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ABSTRACT properties and an interpolation filter is independently opti-
Wized for each category. Such a symmetric structure is also
xploited to decrease the number of filter €méents to be
ptimized. Though this adaptive technique can considerably
|qeduce the amount of side information required for the frame-
gy—frame optimization, degrees of freedom in the filter de-
&ign are still rather restricted.

This paper proposes a more flexible motion-compensated
rediction method using adaptive 2D interpolation filters. In

This paper proposes a motion-compensated predictio
method which can compensate precise motions using ada§
tive interpolation filters. In this method, plural number of
non-separable 2D interpolation filters are optimized for eac
frame, and an appropriate combination of one of the filter
and a motion vector with integer-pel accuracy is determine
block-by-block. To reduce the amount of side information,
codficients of each filter are downloaded to a decoder onl X ) ;

he method, a set of non-separable 2D filters are iteratively

when the filter turns out to beffective in terms of a rate- . . <
distortion sense, or else the old filter applied to the previ-c’pt'm'zed for each frame, and an appropriate combination of

ous frame is reused. Simulation results indicate that the proo-;Ce ?; Ejheetgg:r?irr?e?jr}?w Zargﬁtlrggc\;ﬁgﬁg:;ﬁvggrhmgg:gr())?llasccu-
posed method provides coding gain of up to 3.0 dB in PSNR2SY P

compared to the conventional motion-compensated predi%?lﬁ{oﬁénncigggrsﬂgﬁg'issngt t‘?;?fg('jatiﬁg(;N'g:];?r?tﬁ'o'x‘iltﬁ;ﬁs
tion method using motion vectors withiZkpel accuracy. . P pe Yy
a constraint of the symmetric structure of filter fiogents,

there is virtually no limitation on accuracy of motions to be
1. INTRODUCTION compensated. Moreoverfectiveness of the optimized filter

Motion-compensated prediction based on precise motiols compared with that of the old filter which has been used

vectors, typically with 12-pel or ¥4-pel accuracy, is com- N the previous frame. If tht_a Iattg—zr turns out to be more ef-
monly usﬁ% in ycurren%tzvri)deo cjf)diag scheme)é. In sucﬁeCt'Ve in terms of a rate-distortion sense, it is reused and

schemes, predicted values corresponding to fractional-pgpnsequemIy no cdiécient O.f the filter is downloa}ded. Th'.s
positions, which are located between real pels at full-pel polenewal strategy of filters is useful for preventing the side
sitions in a reference image, have to be interpolated from seJ2formation from increasing unnecessarily.

eral neighboring pels [1]. For example, the H.284C stan-

dard [2] employs a two-step linear interpolation techniquez- MOTION-COMPENSATED PREDICTION USING

to realize motion-compensated prediction with-pel accu- ADAPTIVE INTERPOLATION FILTERS

racy. In the first step, a 6-tap FIR filter is used to obtainTne proposed method detects a motion veetiareach mac-
interpolated values ay2-pel positions. In the second step, argplock composed of 1816 pels using the block matching
simple 2-tap bilinear interpolation filter is applied to the re-ajgorithm. Both horizontal and vertical components of the
maining J4-pel positions. These two interpolation filters are motion vector are integer values o0f£15,+15]. In return
time-invariant, i.e. filter coficients are fixed for the whole for such a seeming limitation on motion vector accuracy,
sequence, and the same filters are used in horizontal and v@fe method allows a variety of interpolation process using
tical directions to interpolate 2D video signals. M kinds of non-separable 2D filters [7]. Predicted values in
~ To decrease prediction errors within the above two-stegach macroblock are calculated by applying one of the inter-
interpolation framework, an adaptive technique based oRolation filters to a motion-compensated reference image as
frame-by-frame optimization of the filter cfiwients was shown in Figure 1. When a pgl belongs to a macroblock
proposed [3, 4]. The optimization is carried out exclusivelywhere them-th filter (m= 1,2, ..., M) is selected, a predicted

for the 6-tap FIR filter used in the first step under a constraingajue §{p) is given by the following 2D convolution:
of symmetric impulse response. On the other hand, the 2-

tap filter used in the second step is always fixed. Therefore K

the adaptive technique varies only threefioents of the 6- §p) = Z am(K) - S(p+Vv+qy), (1)

