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ABSTRACT

This paper intends to present new approaches in the field of
motion-compensated spatio-temporal filters applied to dig-
ital image sequences. In time-varying imagery, the tempo-
ral correlation information of pixel intensities is folded by
motions which may originate from both camera and ob-
ject displacements. Motion-compensated filters are here
defined as temporal filters applied along assumed motion
trajectories. As a matter of fact, this paper deals with
three-dimensional spatio-temporal filters and aims at gen-
eralizing the motion-compensated temporal filtering process
as the product of two distinct operators. The first operator
depends only on the estimated motion parameters derived
from both motion-based image segmentations and paramet-
ric affine modelings of regions in motion. The second op-
erator analyzes only the correlations of image-by-image in-
tensities measured along the assumed motion trajectories.
Multiresolution filters or wavelets may be consequently ap-
plied along the motion trajectories to produce optimum
and adaptive resulting procedures for purposes like spa-
tio-temporal prediction, interpolation and smoothing. In
this paper, applications are provided to cover the field of
image sequence coding and interpolation.

Key Words: parametric models, motion esti-
mation, spatio-temporal filtering, multiresolution,
adaptive filtering.

1. INTRODUCTION

This paper is concerned with the three-dimensional or
spatio-temporal filtering of digital image sequences. Whe-
reas our research work stems originally from coding algo-
rithms designed for bit-rate compressions of moving picture
sequences, the topic stands as a key point to several appli-
cations involving prediction, interpolation for either coding
or format conversions and filtering for either signal analy-
sis in coding or noise reduction of noisy signals (restoration
and reconstruction).

Digital image sequences are three-dimensional signals
composed of a succession of scenes. Each scene is made
of several consecutive images which can be segmented into
a set of three-dimensional areas characterized by specific
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motion models significantly different from one area to the
other. Motion is represented by time-varying parameters.
The motion models considered in this paper belong to the
family of the affine models. Even if a three-dimensional
rigid motion gives at least rise to a quadratic model in the
image plane, affine flow models should recover the essential
part of the motion. Exploiting a motion-based segmenta-
tion algorithm similar to [8], images are first partitioned
into different temporally linked moving regions. Efficient
robust algorithms [10] allow us to estimate the motion pa-
rameters within each region. Eventually, this motion char-
acterization defines a dense motion vector field and con-
sequently one trajectory for each pixel located in a given
region. Arising from motions and also from possible varia-
tions of source intensity, the illumination of each point can
vary in time along its trajectory. These a priori unknown
variations of the illuminating intensity leads to probabilistic
models expressing the correlation between point intensity
in consecutive image planes. In order to perform appropri-
ate temporal interpolation, prediction or filtering, optimum
convolutional operators may be adapted to the local correl-
ative structure of the signal along the motion trajectories.
In real-time moving picture sequences, the intensity cor-
relation is naturally folded in the signal according to the
local motion. The underlying idea exploited in this paper
is therefore to extract the motion from the image sequence
to catch the effective intensity correlation before filtering.
Images are initially segmented into regions on which affine
motion parameters are estimated between each pair of im-
ages to allow the trajectory determinations. Therefore, be-
fore temporally interpolating, filtering or predicting a point
intensity of concern by means of a convolutional operator
(analyzing operator), the trajectory of that point is first
computed time-backward or/and time-forward to derive the
coordinates of the point in the image planes of interest.
Since those coordinates do not correspond to the sampling
lattice, the intensity of the point at each image is computed
by a two-dimensional spatial interpolation (unfolding oper-
ator).

Earlier works in the field of three-dimensional subband fil-
tering have been reported successively in [1] to [3]. In (4] and
[5], attempts to combine three-dimensional subband filters
and motion compensation using block matching algorithms
have brought successful results in increasing the bit-rate
compression and producing simultaneously more pleasing
images. Kronander in [2] and Dubois in [6] have eventually
introduced the concept of motion-compensated filtering as a
way of using the motion estimates not to make predictions
but to filter the pixel values along their motion trajectory.
This contrasts to the earlier research works where a motion-
compensated prediction was build and encoded on the basis
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of motion estimates. Other recent research works [7] are
also worth mentioning; they concern directional wavelets
in N-dimensional spaces and also spatio-temporal wavelets
as tools for motion tracking applications. The actual orig-
inality brought in the research work presented in this pa-
per stays in combining new results obtained in motion es-
timation with affine models to those of adaptive wavelet
filters in order to derive adaptive motion-compensated fil-
ter banks. This study leads to discriminate in the signal
the motion features from the correlation characteristics and,
consequently, to apply distinct estimators and operators in
the signal analysis. Motion parameters are exploited to un-
fold the signal from motion and the correlation parameters
to decompose the signal with optimally adapted wavelets.

