IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 10, NO. 3, APRIL 2000

Transactions Letters

417

Normalized Partial Distortion Search Algorithm for Block Motion Estimation

Chok-Kwan Cheung and Lai-Man Po

Abstract—Many fast block-matching algorithms reduce com-
putations by limiting the number of checking points. They can
achieve high computation reduction, but often result in relatively
higher matching error compared with the full-search algorithm.
In this letter, a novel fast block-matching algorithm named nor-
malized partial distortion search is proposed. The proposed algo-
rithm reduces computations by using a halfway-stop technique in
the calculation of block distortion measure. In order to increase
the probability of early rejection of non-possible candidate motion
vectors, the proposed algorithm normalized the accumulated par-
tial distortion and the current minimum distortion before compar-
ison. Experimental results show that the proposed algorithm can
maintain its mean square error performance very close to the full
search algorithm while achieving an average computation reduc-

from the global minimum point. However, this assumption

does not always hold in the real-world video sequence [11].
These algorithms are easily trapped into local minimum points,
and thus, often produce higher matching error compared with
the FS algorithm. Recently, Liu and Zaccarin proposed an
alternating subsampling search algorithm (ASSA) [12] which

reduces the number of pixels used in each BDM instead of
reducing the number of checking point. This algorithm uses
alternating subsampling patterns in calculating different loca-
tions’ BDM's. Experimental results show that the ASSA can

achieve four-times computation reduction with its mean square
error (MSE) performance very close to that of FS.

tion of 12-13 times, with respect to the full-search algorithm. Apart from using this subsampling technique, halfway-stop

techniques can also be used to reduce computational complexity
. INTRODUCTION in the BDM calculation. One of the examples is the partial dis-

OTION compensation is a vital component of manjance search algorittm (PDS) [13] used in the vector quanti-

video-coding standards (e.g., 1ISO MPEG-1/2 [1], [2}ation (VQ) encoding process. The basic idea of the PDS al-
and ITU-T H.261/262/263 [2]—[4]) due to its high efficiencydorithm is as follows. Suppose the input vector consists of
in reducing temporal redundancy between successive franfédnponents. The total distortion is obtained by adding these
Block-based motion estimation is the most popular method @Opartial distortions. If theith gqcumula}ted partial distortion
obtain motion-compensated prediction. By dividing each fran}e greater than the current minimum distortion, the coder can
into rectangular blocks of equal size, the motion estimati#St reject this vector and does not calculate the remaining par-
obtains a motion vector for each of the blocks within a searé! distortions. This algorithm can greatly reduce computation
window in the reference frame using the block-matchingf the distortion calculation if the computational complexity of
algorithm (BMA). The full-search algorithm (FS) is the mosf:_omparisop operation is relativgly Iowerthan that ofmuI'FipI.ica—
straightforward BMA, which provides an optimal solution byion operation. However, the efficiency of this algorithm is lim-
matching all the candidate blocks inside a search windoligd if it is directly applied to the BDM calculation in motion
However, the computational complexity of FS is always togStimation. Paricularly if sum absolute error (SAE) is chosen as
high for real-time implementation. A number of fast algorithm1€ matching criterion, the computational complexity of com-
are developed to reduce the computational complexity BRMSON becomes significant since it is comparable with that of
motion estimation. Some of the famous examples include tfgdition. . o
three-step search (3SS) [5], cross search algorithm (CSA)N this letter, a new fast BMA named normalized partial dis-
[6], orthogonal search algorithm (OSA) [7], 2-D-logarithmidortion search (NPDS) is proposed. The proposed algorithm re-
search (2DLOG) [8], new three-step search (N3SS) [9], af§ices computation by using a halfway-stop technique in the
four-step search (4SS) [10] algorithms. These algorithn®PM calculation similar to the PDS algorithm. The major dif-
greatly reduce motion-estimation complexity by matchinfgrence from the PDS algorithm is that it normalizes the ac-
only some of the checking points inside the search windomulated partial distortion and the current minimum distor-
They are based on the assumption that the block distorti@n before comparison. The probability of early rejection of

measure (BDM) increases as the checking point moves aw8n-Possible candidate motion vectors (CMV) is thus increased.
Experimental results show that the NPDS algorithm can achieve

higher computation reduction than the ASSA algorithm while
maintaining its MSE performance very close to that of FS. The
Manuscript received September 3, 1998; revised August 11, 1999. This pa@ﬁt (_)f th'? Iett_er 1S Org.amzefd as f(?IIOWS' The formapon of p"’_‘r'
was recommended by Associate Editor S.-U. Lee. tial distortions is described in Section Il. The normalized partial
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gives the experimental results and conclusions are given in Sec-
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Fig. 1. The group of pixel locations for the calculation of the partial distortion
d,(u, v). s,, t,: the offsets of the upper left corner point of the partial
distortion from the upper left corner point of the block.
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Fig. 2. Order of calculation of the partial distortions.
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TABLE |
OFFSETS(S,, t,) OF THE 16 PARTIAL
DISTORTIONS
P (Sp 1) p (Sp 1)
1] o | 9] @0
21 2.2 [10] 3.2
3120 [111] @1
41 0,2 [ 12] @23
50 (LD [ 13 ] (3,0
61 .3 |14 ] (1,2
716,150 @D
81 (1,3) | 16 | (0.3)

Il. FORMATION OF PARTIAL DISTORTIONS
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Fig. 3. Spiral scanning path of NPDS.

p=1, D0=0
Calculate d,,

€s

>
Yes
next CMV

Fig.4. Flowchart of a BDM calculation in the NPDS algorithiy: pth partial
distortion,D,,: pth accumulated partial distortiof,,,;, : current minimum, and
D.s: BDM of the CMV.

