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Abstract

A new method called Complex Subband Transform(CST) is
introduced for subband signals decomposition, the motion
estimation, and the subband image sequence coding. There are
two subband-based methods proposed which combine the
process of motion compensation and the process of subband
decomposition, namely out-band and in-band compensation. In
this paper, we modify the M-band Perfect Reconstruction
Modulation Filter (PRMF) and propose a so-called Complex
Subband Transform (CST). We also derive a method using
CST-based phase correlation functions to calculate motion
vectors for overlapped windowed regions. In the experiments,
we show that the CST-based motion estimation generates a
more accurate and coherent motion field than the conventional
block matching methods.

1. Introduction

Recently, there are two subband-based motion
compensation methods that combine the processes of motion
compensation and subband decomposition, namely out-band
and in-band motion compensation. In the first case, the high
resolution signal is temporally predicted prior to the subband
decomposition. In the second case, the subbands themselves are
temporally predicted, i.e, the prediction and compensation
processes are performed on subband basis.

A limitation of block matching[1] is that it generates a
significant proportion of motion vectors that do not present the
“accurate motion field in the scene. Irregularities in the motion
field due to incorrect motion vectors may make the motion field
expensive to transmit, and for applications involving the motion
compensation interpolation of skipped frame, that can result in
disturbing artifacts in the reconstructed images. Overlapped
window motion estimation and compensation has been
proposed to reduce the displaced frame difference energy
compared to classical block-based motion compensation and to
obtain smoother prediction images[4].

The transform-based algorithms estimate motion
vector using phase correlation. Phase correlation method [5] is
similar to the block matching technique in the sense that it looks
for the best matching location. However, DFT-based methods
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perform circular rather than linear correlation, resulting in
corruption of the correlation function due to the edge effect.
This may be overcome by applying zero padding to the data
sequences, as in fast algorithms for performing correlation
using the DFT [6], but the computational load is increased.
Young and Kingsbury [7] first defined the complex
lapped transform (CLT) by extending the Lapped orthogonal
transform (LOT)[8] to have complex basis functions. The CLT
basis functions decay smoothly that are used for calculating
vectors for overlapped windowed regions of data. In this paper,
we apply the CLT concept on PRMF (perfect reconstruction
modulated filterbank) filter [2] and make output subband
signals be complex values. It is called complex subband
transform (CST). Different from the CLT, the CST can be
applied not only for in-band/out-band motion estimation, but
also for subband signal decomposition. The overlapped,
windowed nature of CST leads to smaller errors due to edge
effects when the transform is used to estimate cross-correlation
functions. Thus it can be used to estimate local motion vectors,
without the need for zero-padding of the data. In the
experiments, we illustrates that using CST for motion
estimation generate a more coherent motion vector field.

2. Phase Correlation for Motion Estimation

For each individual band, we can not have the same
motion field because of the aliasing effect of each decomposed
subband. An alternative to spatial-domain block-matching
methods is to estimate cross-correlation functions via the
complex subband domain. It is common to normalize the
frequency spectrum of the signal to give a phase correlation.
Phase correlation is used in the complex subband domain to
estimate motion vector.

2.1 Complex Subband Transform (CST)

Here, we modify the PRMF filter bank [2] and
develop a complex subband decomposition. We can directly
convert the complex subband to the original PRMF subband.

We modify PRMF by a spatial shifting of M-1. The mth
analysis filter becomes a non-causal filter as
fuln]=f n[n+M-1] )
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where -(M-1) < t £ M-1, and 0<m<M-1. We temporally ignore
the phase shift in equation (1) (i.e., exp(j(2m+1)n/4)), and have
equation (2). The phase shift is required only when the
complex-subbands are converted to real-subbands (i.e., original
subbands from PRMF). In that case, we need to multiple
complex-subband with this phase shift. In the following, we
develop the modified mth complex analysis filter as

NG ~j(2m + )t )
h,[1]= cos( )e p( M ) @
where -(M- l) <t< M 1. So complex subband decomposition
for the mth band X, [n] can be defined as

(M:1)
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n={M-1)
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where m =0,...,M-1, n=0,...,N-1, N indicates the size of signal.
Similar to the complex lapped transform (CLT) [7], we do the
complex subband transform via the modified PRMF concept
and let the analysis filter become a non-causal filter. We may
call this transformation a complex subband transform (CST).
The modulated input signal can be obtained by inverse
transform from M subbands signals X, [n} and Xm[n+M] as

_|(2m + l)tn
+t = Re{2.X e TS
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where m=0,..M-1. We shiftnby M (ie, n= n+M) and then

module t by M (i.e., t = t-M).

x(n + t)cos((t—'l‘i)’i)