tap filter for each frame. This means interpolation processes =1

for 1/2-pel and 14-pel positions are unable to be optimized

independently. Recently, Vatis et al. extended the adaptivetheres(p) indicates the reference image (i.e. a reconstructed
interpolation technique by introducing non-separable 2D filimage of the previous frame) aiag(K) is thek-th codficient

ters [5, 6]. In the proposals, positions to be interpolated aref the m-th filter with a 2D filter mask of siz&. Note that a
classified into five categories according to their symmetricshape of the mask can be other than rectangle and is defined
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Reference image s'(p) 1 (2) Initial interpolation filters(@Q (k) |k = 1,2,...,K} (m=
1,2,...,M), which have been used in the previous frame,
Motion vector (v) are tested for each macroblock. Then the labebrre-
Predicted image 3(p) sponding to the best matched filter which minimizes the
f\A cost functiond is assigned to the macroblock. When the
....... 13 12 5 7T 7T Time initial filters are unavailable, that is, when the previous
frame is intra-coded, provisional labeling basedMn
T fls |2 (5 |5 |7 level quantization of the SSE obtained by block match-
\ ing in the procedure (1) is performéd
Interpolation 1 2 2—| (3) The optimum filter is designed for the area composed
filters i ‘ [~ Filter labels (m) of macroblocks to which the same labalis assigned.
- 5 \ In practice, it is dificult to obtain the optimum filter
Filter seloet —==--= codficients which exactly minimize a value of the cost
- ilter selection Macroblock

function J. Therefore we temporarily neglect fluctu-
ations of J caused by quantization and coding of the
filter codficients. As a result, new filter cfiEients
{aﬁﬂ)(k)lk =1,2,...,K}, which minimize only the distor-
tion D in Eq.(2), are easily obtained by solving linear si-
multaneous equations known as the Wiener-Hopf equa-

(16x16 pels)

Figure 1: lllustration of the proposed motion-compensated
prediction method.

tions [3]2.

(4) To check the validity of the new filter, an actual value of
by a series of 2D vectofs) |k=1,2,...,K} in this paper (see the cost function] is calculated. If the value is worse
Figure 4). If a composite vectqu+ v+ g, points to outside than before, the filter is discarded and all the filter coef-
of the reference image, a value gfp+ v+ q,) in Eq.(1) is ficients are restored to the preceding state:
taken from the nearest pel on the border of the image.

In the existing methods [3]-[6], an interpolation filter aSﬂ)(k) - al(ﬂ—l)(k) for k=12...K. 3)

used in each macroblock is directly connected with a mo-
tion vector detected in the macroblock. In other words, frac-
tional parts of motion vectors indicate the interpolation filter Obviously. the initial filter never minimizes the distor-
applied to the macroblock. Hence, the number of available tion D hg\,/vever it has an advantage of no additional in-
filters relies on accuracy of motion vectors and is generally " s ) ©) 9 i i
unchangeable. Moreover, a structure of each filter depends formation on its cofficientsay’(k)s. Accordingly, if the
on positions to be interpolated. When a motion vector points  initial filter turns out to be better in terms of the cost
to full-pel positions, for example, no filter is used for the pre- ~ functionJ, it is substituted for the currentfilter:

diction. It may limit the &ect of noise reduction obtained by

spatial low-pass filtering [1]. On the other hand, our method (k) —aQk) for k=1,2,....K. 4)
can utilize any number of filters and takes full advantage of

the efect of noise reduction even in the case of no motion. (5y A new motion vectond™ is searched within an area

which is composed of 8 3 pels and is centered at its
3. OPTIMIZATION PROCEDURES original position (™). At the same timeM kinds of

In order to generate a predicted image at the decoder side, interpolation filters are tested at every search point. Fi-

the proposed method has to encode the following parameters Nally, the best combination of the motion vect¥ and
as side information. the filter labelm is selected from & M candidates in

e Motion vector {) with integer-pel accuracy detected in each macroblock. ) _ .
each macroblock. (6) Procedures (3), (4) and (5) are iteratively carried out

while increasing a value of the loop counteby 1 for
each iteration. In the current implementation, the iter-
. . ) ation terminates when the cost functidrcan no longer

* Codficientsiam(k)|k=1,2,..., K} of newly designed fil- decrease. However, setting the maximum number of iter-

ters ne {1,2,...,M}) in each frame. ations would be helpful for reducing computational com-
These parameters are iteratively optimized for each frame so  plexity of the encoder.

that a value of the following cost functiohcan be a mini-
mum:

Then, the filter is again compared with the initial one.

o Filter label fn) which specifies the interpolation filter ap-
plied to the macroblock.