To reduce the number of comparison operations, the partial
distortion is defined as a group of pixels’ distortion instead of
a single pixel's distortion used in the PDS algorithm. Thus, the
D(k, I; u, v) is divided into 16 partial distortionsif), where
each partial distortion consists of 16 points spaced equally be-
tween adjacent points, as shown in Fig. 1. This grouping method

SAE is chosen as the matching criterion in this letter due {9 1o ensure that each partial distortion does not localized in a

it has lower computational complexity than that of MSE but hgsgarticular region on the block. Theh partial distortion is de-
similar performance. In addition, 18 16 block size is used, fined as

as it is the most commonly used size in video coding. Suppose

I,,(i, j)is the intensity of pixel4, j) in framen and §, [) is the

3 3

location of the upper left corner of a 16 16 block. The SAE  dp(k, I; uw, v) = Y > [L(k +4i+ sp, L+ 45 + 1)

between the blocky, [) of framen and the blockk + u, I+ v)

of framen — 1 is given by

15

15

D(k, I u,v) = > > |Lu(k +i, L+ )

i=0 j=0

—Lia(k+idu, l+j+v).

i=0 j=0
— L (b+4i+s,+u, l+45+t,+v)|
)

The valuess, andt, are the horizontal and vertical offsets
of the upper left corner point of theth partial distortion
from the upper left corner point of the block, respectively.

1)
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Fig. 5. MSE performance comparisons of SIF sequences. (a) Tennis. (b) Garden.

The order of calculation of the partial distortiodg, where distortion is defined as
p = 1,2, --.,16, is depicted in Fig. 2. Taking the upper

left corner points of the partial distortions as references, the
numbers in Fig. 2 indicate the calculation order of the 16 partial
distortions. Such calculation order is to ensure that for each
of the accumulated partial distortion, the pixels considered forThe accumulated partial distortion is used for the distortion
the calculation are evenly distributed on the block. The correomparison with the current minimum distortion. The details

sponding &, t,,) values of (2) for the 16 partial distortions areabout the distortion comparison method are described in Sec-
listed in Table I. Thesth accumulated partial tion IlI.

Dp(k, I u,v) = di(k, I; u, v). (3)

=1
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Fig. 6. MSE performance comparison of CCIR 601 sequences. (a) Tennis. (b) Garden.

lll. NPDS block matching, the NPDS algorithm compares each accumu-
lated partial distortionD,, with the normalized minimum dis-
The NPDS algorithm matches all the checking points insidertion (pD,i,/16) instead of the minimum distortioP,,,;, ; it
the search window as the FS algorithm. The search begindsgtecause such comparison will increase the probability of early
the origin checking point and then moves outwards with a spinajection of non-possible CMV's. However, the comparison be-
scanning path, as shown in Fig. 3. This order of searching istteeenD,, andp.D..i,/16 is most likely a floating comparison
exploit the center-biased motion-vector distribution characterperation, which will increase the implementation complexity.
istics of the real-world video sequence [9], [10]. During eachhe proposed NPDS algorithm, therefore, implements the nor-
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malized comparison by an integer comparison betwégmand TABLE I
Np defined as follows: AVERAGE OPERATIONS PERBLOCK FOR SIF SEQUENCES
(Top: TENNIS; BOTTOM: GARDEN)

Mp =pDmin ) BMA | Abs. Add._ | Comp. | Leshift | Total
N, =16D,(k, I; u, v) (5) FS 5287021 | 10553389 | 20552 | - 158609.62
388 4022.07 8020.61 | 257.92| - 12300.60
Basically, the variabled/, and N, are the normalized ver- ~ N38S | 3795.03| 7568.85| 24141| - 11605.29
sions of Dy, and D, respectively. The comparison aff,, 4SS 3228.03 6437.03 | 20379 | - 9868.85

ASSA | 14241.55 28272.58 | 210.52 - 42724.65
NPDS 4233.99 8292.73 [ 454.15 56.26 13037.13

andN,, is equivalent to the normalized comparison/gf with
pDuin/16. The procedures of a BDM calculation in the NPDS

algorlthmls summarized in the flow-chat as shownin F|_g.4._The BMA Abe ren Comp. | Lshift Towl

comparison starts from = 1 to p = 16, and the comparison is FS 5172441 | 103246.78 | 201.05 - 15517224
stopped if the normalized accumulated partial distortion of the _3Ss 4022.49 8021.81 | 257.58 - 12301.88
CMV is greater than the normalized current minimum distor- N358 | 3764.46 2507-43 239-78 - 11511.65
ion. At th n f mparison (i.er. — 1 if Nici maller 4SS 3175.35 331.97 | 200.2 - 9707.52
tion. Atthe end of comparison (., = 16), if Ny is smalle ASSA | 13955.10| 27704.16| 206.05| - 4186531

than My, then this CMV becomes the new current minimum 1 pps T 41338.01 810578 | 44367 | 5530 1274276

point.
It is noted that there is a multiplication operation in both (4) TABLE I

and (5). Itcan be easily translated to combinations of “left-shift”  ayerace OperATIONS PERBLOCK FOR THE CCIR 601 SQUENCES

