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Motion- and Aliasing-Compensated Prediction
for Hybrid Video Coding

Thomas Wedi and Hans Georg Musmann

Abstract—in order to reduce the bit rate of video signals, /¥ [~ st(E) coE)
the standardized coding techniques apply motion-compensated L. '_\A) | " Q ENC.
prediction in combination with transform coding of the predic-
tion error. By mathematical analysis, it is shown that aliasing !

components are deteriorating the prediction efficiency. In order
+
Sé(fn)

to compensate the aliasing, two-dimensional (2-D) and three-di- §e(@n)
mensional interpolation filters are developed. As a result, motion-
and aliasing-compensated prediction with 1/4-pel displacement . ! 1 (Fn)
vector resolution and a separable 2-D Wiener interpolation L I‘::‘;gfc‘:lggmr’ < 271
filter provide a coding gain of up to 2 dB when compared to

1/2-pel displacement vector resolution as it is used in H.263 or
MPEG-2. An additional coding gain of 1 dB can be obtained with
1/8-pel displacement vector resolution when compared to 1/4-pel
displacement vector resolution. In consequence of the significantly | motion -
improved coding efficiency, a Wiener interpolation filter and csttmation
1/4-pel displacement vector resolution is applied in H.264/AVC

and in MPEG-4 (advanced simple profile). Fig. 1. Block diagram of a hybrid video encoder based on
motion-compensated prediction.

1 S
dt(fn.)

#~ ENC. —»

Index Terms—Aliasing compensation, H264/AVC, hybrid video
coding, motion-compensated prediction, Wiener interpolation

filter. In a first step, time invariant two-dimensional (2-D) filters are

proposed to attenuate the aliasing components in the prediction
|. INTRODUCTION signal. In a second step, a concept for motion-adaptive filters are
. . . developed in order to compensate the varying aliasing compo-
N ORDER TO reduce the bit rate of video signals, thﬁents of the input signal. For demonstrating the improvements

ISO and ITU coding standards apply hybrid video codingf the coding efficiency, the operational rate distortion functions

with motlon-c_ompensated pre_dlcnon n C(_)mb|nat|on W'ﬂ& e measured using the peak signal-to-noise ratio (PSNR) crite-
transform coding of the prediction error. Motion-compensat

prediction is performed block-wise using displacement vectorsAé aresult 1/4-pel displacement vector resolution was incor-
with 1/2-pel resolution in MPEG-2 [1] and H.263 [2]. In the X P b

past, the use of displacement vectors with higher resolution fharated into the recent video coding standards H.264/AVC [4],

. . - and MPEG-4 (advanced simple profile) [6].
not improve the coding efficiency and therefore has not be Section Il introduces the hybrid video coding scheme. Section
considered in those standards.

! . o .- [ll presents the mathematical analysis of the prediction error
Experimental investigations of the prediction error show. o . .
. : . : with respect to aliasing. In Section IV, 2-D and three-dimen-

that even in the case of translational motion of the image con- . . e
i o . . :slonal (3-D) filters for motion- and aliasing-compensated pre-
tent, no perfect motion compensation is achieved. Predictign .. ; . X . .
. . . Iction are described. Experimental results are given in Section
errors containing camera noise and other signal compone{}t ection VI orovides the conclusions
can be observed. Werner [3] supposes that these additiona P '

components originate from aliasing and proposes a Wiener
interpolation filter for reducing the impact of aliasing.
In order to prove the assumption that aliasing is interferirly§ HYBRID VIDEO CODING BASED ON MOTION-COMPENSATED
the prediction, a mathematical analysis of the prediction error is PREDICTION
presented in this paper and verified by experimental investiga-

tions. Furthermore, concepts for reducing the impact of aliasi géi?g@g'ze% l\r}l};bE“g \1/|ng ng':g tel;:hm((qjues I'kth\ H.263,
on the prediction efficiency are derived from the results of the’ » an ~%, -4, and -4 are based on motion-com-

pensated prediction. Fig. 1 shows the generalized block diagram

analysis. o ; . . .
4 of such a hybrid video encoder. The input imdge) at time
instancet with the space-continuous coordinate= (z,y) is
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the motion-compensated prediction is imagér,,). Only the According to (2) a translational shift with a displaceméntin

prediction error image the space-domain leads to a multiplication doy/¢=“= in the
frequency domain [8]. The magnitudB; (jw, )| and the phase
eu(@n) = 5:(n) = 31(Tn) (1) 4Li(jw) are given by