J=D+1 Bge ) 4. CODING OF THE PARAMETERS

whereD is distortion of the predicted image measured byThis section describes coding of the above mentioned param-
Sum of Squared Errors (SSBBsige is the number of bits eters.

required for the above side information ands a constant
called the Lagrangian multiplier [8], respectively. Concrete 1There is no particular reason to use the SSE for this process. Our ex-
procedures for the optimization are as follows: periments, however, suggest that the final result is not so sensitive to the

. . e with i . provisional labeling methods.
(1) Initial motion vectors/9s with integer-pel accuracy are 2Though a wrong filter can be obtained when uniqueness of the solution

determined by the block matching algorithm. Any inter-is not guaranteed, stability of the proposed method would be kept because
polation filter is not applied yet at this stage. such afilter is discarded in the procedure (4).
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4.1 Motion vectors kinds of VLC tables for this dferential coding and the opti-

Motion vectors are dierentially encoded using an H.263- mum one is selected for each filter.

like median prediction method [9]. However, a variable-
length code (VLC) table for the fierential motion vector 5. PERFORMANCE EVALUATION

is borrowed from the old H.261 standard [10] as an examThe proposed method is incorporated into the H.263-based
ple, because motion vectors have integer-pel accuracy in oCT coding algorithm [9] to investigate itsffectiveness.

method as well as the standard. CIF-sized monochrome sequences of 1 second long (30
frames at 30 Hz) are encoded with a GOP structure of
4.2 Filter labels IPPR-.. Motion-compensated prediction is applied to all of

. . the macroblocks in P-pictures (i.e. no intra-mode is used).
In general, values of the labedin adjac_entImalgrobIoCkS_Cor- Quantization step siz@pfor DCT(coeﬂicients of prediction :
(r)efl;eggstg 5;32 : }giréggéievréhg elzecsasdsse,:rgr\)/aluenotﬁlh?lgﬁeg residuals is fixed for the whole sequence and the Lagrangian
: : : L . multiplier 2 in Eq.(2) is given by an empirical equation re-
is assigned to each interpolation filter regardless of S'm'la“%orted in [8]:
among filters. Therefore we introduce a kind of transforma- '

_ 2
tion algorithm called the move-to-front (MTF) method [11]. 4=0.85-(Q/2)" ()

The MTF method expresses a symbol by its position in an the following results Abitrate represents average bitrate
look-up table whose elements are constantly rearranged $eduction from the conventional method which utilizes mo-
that the most probable symbol can be placed in the frontion compensation with/2-pel accuracy and bilinear inter-

In our method, three labels of top, left and top-right mac-polation. The detailed definition ofbitrate is described
roblocks are moved to the front positions in this order (ifin [12].

two of them are the same, it is placed at the first position Figure 3 shows the relationship betwetitrate and fil-
based on a majority rule). Figure 2 illustrates this procesger size. We tested two types of 2D filter masks: square-
by using an example. In the figure, a series of the filtekhaped and diamond-shaped masks, while changing the filter

labelsm=5,2,5,5,7--- are transformed into a sequence ofsize, namely, the number of filter diieients K). In both
2,1,0,1,0---. This transformation is reversible and the trans-

formed values tend to be small when the original values are
correlated. Therefore, instead of encoding the filter labels di-
rectly, we dficiently encode the transformed values using an
optimum Hufman code table.

4.3 Filter codficients

At first, the proposed method encodes a 1-bit flag which
shows whether the filter c@&cients will be downloaded or
not for each filterih = 1,2,...,M). Then values of the co-
efficients to be downloade{aﬁﬂ)(k) lk=1,2,...,K} are quan-
tized with step size\a and diferences from the initial val-
ues{afﬁ)(k) - aﬁ?)(k)} are encoded using VLCs. We prepare 8

Abitrate (%)

Diamond Mobile & Calendar
Filter labels (m) 50 . . . .
! = 0 10 20 30 40
3 2 5 7 7 /1 e Filter size K
|
5 2 |5 S—p7 | Figure 3: Abitrate vs. filter sizeK).
S ASTISNAT T
LA AES
% % % % % g5 9647 94
Lo [Ofl /12 |21l /12ll rLook-up table :
1 1 6 6 3 qs | q1 | | qs | 91| 945 gk
z z I I E 959> H .| 92 | 4o
: : . . : 9k a7
: : : : S
K=12 K=21*-2I+1
oV v vy —
2 1 0 1 0o - (a) Square (b) Diamond