(<) and “addition” &) operations. After the translation, there (Top: TENNIS; BOTTOM: GARDEN)
are at most two “addition” operations and two “left-shift” op-
erations for the implementation of (4) and just one “left-shift” _BMA Abs. Add. Comp. | L-shift Total
operation for (5). Thus, the overhead of the normalized con 3FsSs 232:2;2; 43;25(1’1 g?i-g; - 7(1’32%22
parison is nggllg!ble c_ompared Wlth the computation require N3SS 500710 1178405 | 254 35 - 17945 50
by each partial distortion calculation. 4SS 532026 | 10613.15 | 214.89 N 1614831
ASSA | 6067627 | 12042847 | 924.07 - 182028.80
IV. EXPERIMENTAL RESULTS NPDS | 17812471 34732.89 | 1892.35| 66.72| 54504.43
The proposed algorithm is simulated using the luminance vy — — - — —
H “ ] S. . mp. -
Sompon?nt of“ two. f?mous video sequences “tennis” and 656107 TI95 0 9‘;337 = 709‘;;2.20
garden.” The “tennis” sequence consists of various kinds of ¢ 624374 | 1245508 | 27764 " 18976.46
motions, including translation, zooming, and panning. The N3ss 7131.49 | 1422762 | 336.08 _ 2169518
“garden” sequence consists of high portions of fast panning _4Ss 5809.12 | 11588.80 | 247.52 - 17645.44
motions. These two sequences have two different frame sizes ASSA | 60676.27 | 12042847| 924.07) - 182028.80
CCIR 601 (720x 480 pixels) and SIF (366 240 pixels). Al NPDS | 18447.35 | 3603841 ]1932.03 | 122.70 |  56540.49

the simulated sequences are uniformly quantized to 8-bit per
pixel. The block size for motion estimation is 2616 pixels. of the SIF sequences, their motion displacements in pixel are
The search windows for the SIF and CCIR 601 sequences aleo greater. It is clearly observed that the NPDS and ASSA al-
+ 7 and &+ 15, respectively, in both horizontal and verticaborithms can still maintain their MSE performances very close
directions. For the CCIR 601 sequences, half-pel accurate nmthe FS algorithm, while the other fast BMA's produce much
tion estimation is used for all simulated BMA's. The proposeldigher average MSE’s. These results indicate that the NPDS al-
NPDS algorithm is simulated with the FS, 3SS, N3SS, 4SS, agdrithm is more robust than the other compared fast BMA's that
ASSA algorithms. For fare comparison, the BDM calculation dimit the number of checking points for reducing computation.
the 3SS, 4SS, and N3SS algorithms are also implemented witfTable Il shows the average operations required by different
the use of halfway-stop technique that divides the BDM into 18BMA's for the SIF sequences. The “absolution” and “addition”
partial distortions. Their MSE performance and computationate the dominant components of the total operations for all the
complexity are compared. For the computational complexity,stmulated BMA's. The average “comparison” and “left-shift”
is compared in terms of four types of operations: absolutioaperations are much fewer than the other two types of opera-
addition, comparison, and left-shift, while the computatiotions. Especially, the “left-shift” operations are less than 0.5%
reduction is based on the total operations of these four typesobfthe total computations of NPDS. The NPDS algorithm has
operations. an average computation reduction of 12 times compared with
Fig. 5(a) and (b) compares the MSE performance of differetite FS algorithm, and this reduction is slightly lower than the
BMA's for the SIF sequences. It is noted that the ASSA algmther compared fast BMA's. The ASSA algorithm, which also
rithm performs very close to the FS algorithm for both video sechieved similar MSE performance as the FS algorithm, has a
quences. The proposed NPDS algorithm always performs bettemputation reduction of 4 times only. Table Il shows the cases
than the other fast BMA's and is close to the ASSA and FS dbr the CCIR 601 sequences. The computation required by cal-
gorithms. For the CCIR 601 sequences, the MSE performaradating the half-pel BDM's is also counted. The 4SS algorithm
of different BMA's is shown in Fig. 6(a) and (b). Since thegyot the highest average computation reduction among the com-
frame sizes of these sequences are four-times greater than plaaéd fast BMA's and there is an average reduction of 44 times
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for the “tennis” sequence. The average computation reductior?]
of NPDS is lower than the other compared fast BMA's except
the ASSA algorithm, but it still has an average reduction of 13 3]
times. The computation reduction of ASSA is 4 times, which is
the same as its reduction for the SIF sequences. 4]
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