o L5 . Li(jws)| =|Li—1(jws) - e 7%= | = |Li_1 (jwe 3
and the motion informatioi, (,, ) are encoded and transmitted. | t('ﬂ.d )| =IL¢ 1(.1w‘) e - |d |Li—1(jwz)]  (3)
For motion-compensated prediction and coding, the current LLy(jwa) =4 (Li-1(jwz) - € )
image is partitioned into blocks. A displacement veetd(,, ) =4Li-1(jwe) = wa - de. (4)
IS est|mate(_j and tr_qnsmnt_ed_for eac_h blogk that refers to (e1uations (3) and (4) show that the magnitudes of both signals
corresponding position of its image signal in an already tranlsf- (jws ) andL (jw, ) are the same and that their phases differ
mitted reference image. In former MPEG standards, this r%t‘l o B

erence image is the most recent previous frame (Z,,) at

time instance — 1. In H.263++ and H.264/AVC, it is possible ! ; . . :
o ) X - The space-continuous input sigrial; (=) is sampled with a
to refer also to preceding images like o (%), si—3(Zn), - - .- S . A .
. . : ) .__sampling intervalX to yield the space-discrete signal(z,,).
This technique is denoted as motion-compensated prediction ' . . .
. . e spatial Fourier transforrf,_; (jw. ) of the space-discrete
with multiple reference frames [7].

: . . signals;_1(x,) is given b
The displacement vectors have a fractional-pel resolutlon.g si-1(tn) IS g y

Coding standards like H.263, MPEG-1,2, and MPEG-4 (simple 1 & w ok

profile) are based on a fractional-pel displacement vector res-  Si—1(jw.) = X Z Li (JYI - j7> . (5
olution of 1/2 pel. In MPEG-4 (advanced simple profile) [6] k=—o0

and in H.‘264/AVC [4], 1/4-pel dlspla.cement.vector reso'Ut'o.nﬁccording to (5), the Fourier transform of the space-discrete
are applied. Displacement vectors with fractional-pel resoluu%nal consists of periodically repeated copies of the Fourier
may refer to positions in the reference image which are s ansform of the space-continuous signal [8]. In order to sim-
tially located between the sampled positions of its image sign ify the notations, it is assumed that the spatial sampling in-
In the following, these positions are called subpel positions. FQrval isY — 1. With the normalized frequencie® = w, /X

order to estimate and compensate fractional-pel displacemeqfs,y _ 27/ X, the Fourier transforns;_ (jw, ) is given by
the image signal of the reference image has to be generated on™ ° ' -1

Yy minusw, - d,. Thus, the difference of the phase between
L; 1 (jw,) andL;(jw, ) is a function of the displacemedit .

subpel positions by interpolation. . ©° . _
Due to nonideal low-pass filters in the image acquisition Se 1) = > Li1 (G2 — jkQ). (6)
process aliasing is generated, which deteriorates the interpo- k=—co

lation and the motion-compensated prediction. The inﬂuenﬁeorrespondingly the Fourier transforsi(
of aliasing on motion-compensated prediction is analyzed g?screte signa.kt(,
Section III.

jw,) of the space-
Zn) IS given by

Ill. THE IMPACT OF ALIASING ON MOTION-COMPENSATED Si(79) = Z Le (782 = jkQs)

PREDICTION e
In this section, the impact of aliasing on the motion-compen- = Z Lioy (jQ = jkS,) - e 707K - (7)
sated prediction in hybrid video coding (Fig. 1) is analyzed. k=—o0

Ther_efqre, t_he aliasing_componentg in the i_nput signal, i_n theEquation (6) and (7) express the Fourier transforms of the
prediction 5|gna_l, and in the resultm_g predlctlon error S'gng‘oace-discrete signal$_, (j) and 5,(jQ) in terms of the
have to be considered and are analytically described. Fourier transform of the space-continuous sighal: (j2).
o ) Aliasing can be avoided by ensuring thaf ;(jQ2) is ban-

A. Aliasing in the Input Signal dlimited, i.e.,L,_1(jQ) = 0 for || > Q,/2 [8]. Due to

In order to investigate aliasing in the input signal and its imonideal low-pass filters in the image acquisition process, this
fluence on motion-compensated prediction, the space-contigndlimitation is not fulfilled
uous signald; (%), I;(¥), and their space-discrete versions 0
s1—1(Z), s:(Z,) are analyzed in the frequency domain. For Lia(GQ) #0, 101> - 8
mathematical simplifications, the calculations are restricted to
one spacial coordinate,,. It is assumed that signai(z) at Thus, aliasing is introduced in the space-discrete signals. How-
time instance is a trans|ationa||y disp|aced version of signaﬁver, it is assumed that the nonideal |0W'paSS filters at least lead
l,_1(x) at the previous time instan¢e— 1. The displacement t0 the bandlimitation
is d,.. These space-continuous signals and their spatial Fourier .
transforms are denoted by Li1(j) =0, 0] 2 Q. ©)