Figure 2: Coding of filter labela) using the move-to-front . .
method. Figure 4: 2D filter masks.
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masks, filter cofficients are disposed in spiral order and ametic which enables fast computation. Accordingly the value
value ofK is expressed as a function of side lengdis illus-  of Aa = 2% seems to be suitable for practical applications.
trated in Figure 4. In this experiment, the accuracy of filterOn the other hand, Figure 6 shows that increase of the num-
codficients and the number of interpolation filters are fixedber of interpolation filters generally leads to better coding
to Aa=2"% andM =16, respectively. We can see that the useperformance, however the gain is nearly saturated wen
of too large filter masks deteriorates coding performance dueecomes larger than 16. As a matter of fact, the final num-
to a lot of side information on the filter cficients and that ber of interpolation filters used in the coding process tends to
K =25 is a reasonable choice for most sequences. Moreovdre smaller than the given numbbst especially at low cod-
the diamond-shaped mask is superior to the square-shapex rates, because the optimization based on the cost function
one for the sequences ‘Container’ and ‘Mobile & Calendar’.J automatically removes itfieective filters. In the procedure
Therefore we utilize the diamond-shaped filter mask with(5) mentioned in Section 3, for example, if some filter label
size ofK =25 hereafter. nY is not selected in any macroblock, the interpolation filter
We conduct similar experiments with respect to othercorresponding to the label is removed. In this way, the
coding parameters as well. Figures 5 and 6 indicate influproposed method adaptively changes the actual number of
ence of the accuracy of filter cfigients (\a) and the num-  interpolation filters according to coding rates ncproper-
ber of interpolation filters 1) on the coding performance ties of a sequence.
respectively. It is observed in Figure 5 that the best results Figure 7 indicates rate-distortion curves provided by
are obtained whena is set to 2% except for the ‘Container’  three kinds of motion-compensated prediction methods. In
sequence. By setting a value && to a power of two, the this figure, ‘¥4-pel MC’ and ‘J2-pel MC’ represent the con-

filtering process can be implemented using fixed-point arithventional methods using motion vectors wif-pel and 12-
pel accuracy. In the case of/4pel MC’, the two-step inter-

polation with the 6-tap filter is applied in the same way as the
0 H.264AVC standard. With regard to the proposed method,

M =16, Aa = 2-% andK = 25 with the diamond-shaped fil-
W ter mask are adopted. It is demonstrated that the proposed
10f Carphone method outperforms the two conventional methods for all the
tested sequences. When the proposed method is compared to
- W the ‘Y4-pel MC’ and ‘}2-pel MC’, the coding gain is up to
R 20t Foreman 0.8 dB and 3.0 dB in PSNR respectively.
Q
<
2 6. CONCLUSIONS
S 30t
Contamer This paper has proposed a novel motion-compensated predic-
tion method using adaptive 2D interpolation filters. Instead
40r of increasing accuracy of motion vectors, we introduce adap-
(M= 16) Mobile & Calendar tive selection of the non-separable 2D interpolation filters in
each macroblock. Not only motion vectors but also filter co-
50 2',4 2L5 2',6 2',7 2',8 2',9 efficients and filter assignment are iteratively optimized for

each frame and then encoded as side information. This op
timization process is carried out so that the rate-distortion-
. ] ] . based cost function can be a minimum. In addition,ficoe

Figure 5: Abitrate vs. accuracy of filter c@iecients (a). cients of each filter are downloaded only when the cost func-
tion can decrease as a result of applying the filter. Simulation
results indicate that the proposed method attains better cod-

Accuracy of filter coefficients Aa

0 ing performance than the conventional methods using motion
vectors with fractional-pel accuracy.
10k Since the proposed method is based on frame-by-frame
Carphone optimization of several kinds of parameters, the encoding
0\0‘0\0/0\0 process requires a relatively large amount of computation at
g 20k Foremsn the encoder side. For instance, our prototype encoder takes a
P few secondérame on a computer with a 3.6 GHz Intel Xeon
g processor. However, decoding speed is fast enough for prac-
g 30F tical video applications because the optimization process is
not necessary at the decoder side. Fast implementation of the
Container encoder as well as extensions of the proposed method to bi-
40F directional prediction, multi-frame prediction godvariable
(Aa=2" Mobile & Calendar block-size motion estimation will be our future work.
50 ! ; ; ;
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