®
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where 0 £t < M-1. Equations (4) and (5) can be proved to have
the orthogonal properties of the complex exponential term. We
now derive an inverse transform to generate x[n+t] from X [n]
and X [n+M]. We first decompose x[n+t] by

x[n + ] = x[n + t]cosz(ztiM) +x[n+ t]sinz(-z%)

= (x[n + t]cos(ztiM)) cos(thM) ©

t-M t-M
+ x[n + t]cos T ) |cos T
( [n + t]cos( ™M )) ( M )
where 0 < t £ M-1. Substituting equations (4) and (5) into
equation (6) gives

x[n+t}= Re{Zx [n]cos(——) p(w)
™
ZX [r1+M]c<>S((t M) ) exp Lm0 M),

m=0 M
= EJ_E— Re[ICST{X,[n]}+ ICST{X,[n + Mij]

where 0 <t < M-1. This method of inversion (i.e., Figure 1) is
equivalent to the weighted overlapped add technique [3].
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2.2 Phase-correlation Function
Suppose we have two 1-D input sequences x,[n] and
X,{n]. We may deﬁne a cross-correlation function, R, ,,[k] as

[k]= Zx [n+ t]COS(—)Xz [n+k+ t]cos(————) (8)

t=-(M-1)

"1 X2
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where 0<k<M. It can be rewritten as

M M-1 .
R (K= Re{ 2 X, (01X [0 * kl}

m=0

&)

M “M-1
= E—RC{ZX;_m[n]XLm[n+ k]}

m=0

In DFT based methods for motion estimation, 1t 1s
common to compute the phase correlation function[5,6]. The
phase correlation is obtained by normalizing the magnitudes of
the transform coefficients, prior to computing the correlation in
the frequency domain. Similarly, the phase correlation between
windowed data sequences can be computed approximately in
the complex subbands by normalizing the complex subbands.
The normalizing complex subbands are given by

X = 2=k
IXm [nj +a
where o is small constant. This avoids amplifying spectrai
components with a low signal to noise ratio by an excessively
high gain, and tends to suppress any peaks in the phase
correlation function.
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2.3 Interpolation in the complex subband domain

From equation (9), we need to solve the problem of
interpolating the decimated X, ,[n+k] between two complex
subband signals X, ,[n] and X, ,[n+M]. This can be achieved
exactly if each interpolated coefficient is allowed to be a
function of all the complex subbands coefficients. To simplify
our computation, we only use coefficients from the same
frequency subband and ignore the aliasing between the different
frequency subbands. Although aliasing distortion does occur,
the two properties of the complex subband (i.e., the smoothly
decaying half-cosine window function and the overlapped
nature) are both beneficial for obtaining accurate interpolation.
We can express X2,m[n+k] by

o+ 12 X108 () €1 Xl + M) (1)

j@m+1kn
exp(T5 )
Substituting equation (11) into equation (9), we have equation

(12) as

M j(2m
&,,x,[k]s—n{g)c [n] )gm[n}om( )exp(( +l)m)
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Similar to equatlon (13), Rx1 x2[k] could be approximately by

R, K= %ReQCST{X]‘,_[n]le[n]}-t-ICST@q_m[n]XLm[n+M]

(13)
where 0<k<M.

2.4. Motion Estimation Algorithm

The algorithm for performing 1-D phase correlation,
may be easily extended to 2-D. The algorithm is illustrated in
Figure 2 and the procedures are described as follows:

1. Calculate the complex subbands {A.,..(x, y)} and
{Bmim2(X, ¥)}, where m1=0,..M-1 and m2=0,..2M-1, of



the previous frames {a(x, y)} and current frame (b(x, y)}
respectively.

2. For each complex subband pel B, (X, y) in the current
frame, calculate the element by element product of the
conjugate of its 2MxM complex subbands with the pixel in
the corresponding position and the eight nearest neighbor
pixels A, po(x+H, y+j),i,j=-1,0, 1.

3. From the nine 2MxM product matrices M; = {[A,; na(x-i,
¥-i)Bmim(X.y)] | m1=0,.,M-1, m2 =0,...,2M-1}, where i,j=
1,0,1 which form four overlapping 4Mx2M matrices,
calculate the inverse transform of each matrices to give four
MxM matrices, {[R,g(k1,k2)] [ kI=-M, ..M, and k2=-
M,...M}. These matrices represent the four extending +M
pels horizontally and vertically around the current pel.

4. Find the position of the peak in the spatial correlation
function which provides the motion vector for the pixel
b(x,y).

5. If many local peaks are found, then adjustment is required,
We only consider peaks with amplitude greater than 0.8 of
the largest peak, then measure the mean square error (MSE)
in the spatial domain over cosine-window of size (2M-
1)x(2M-1). The vector giving the lowest error is selected for
the motion vector for the pel b(x,y).