) In the following, we restrict the region of support for the
Li—1(z) = Li—1(jwz) . Fourier transforms of the space-discrete signals to the baseband.
Ii(z) =l (z — dy) =L (jws) = Li—1(jw.) - e 7%= (2) The baseband is defined as the frequency rar@e/2 < Q <
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|St-1(jQ)| — h(m) - MC » resampler ——
Lt (G + 5| L1 G| L (G2 — 59| () () (@) selan)
7o P T ‘ A R T pro

| Fig. 3. Generalized block diagram of the motion-compensated predictor.

-
' baseband !
considered. Thus, prediction errors due to aliasing remain that

Fig. 2. Fourier transform of the input signgil_: (j£2) in dependency on the ; ; ;
frequency 2. The graph shows the three terms that are necessary to describqug.e to b.e COQGd, ?Ve” if the dlsplacement of the underlylng

baseband signal. original signal is estimated perfectly.

The prediction signal and the prediction error signal caused
Q5 /2 [8]. This restriction greatly simplifies the following math—by aliasing are calculated in Sections I1l-B and ll-C.

ema_tics without sacrificing generality. . Aliasing in the Motion-Compensated Prediction Signal
With the assumption of (9), only three terms of (6) and (7

have to be considered in the baseband (see Fig. 2). The first terrh9- 3 shows a block diagram of the motion-compensated pre-
to be considered is the term for= 0. This term is called the diction. The prediction signal, (,,) at time instance is ob-
underlying original signal. The two other terms that have to f@ined from the samples of the reconstructed, previous signal
considered are the terms for= —1 andk = 1. These two ¢_1(7n) attime instance — 1. The motion-compensated pre-

terms represent the aliasing components. Thus, the input sig&fCr consists of three blocks. In the first block, a space-con-

in the basebane-Q, /2 < Q < €, /2 is given by tinuous signal;_, (x) is generated by applying a reconstruction
filter h(x). The Fourier transform df_, (z) is given by
St—1(3Q) =Li—1(59Q) + Li—1 (2 + jQ;) , . . ;.
L iQ) = H(jQ) - 7). 16
Lo (59— 9) t-1(J2) = H(j) - S;_1(j2) (16)
(10) In the second block, the space-continuous sighal(z) is
S,(j€) =L_1(j) - eid=2 shifted according to the estimated displaceményielding the

space-continuous motion-compensated prediction sigha)

; i . o T2 (24Q0) ) . .
+ Lea (GO + ) e with the corresponding Fourier transform

+ L1 (52 — 5Q) - e~id= Q=2 (17)

Li(jQ) = Li_, (jQ) - €791 (17)
Due to (9), the two aliasing terms do not overlap. Thus, these
terms can be summarized to one aliasing term It is assumed that the estimated displacement is given by the
displacement of the underlying original signal
A 1(JQ) =Li_1(JQ + 5Q5) + L1 (5Q — 58, .
+—1(J) =Li—1(jQ +j .)3 -1 (5 — j€%) i —d. (18)
=L (50 (1-13)): (12) _ o . o
€2 In the third block/;(x) is resampled with the sampling interval

With (12), the space-discrete input signals from (10) and (18 = - The resultis the space-discrete prediction sign@t..)
with the Fourier transform

are given by
B S S (13 GG = Y LGo-ik). @9
S:(jQ) =L 1(jQ) - e73%= et
b A1 (jQ) - e~ (1mF)2 (1) Assuming
S;_1(5) = Si—1(59) (20)