2. MOTION-BASED IMAGE
SEGMENTATIONS AND PARAMETRIC
MODELS OF MOTION

Two-dimensional polynomial motion models and, more
specifically the affine flow representations, are considered
in this work to characterize image-to-image motions. Dis-
placement vectors are given by

T 1z a b T— g )
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where D(), (z,y), (z4,¥g) are respectively the displacement
vector, the coordinates of the displaced point and the coor-
dinates of the center of gravity for the region to which point
(z,y) belongs. t, and t, are the translation components and
a, b, ¢ and the other affine motion parameters. This lin-
ear affine model stands experimentally as a good trade-off
between complexity and representativeness [8, 9]. It can
take into account different motion components, namely the
translation, the rotation, the scaling and the shear (linear
deformation). Usually two versions of the affine model are
taken into consideration, a simplified model with four pa-
rameters iz, ty, r and 6 defined as a = r cosf, c = r sind,
b= —r sind, d = r cosd (translation, rotation and scaling)
and the complete model composed of six parameters {two
rotations and scalings to incorporate the shear).

The goal of the motion-based analysis is to estimate a
map of regions {Rx} with 2D affine motion descriptors {©x}
which best model the motion activity between pairs of im-
ages. This structure {Rk,Ox} provides a compact repre-
sentation for trajectory determination. In our case, the seg-
mentation algorithm proceeds in three basic steps. The first
one consists in estimating the motion model on each region
in the motion-oriented projection of the segmentation map
at the previous instant. Owing to robust estimation [10],
the inaccuracy of this map as well as local violation of the
constraint of brightness constancy along motion trajectory
is not critical. The segmentation map is obtained using a
statistical regularization based on multiscale Markov Ran-
dom Fields, which uses motion observations as well as their
reliability. The third step consists in the detection of the
areas where the motion description is not correct {10}, and
in creating new regions if necessary. In the analys process,
the segmentation is computed at the resolution of pixel ac-
curacy.

3. ADAPTIVE FILTERING

Motion-compensated adaptive filtering as studied in this
paper results (Figure 2) from the product of two opera-
tors, namely a two-dimensional spatial interpolation in the

image planes and a temporal wavelet filtering. The first
operator only depends on the affine parameters of motion
(six or four parameters) estimated either time-forward or
time-backward according to the application in vigor (e.g.
the causality required in image coding imposes a time-
backward estimation, the temporal interpolation applica-
tions use both). Eventually, the set of all affine motion
descriptors of the regions defines a dense motion vector
field. Owing to these motion vector fields, spatio-temporal
motion trajectories of the image points may be traced out
through the sequence to determine in each image plane their
exact coordinates in each image. Point intensity at each
coordinate location in image planes are determined by a
two-dimensional spatial interpolation based on cubic con-
volution and interpolation kernels (Figure 1). Let us here
remark that the geometrical operator can be represented in
whole generality by either linear or non-linear geometrical
spatial transformations of image planes. Indeed, if f(x,y)
and g(u,v) are respectively the original and the transform
image coordinates, then

dz dy
lzyl] = [uvl] §=_" éﬁ 0 (2)
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Linear transform is characterized by constant matrix ele-
ments to represent translation, rotation, scaling and shear
(six parameters or degree of freedom maximum). In the
case of non-linear transformations, the matrix elements are
no longer constant. Non-linear distortions are considered in
general up to deformations of the second order derivative of
the Taylor expansion.

The second operator is uniquely characterized by the
variations of illumination of the point of concern along
its own trajectory. It refers to a temporal filter applied
along the estimated motion trajectory. In whole generality,
that filter can also be either linear or non-linear. An ap-
plication of image sequence coding will be presented below
in the paper. In interpolation applications, the Galerkin
method of approximation can be used as described in [11].
Owing to both properties of orthogonality and of multires-
olution, wavelet functions adequately fit as trial or basis
functions for the Galerkin approximation method (equiv-
alent to a least-squares method). The intensity function

along the motion trajectory ¢ is here approximated by 4.
If any function fo can be found which takes on known
points the same values of ¢ and if a set of M orthogonal
basis functions {¥, ; m = 1,..,M} is introduced such
that ¥,, = 0; m = 1,.., M on known points of ¢, then
at any point to be interpolated, we can approximate to ¢
by ¢ = fo + M_l am¥m. In Galerkin method [11], the
unknown coefficients a, ; m = 1,..., M are solved with
a symmetric matrix equation with noticeable computation
advantages.

Motion-based
Segmentation Estimation

Motion Parameter Trajectory

Computation

Figure 1. Motion identification, estimation and trajectory com-
putation.
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Figure 2. Motion-compensated filtering.