The MSE is measured over 2M x 2M windowed data block, and
a cosine window is applied which is defined as

nmy o Lfnm
w(n,,n,) = cos’ M cos’ M

where n|, n, = -(M-1),...,(M-1). For most correlation function
blocks, there is a single global peak, so adjustment usually is
not required.

(14)

2.5 Fast algorithm for computing phase correlation
function

In the following, we derive a fast method for equation
(3) to speed up motion estimation algorithm based on FFT as

X, [n]= g FFT{y,[t, - M / 2jexp(lm -

+ g FFT{y,[t, — M/ 2]}exp(jmn )

Next, we can also derive a fast algorithm for ICST. Here, we
also consider the 1-D case only. First, the ICST can be
considered by dividing the sequence (equation (4) with t=—(M-
1),.. ,(M-1)) into two subsequences z,[n+t1] and z,[n+t2] as

(15)

z,[n+t1] = x[n+2t1-M]cos((2t1-M)r/ 2M), t1 =0, ..., (M-1),
(16)

Zy[n+2]=x[n+2t2+1-M]cos((2t2+1-M)n/2M), t2 = 0, ... ,(M-1).
(17)

We let t=2t, -M and have zl{n+t1] be implement by IFFT as
follows:

1
aln+t]= 5 Re {n-"Fr[ X, [njexp 2 DT

ElCLRRVL I il )}
(18)

Similarly, z2[n+t2] can also be derived as

Z+]=—= Rz{ Fﬂ[xml ]exp(w)]m’“" }
(19)
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z1{n+t] and z2[n+t] can be implement by M-point IFFT. Figure
3 illustrates the Fast ICST.

3. Experimental Results

The CST phase-correlation motion estimation has a
better result than block-matching motion estimation.
Irregularities in the motion field due to incorrect vectors may
make the motion field expansive to transmit. The motion field
estimated by CST phase-correlation method requires less bits to
transmit than the motion field obtained by block-matching
method.

Table 1 shows the prediction error in 16 subbands of
23-24th frame of 288x352 salesman sequence. We can find that
the in-band motion compensation with overlapped window is
better than out-band motion compensation without overlapped
window. Out-band motion compensation with overlapped
window gives the best results. Table 1 shows the measured
prediction mean square error in the subbands of the 23th frame
when a 288x352 salesman sequence is predicted ( ie, no
coding ). The in-band subbands still contain aliasing term which
has to be canceled out by other subbands. We use equation (4)
to interpolate those decimated subband pixels during
downsampling, so the aliasing error can be reduced. It can be
observed that the accuracy of the in-band window overlapped
prediction is comparable with the out-band window overlapped
prediction. By comparing the 4th column and the 5th column of
Table 1, we can observe that window overlapped scheme can
reduce the reconstruction error.

4. Conclusion

We develop a CST to estimate motion field using
phase-correlation functions in the complex subband domain and
estimating motion vectors for overlapping, windowed regions
of image. This algorithm is invariant to illumination changes
which is a common problem in estimating true motion vectors
in image sequences. By comparing the performances of the
phase-correlation algorithm and the block-matching algorithm
for the salesman test sequence, the phase-correlation algorithm
generate a smoother motion fields than block-matching. The
CST can also be used for subband signal decomposition. We
may apply CST for inband/outband motion compensation
with/without overlapped windows.
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Table 1. Prediction error (mean square error ) SBD: subband decomposition

subband fout-band fout-band [in-band fin-band Figure 2. Schematic of the correlation function
no. non-w  |with-w non-w | with-w
0 2.161 2.188 4,152 2.132
1 1.194 1.134 2.791 |[1.130
2 0.676 0.520 1.234 0.450 U FAST JCST - v evverereereseseseetsseseses et et eee ettt sanes e :
3 [0.468  [0.337 [0.540 [0.470 | RexplamT 2] 5
4 10.936 0.911 1.231 [1.011 i
5 [0571 [0.548  [0.789 [0.431 Xl M
6 0.308 0.241 0.532 ]0.237 - UxexpGm+1XT-M)n72M]
7 0.168 0'140 0.190 0'158 ..........................................................................................................
8 0.637 0.522 0.345 10.598
9 0.374 0.309 0.467 ]0.356 xexp{-j2m+1)%/2}
10 0.168 0.115 0.157 ]0.123
11 0.099 0.076 0.115 }0.085
12 0487 [0.417  [0.414 [0.456 %alnd: LiexpGme (- Myw2My
13 0.190 0.161 0.180 [0.173 :
—to09s—To07] e T e i
15 0.098 0.078 0.034 [0.076 FAST ICST
total 8.685 7.806 13.280 |8.212

non-w : motion compensation without overlapped window.
with-w : motion compensation with overlapped window.

Figure 3. Fast Inverse Complex Subband Transform (ICST)
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