From (14), it can be recognized thét(j2) contains compo-

nents with different displacements. For the underlying originglhich means that quantization errors are neglected, and with an
signal, the displacementds , while for the aliasing componentsigeal low-pass filter

it is
, 1, for|Q] < L
Q, Q. Q, H(jQ :{ ’ o2 (21)
dpo = —d, - (W - 1) , for—=F<Q< 2 (19) () 0, otherwise
_ _ L the baseband signal 6(;9) is given by
Thus, there are two main problems with aliasing in the
motion-compensated prediction. At first, (15) shows that S =Li_1(jQ + jQ,) - e T4
the displacement of the aliasing component is a function of 4 L1 (jQ) - =9
Q. Furthermore, this equation shows that, and d, have . ) —idQ
+ L1 (2 — jQy) - e 7%, (22)

different signs. Thus, the aliasing components are moving in
the opposite direction than the underlying original signal. |Osing (12), the motion-compensated prediction signal is
the motion-compensated prediction, only one displacement _ _

for the whole signal—including the aliasing components—is S;(jQ) = L,_1(jQ) - e 9% 4 A4,_,(jQ) - e77%=2, (23)
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The second term of (23) denotes the aliasing in the predictiol Y Beyei
signal. ~ T

C. The Prediction Error Signal

In order to show the impact of aliasing on the motion-com-
pensated prediction, the prediction error signal is calculatec
The Fourier transform of the prediction error sigadl,,) from \

i i i i i
T T

] 3 2 -1 1 2 3 dglpell
Q) is
. Fig.4. Normalized Fourier transform of the prediction error magnitude caused
Ei(59) = S: () — S:(5Q) (24) by aliasing in dependency on the displacem&nt

and with (14) and (23)

hrp *2 *2 hw ——
s(xn) sLp(xn) 3(an) Suw(Tn)

E,(jQ) = A1 (jQ) - |:e—jdx<1_(Qs/|Q|))Q _ e—jdmﬂ] . (25)
Fig. 5. Block diagram to illustrate the design of the Wiener filtgy .
With sin(z) = 5- (¢/* — ¢77%), (25) can be calculated to
) ' be matched to that of the input signal in (14). Since the two
Ei(5) =A; 1 () [67””9 (6+sz959/|9| - 1)} aliasing components are moving in opposite directions, in a
A () [e—jdm itd.0/19| first step, the impact of allaS|'ng on the_prgdlcFlon error sgqal
t—1L can be reduced by attenuating the aliasing in the prediction

. (ej%dIQSQ/|Q| _ e—j%deSQ/|Q|):| signal. Since fractional-pel displacements generate a prediction
error caused by aliasing (Fig. 4), the filtefz) in Fig. 3, which
=4, 1(59) [e—i’iw(Q—%QsQ/\Ql) -2j interpolates the samples_,(z,) at fractional-pel positions,
can be used in order to reduce the impact of aliasing. In the
. sin (@%ﬂ)} following, two techniques for motion and aliasing compensa-
2 9] tion are presented. In Section IV-A, a separable 2-D Wiener
=24;_1(jQ) sin (dTQ_ﬂ> filter is applied for attenuating the aliasing in the prediction
) 219 signal. Section IV-B presents a technique for compensating the
. [efjdx(97§QSQ/|Q|)+jT":| ‘ (26) ?lltiasing in the prediction error signal by a motion adaptive 3-D
ilter.

Equation (26) denotes the Fourier transform of the predic- . L . .
tion error signal caused by aliasing. Due to assumption (18), Motion and Aliasing Compensation Using a Separable 2-D
no displacement estimation errors, and due to assumption (2fjéner Filter
no quantization errors are considered. Equation (26) shows thaln [3], a separable 2-D Wiener filter is proposed to reduce
the prediction error signal caused by aliasing is a function of tiksift due to aliasing for multiresolution hybrid video coding.
displacementl,.. Considering), = 2, the magnitude of the Here, this filter is applied to attenuate aliasing in the prediction

prediction error signal is given by signal for single resolution hybrid video coding with displace-
ment vector resolutions of 1/4 and 1/8 pel.
|E,(jQ)| =2 - |Ai_1(5Q)] - |sin (daz e ﬂ)’ The design of this Wiener filter will be described using Fig. 5.
|€2] In this figure,s(z,,) denotes the sampled input signal, which is
=2 A1 ()| - [sin (ds - )] . (27) filtered by a low-pass filtehi.p, resulting ins.p(z,). There-

after, the sampling rate af p(z,) is successively reduced and

The factor 2 in the prediction error signal of (27) results fro creased by the factor of 2. The result is sigital, ), which is
the addition of the aliasing components in the original signr”]ven by ' n

