6. Conclusions

In this paper, we proposed a hybrid motion
estimation algorithm in H.264/AVC, which combines
search (RDS) algorithm, full
diamond and dodecagon search patterns, and efficient
stationary block skip method (ESBSM). In section
4.1, the proposed RDS algorithm performs faster and
more exact than the original DS for CCIR601

sequences which consist of horizontal, vertical, and

revised diamond

vigorous motion contents. We also proposed a
modified UMHexagonS by using new full diamond
and dodecagon search patterns. The proposed
diamond web-grid search (DWS) algorithm performs
a little faster than the UMHexagonS while better
search quality is maintained. In the end of section 4,
we suggested that an efficient stationary block skip
method can be deployed for variable block-size
motion estimation in H.264/AVC by using seven
variable thresholds that correspond one-to-one with
the variable block types of H.264/AVC. In section 5,
the proposed diamond web-grid search algorithm
combined with efficient stationary block skip method
(EDWS) was simulated in the H.264/AVC M
software to substantiate the fact that it can further
improve the speed performance of conventional

motion estimation algorithms such as the
UMHexagonS.
(Table 7) PSNR (dB]) comparison.
ME UMHexagonS EDWS
Claire 31.384 -0.037
QCIF Container 27.841 -0.080
Foreman 28.137 -0.033
Coastguard 26.663 -0.020
CIF Mobile 24342 -0.010
Stefan 26.339 -0.007

I ZotE = S ol
Harbour 28294 -0.008
HDTV Ship 34.395 -0.023
Spinningchair 37.166 -0.014
(Table 8) Bit rate (%) comparison.
ME UMHexagonS |  EDWS
Claire 7528 -097
QCIF Container 8414 -1.18
Foreman 31970 011
Coastguard 111654 -0.28
CIF Mobile 229682 -044
Stefan 232526 044
Harbour 1076424 -0.10
HDTV Ship 8442496 1.37
Spinningchair 8048600 033
(Table 9) Motion estimation time (%) comparison.
ME UMHexagonS | EDWS
Claire 8836 -847
QCIF Container 10744 -10.41
Foreman 13035 -9.90
Coastguard 56593 -12.53
CIF Mobile 61016 -11.46
Stefan 57152 9.9
Harbour 34877 -5.86
HDTV Ship 299666 -6.34
Spinningchair 269397 -5.55
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