S:(7Q) of (14) and the incorrect predicted aliasing componen@s

in the prediction signab, (;j£2) of (23). [ sup(zy), for @, =042 +4, ... 08
In Fig. 4, the normalized magnitude of the prediction error in 8(wn) = 0 otherwise. (28)
dependency on the displaceméptis depicted. There are two _ _ _ S
main features of the prediction error caused by aliasing: Assuming a nonideal low-pass filtér.p, aliasing is intro-
1) the impact of aliasing on the prediction error vanishes d/c€d ins(2). Oncehrp has been selected, the corresponding
full-pel displacementéd, = 0, £1, 2, ...); Interpolation filterhy, used to reconstrust,p(z, ) from s(z,,)
2) the impact of aliasing on the prediction error is maxima&ian be determined by linear mean squared estimation [9]. The

at half-pel displacements. result is a Wiener filter. o
Inthe following, a Wiener filtehyy of finite impulse response

described by2Ly, coefficients is assumed. In this case, the
Wiener filter can also be obtained by solving the Wiener—Hopf

In order to reduce the impact of aliasing on the motion-cor@quation [9]. With the Autocorrelation function ef p(z,, )
pensated prediction error, only the prediction sigadlz,,)

can be modified. Therefore, the aliasing term in (23) has to Rip(n) = Elsup(zn) - sLp(zn — n)] (29)

7

IV. MOTION- AND ALIASING-COMPENSATEDPREDICTION
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TABLE | W!enev 8tap
FILTER COEFFICIENTS FORORIGINAL AND MODIFIED T Bloner etap

WIENER INTERPOLATION FILTERS AND A BILINEAR FILTER 1

Wiener filter type I Filter coefficients
original from [3] (-8,23,-48,161,161,-48,23,-8)/256
mod. for MPEG-4 (-1,3,-6,20,20,-6,3,-1)/32
mod. for H.264/AVC (1,-5,20,20,-5,1 )/32
bilinear (1,1)2 M%

IH(@)/IH(O)!
o
>

0.2

the Wiener—Hopf equation of the interpolation problem of Fig. 5
is given by

. Y. L L L L L R =
=1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
(L w— 1) o/n

Z hW(l) ) RLP(Q(i - l)) = RLP(% + 1)» Fig. 6. Normalized frequency response of different interpolation filters.
I=—Lw

for 2 = _LVV7 ey (LW' — 1). (30) pmtTTT T

> MC ~+M—>

I
For a stationary signad.p(z,), it could be shown that, due ] *M - h
to the symmetry of the autocorrelation functidty p(n), the St-1 :
coefficients of the Wiener filter are also symmetric !

hu(l) = hu/(—l — 1), for 0 S l g L‘V — 1. (31)
* M sampling rate increase by M
Thus, the Wiener—Hopf equation from (30) can be expressed by

h interpolation filtering
(Lw 1) ) . MC  motion compensation, i.e. shift of the interpolated signal byd:f,
> hw() - [Rup(2(i = 1) + Rup(2(i + 1+ 1))]
=0 *M sampling rate reduction by M
= RLP(2L + 1) for 7 = 07 cey (LW' — 1) (32)
. . . Fig. 7. Block diagram of the motion-compensated predictor using a
In order to get an unbiased estimate, i.e., displacement vector amplitude resolutionigfi/ pel.
Elstp] = Elsw] (33)  amplitude resolutions of 1/2 or 1/4 pel. In Fig. 7, the block
the coefficientsiyy (1) have to fulfill the condition diagram ofa motiqn—compensated.predictor with fractional-pel
amplitude resolution oft/M pel is shown. For example,
(Lw 1) with M = 4, a motion-compensated predictor with 1/4-pel
Z hw(l) = 1. (34) displacement vector resolution is realized.
I=-Lw The motion-compensated prediction of Fig. 7 consists of two

With (31) and (34), the number of coefficientsy (1) which steps. Thefirststepistheinterpolationprocess,wherethe sampling
have to be determined by solving the Wiener-Hopf equatiéfte of the already transmitted and reconstructed infage, )
system of (32) is reduced froh- Lyy to (Ly — 1). isincreasedbyafactordf andfilteredwithaninterpolationfilter

In [3], such a Wiener filter was determined. Table | shows thfe Theresultofthisfirststepisthe interpolatedimage , (i7,.).
original Wiener interpolation filter from [3], two modified ver- In the second step, the interpolated signal is shifted according to
sions, and the bilinear filter. For MPEG-4 (advanced simple prthe estimated displacementveczf'g(ra?n) andthe samplingrateis
file), the original filter was modified in order to allow an easiereduced by the factor @ff. The resultis the motion-compensated
hardware implementation [10]. For H.264/AVC, it was furtheimages;(Z,,).
modified from an 8- to a 6-tap filter [11]. For a filter length of The Wiener filters of Table | are developed for motion-com-
Lyw = 1, the Wiener filter is equivalent to the bilinear filter [3], pensated prediction with 1/2-pel displacement vector resolution
which is applied in coding standards like H.263, MPEG-1, and/ = 2). In order to use these filters for motion-compensated
MPEG-2. Fig. 6 shows the frequency responses of the mogrediction withAZ > 2, the interpolation process is split into
fied 6- and 8-tap Wiener interpolation filters and the bilineawo or more steps. Therefore, Fig. 8 shows the block diagram
filter from Table I. The bilinear filter is far away from an idealof the interpolation process for an interpolation by an exemplary
low-pass filter. It has a significant passband attenuation andaator of M = 4. In this figure, two representations for this in-
significant stopband permeability. The Wiener filters have filteerpolation are given. In Fig. 8(a) the interpolation process is
characteristics more similar to that of an ideal low-pass filtgperformed in one step with one interpolation filterThis is the
They differ due to the aliasing considered by the Wiener filtersame representation that is also used in Fig. 7. Fig. 8(b) shows a

For the mathematical analysis in Section lll, displacemergpresentation where the interpolation is performed in two steps
vectors with continuous amplitude resolution are assumeddith two interpolation filtersh; andhs. In MPEG-4 (advanced
Real coding schemes like H.264/AVC or MPEG-4 are basaimple profile),h, is the 8-tap and in H.264/AV@, is the 6-tap
on space-discrete displacement vectors with fractional-p&fener filter of Table I. In both standards, filtés is the simple
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Y +4 h  f— 8% 1-2(Tn) ° ° ° ° ° O
’

b)

+z hiy *2 hy p—— 52,t-1($n) O \ O \O \O \O \O

’ ! ! ! ’
St-1 Se1,t-1 Si1,t-1 Se2,t-1 $iq,t-1

\ \ \ \ \
Fig. 8. Two representations for a sampling rate increase by a factor of 4 and ) ' ' ' '
interpolation filtering. (a) One-step realization with one interpolation filtélp) O b b b b b
Two-step realization with two interpolation filtets andh.. se(xn)
bilinear filter. In order to use a motion-compensated prediction O sample
with displacement vector resolutions of 1/8 and 1/16 pel, the in-
terpolation process of Fig. 8(b) is extended by one or two more ©  already interpolated sub-pel sample

steps, respectively. In this case, only in the last interpolation step

. . . . L4 to be interpolated sample at sub-pel position
the bilinear filter is used. Note that the representation (b) can be o be tnterp P petp

tra_nsferred to representation (_a). Analyses on mcrea_se_d compu * interpolation considering dg -1
tational complexity due to motion-compensated prediction with .

increased motion vector resolutions can be found in [12] and Y prediction using de ¢

[13].

First results with adaptive 2-D filters indicate that further imE9- 9 Example of a motion-compensated predictor applying a 3-D filter. In
. . . this example, 1/2-pel displacement vector resolution is assumed. Corresponding
provements can be achieved when the 2-D filter is adapted fr(HHQs of three consecutive frames are shown: The frame to be predigted),
frame to frame [14]-[16]. the frame to be interpolated , ,(x.,), and the preceeding interpolated frame
8ia2(Tn).
B. Motion and Aliasing Compensation Using a _ . . . . o
Motion-Adaptive 3-D Filter There is arelationship between this motion and aliasing-com-
. C . ensated prediction and the prediction with multiple reference
Here, a concept for a 3-D interpolation filter is described th rtames [7] or the prediction with generalized B-frames [20]. The

exploits the fact that the |mpact of aliasing on the pred'Ct'Or'?]ain difference is that the 3-D filters generate only one single
error vanishes at full-pel displacements.

. . . ngerence frame with samples at subpel positions and therefore
In Fig. 9, a generalized example of a motion-compensate

: . N .~ .need no side information about the reference frames used for
predictor using such a 3-D filter is shown. In order to S'mp“ﬁérediction

the explanations, this example is restricted to one spacial coor-
dinatez,,. Thus, Fig. 9 shows one-dimensional image lines in-
stead of 2-D images. Due to the restriction to one dimensional
image lines in Fig. 9, the 3-D filter in this figure is restricted to For experimental investigations, the coding system H.26L
a 2-D filter. Furthermore, a translational motion of 1/2-pel fronfTML4) and various kinds of test-sequences, each at CIF format
frame to frame is assumed in this example. and 30 Hz, are applied. Although the results are achieved with
The images;(z,) is predicted from the interpolated refer-TML4, the obtained insights are also valid for the current
ence images; , () using the displacements, ;. For this H.264/AVC coding standard [4].
prediction, samples at subpel positionsspf_;(z,) have to In order to verify the analytically derived results, the mean
be interpolated. If these samples are interpolated with a 2suared error (mse) of the prediction as a function of the magni-
Wiener filter, a prediction error with reduced but not compenude of the displacement has been measured in a first step using
sated aliasing is generated. Thus, a 3-D motion adaptive filthe test sequenddower Garderwith its relatively uniform mo-
is proposed in [17] that uses samples of former images in ordiem. The result is shown in Fig. 10.
to interpolates; ,_,(z, ). In the example of Fig. 9, the displace- Fig. 10(a) presents the results for different displacement
mentsd,, ;—1 is considered in order to use reference samplesctor resolutions. In order not to affect the aliasing, an almost
of s} ,_o(x,) for the interpolation of the samples at subpel padeal low-pass filter is used for interpolation. For a comparison
sitions ofs; , ;(z,). If these interpolated samples are used twith the analytical results in Fig. 4, the additional prediction
predicts;(x, ), this could be interpreted as a prediction with &rror originating from camera noise and the restricted dis-
full-pel displacement betwees) , _,(x,) ands;(z,). Since the placement vector resolution of the coding system have to be
impact of aliasing vanishes for full-pel displacements accordimgnsidered. An estimate of the mean squared prediction error
to Fig. 4, the motion-adaptive 3-D interpolation filter compengenerated by camera noisenise,, = 0.3. The mean squared
sates also the aliasing. If no reference samples with full-pel digediction error at integer-pel displacements is not affected
placements are available for interpolation, the 2-D Wiener filténry aliasing and therefore provides estimates of the prediction
is applied. It is proposed that this 3-D interpolation filter reerror generated by the quantization or so-called resolution of
places the current H.264/AVC interpolation filter. In [18], a simthe displacement vector. The residual mean squared prediction
ilar method was used for high-resolution video mosaicing. Firetror Amse, ; indicates the impact of the aliasing. Due to
results with adaptive 3-D filters indicate that further improvethe increase of the displacement vector resolution from 1/2
ments can be achieved when the 3-D filter is adapted from franwe 1/4 pel, a mse reduction afmse; = 3.0 is achieved at
to frame [19]. d, = 3.0. Due to the increase from 1/4 to 1/8 pel, a reduction

V. EXPERIMENTAL RESULTS
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o ‘ ' gain increases with the bit rate. The different performance of the
N et ‘ Wiener filter and the bilinear filter is due to the longer filter tap
|-l P | size and the fact that the Wiener filter was developed to reduce

the aliasing components that are deteriorating the motion-com-
AMSE; pensated prediction.
A In order to compare the coding efficiency for different dis-
2;,///\/4_\/ 8 g ‘\ 5 AMSE, placement vector resolutions, Figs. 12 and 13 show two graphs
~ A e Easm— with operational rate distortion curves for the two test sequences
% v ! = ; TR oS MSE,, Mobile & CalendarandFlower Garden
displacement d, pel In these figures, the parameters are the displacement vector
AMSEq, s resolutions 1/2, 1/4, 1/8, and 1/16 pel, each obtained with the
Wiener interpolation filter. For comparison, the operational
| amsg,,  rate distortion curves of 1/2-pel displacement vector resolution
/ with bilinear interpolation are shown that are used in coding
standards like H.263, MPEG-1, -2, and -4 (simple profile). The
figures show a significant coding gain when the displacement
- rAMSE“f“’ vector resolution is increased up to a resolution of 1/8 pel. The
1/16-pel resolution does not provide a significant additional
coding gain. Compared to the 1/2-pel and bilinear interpolation
filter asitis used in H.263, MPEG-1, -2, and -4 (simple profile),
“’ms a coding gain up to 3.0 dB is obtained. Compared to 1/4 pel
' : ‘ ! ' : : and the Wiener interpolation filter as it is used in MPEG-4
_ v v : (advanced simple profile), a gain up to 1.0 dB is obtained by
oif o e : T 1/8-pel displacement vector resolution.

' ' - : The influence of the displacement vector resolution on the
coding efficiency can also be seen in Figs. 14 and 15, where
the bit-rate reduction in dependence on the displacement vector

- : ; resolution is shown for different test-sequences at PSNR values
0 ; i ; ; ; ; of 38 dB (Fig. 14) and of 28 dB (Fig. 15). The PSNR of 28

°¢o® dB represents low quality and the PSNR of 38 dB represents

_ . , o high quality of a reconstructed sequence. In these figures,
Fig. 10. _Measured mse and probability density funci¢d, ) in dependency test sequences with uniform motion. likéobile & Calendar
on the displacementf, for the test sequencElower Garden (a) mse for ! !
different displacement vector resolutions using an almost ideal low-pass (UFjower Garden, Tempete, WaterfadindBusare marked with
filter; (b) mse fo_r 1/8-pe_| displacement vectors using different filters; and (gglid lines. Test sequences with nonuniform motion, like
probability density function(d. ). Foreman, Husky, NewandParis are marked with dashed lines.

The graphs show the following.

of Amse; = 1.0 is achieved. In order to show the aliasing 1) The relative bit-rate reduction for test sequences with uni-
compensation effect of the Wiener filter, Fig. 10(b) presents  form motion (solid lines) is higher than for test sequences
the mse for a Wiener and a bilinear filter each with 1/8-pel  with nonuniform motion (dashed lines). The reason is that
displacement vector resolution. Since the mse at integer-pel the nonuniform motion inside a block disturbs the mo-
displacements is not affected by aliasing, the prediction error  tion-compensated prediction.
difference between the mse of the Wiener and the bilinear2) The relative bit-rate reduction is higher for high PSNR
filter at these positions is almost zero. But, due to the aliasing  values. At a PSNR of 38 dB, a bit-rate reduction between
compensation effect of the Wiener filter, a mse reduction 10%—-48% compared to the bit rate required at 1/2-pel

b)

%+~ 1/8~pel - Bilinear
- 1/8-pel - Wiener (8-tap) | --------- Sh

35

p(d,)

15 2
displacement dx [pel]

of Amse,, — Amse,,, = 1.5 is obtained atl, = 2.5.1In displacement vector resolution is achieved. At a PSNR
Fig. 10(c), the probability density functiop(d.) is shown. of 28 dB (Fig. 15), the quantization errors disturb the
Due to the low probability ofl, < 0.5, the mse in this area motion-compensated prediction. As a consequence, the

shows irregularities. In contrast to the analytical results in side information required for transmitting the displace-
Fig. 4, the mean squared prediction error curves of Fig. 10 are  ment vectors can result a negative bit-rate reduction.
not normalized.

In order to investigate the influence of the interpolation filters
on the coding efficiency, Fig. 11 shows operational rate distor-
tion curves for bilinear and Wiener filter at different displace- By theoretical and experimental investigations, the impact of
ment vector resolutions of 1/2, 1/4, and 1/8 pel. aliasing on the prediction error of a motion-compensated pre-

The results show that the Wiener filter outperforms the bilictor is analyzed and verified.
linear filter for all displacement vector resolutions. The higher In order to reduce the impairment of the motion-compensated
the displacement vector resolution, the more important is tpeediction by the aliasing, 2-D and 3-D interpolation filters are
use of a Wiener filter that considers the aliasing. The codimgoposed, which aim to reduce or to compensate the aliasing.

VI. CONCLUSIONS
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Fig. 11. Operational rate-distortion curves for different interpolation filters and different displacement vector resolutions (DV-resjbfand,1¥8 pel for test
sequences (d)lobile & Calendarand (b)Flower Garden

As a result, motion- and aliasing-compensated predictiamd MPEG-4 (simple profile). This corresponds to a bit-rate
with 1/4- or 1/8-pel displacement vector resolution improve theavings of 30% and 40%.
PSNR of the hybrid coding system H.264/AVC by 2 or 3 dB The motion- and aliasing-compensated prediction using
when compared to 1/2-pel displacement vector resolution adener interpolation filters in combination with increased
a bilinear interpolation filter as it is applied in H.263, MPEG-2displacement vector resolutions has been proposed to the
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Fig. 12. Operational rate-distortion curves for test sequeMobile & Fig. 15. Bit-rate reduction in dependence on the displacement vector
Calendar Parameter is the displacement vector resolution. resolution for a PSNR of 28.0 dB.

ciency, the 6-tap Wiener filter and 1/4-pel displacement vector

PSNR Y [dB]

resolution is applied in H.264/AVC [4] and the 8-tap Wiener

filter

and 1/4-pel displacement vector resolution is applied in

MPEG-4 (advanced simple profile) [6].

The motion-adaptive 3-D filter for aliasing compensation is
still under investigation. First results obtained with adaptive fil-
ters indicate that further improvements can be expected when
the filters are adapted from frame to frame.
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