3.1. Motion-compensated Filtering

The motion compensation process implemented by filtering
along the trajectories is studied as the product of two opera-
tors. Without loss of generality, the scene can be considered
as made of only one object and then the first operator can
be considered as a transformation T, (unfolding) of the se-
quence f(z,y,t) such that T, : f(x,y,t) — f[Ts(z,y,1), ).
Wavelet transform is further applied along the time axis.
An important question can be risen about the preservation
of the wavelet properties through an affine transformation.
We except the trivial case of the translation and focuse
on the four matrix coefficients of 1. If the affine matrix
can be decomposed into elementary unitary transformations
such as rotation, dilatation, spatio-temporal deformation at
constant volume, reflection, the resulting operator is still a
wavelet. Moreover, though the spatio-temporal filters are
built in separable way (2D+T), the resulting filter is locally
separable for still objects and becomes non-separable when
the object is put in motion.

3.2. Adaptive Wavelet Filtering along the Motion
Trajectories

Any kind of three-dimensional (2D+T) spatio-temporal fil-
ter can be taken here into consideration (separable, non-
separable, FIR or IIR, orthogonal or bi-orthogonal wave-
lets,...) to yield any filtering performance or criterion. Since
the motion effects have been removed by unfolding the
three-dimensional image signal, spatial and temporal cor-
relations may be similarly dealt with.

To illustrate this issue, a temporal multiresolution de-
composition for image sequence coding will be considered
with the design of a two-channel bi-orthogonal FIR filter
bank which yields perfect reconstruction and linear-phase
conditions. For obvious reasons, perfect reconstruction is
required in the image transmissions; linear-phase responses
guarantee a pure constant delay. At least one degree of reg-
ularity is required to design wavelets, this implies for the
high-pass filter response to satisfy the constraint of having
a zero-mean response, that is 3 _(—1)"hi(r) = 0. ho(n)
and hj(n) stand respectively as the low-pass and high-
pass analysis impulse responses of length no and n;. The
tilded versions ho(n) and ki(n) correspond to the synthe-
sis filter bank. Choosing pure-delay and linear-phase filter
banks, the design is constrained to ho(r) = (—1)"h(n)
and ky(n) = —(—1)"ho(n). Two types of nontrivial filter
banks have been characterized which lead to linear phase
filters. Type A refers to odd-length and symmetric filter re-
sponses and type B to even-length and antisymmetric filter
responses. Moreover, the filter bank can be adapted to the
input signal statistics in order to concentrate a maximum
of energy on the low-pass output response (decorrelation).
This is achieved with the best approximation when impos-
ing simultaneously a quasi-orthogonality (i.e. when ho(n) is
as close as possible to ho(n)) and a minimum energy at the
high-pass filter output, that is

MIN [HIT Rxx Hi + || Ho— Ho ”2] )

where Hy and Hy are the impulse response vectors and Rx x
the auto-covariance matrix of the input signal. Perfect re-
construction imposes the general constraint equations of the
form A H; =m with A =

:ggg z ﬁggg Hg(1) 2 ho(0) o :

ho(lo = 2) = 'ho(lo = 1)  hg(lp)

andm =[0...1. lo= —1andlh = & —1 for
type B solutions. The practical way to solve that prob-
lem with quadratic cost function and non-linear constraints
requires an iterative procedure described in [12] under the
Lagrange-Newton algorithm. This leads to a classical La-
grangian function which can be written as L(Ho, H1,A) =
®(Ho, H1) — AT(AH, —m). The iterative method towards
optimum is analytically described in [12]. This approach
generally leads to better filtering performances. These as-
pects are fully developed in paper [13].

4. APPLICATIONS - RESULTS

An application in image coding (for bit-rate compression)
is presented as a matter of example, Figures 3 and 4
present both low-pass and high-pass subbands of a temporal
dyadic decomposition for image analysis and coding without
motion-compensated filtering and Figures 5 and 6 the cor-
responding results with motion-compensated filters. Such
decompositions can be iterated in a whole multiresolution
application. It turns out that motion-compensated filtering
concentrates as expected more energy into the low-temporal
subband (better decorrelation). For example, comparative
results obtained by applying four coding schemes are en-
couraging. The four coding schemes are as follows: (1.)
2D spatial coder, (2.) 3D coder, (3.) 3D coder with
motion-compensated filters, (4.) adaptive version of case
3. The test sequences were “interview” and “caltrain” and
the PSNR was about 34 dB for each results. The mean bit
rate are for cases 1. to 4.s in bit/pel: 0.61, 0.47, 0.40, 0.36
for “caltrain” and 0.59, 0.48, 0.41, 0.38 for “interview”.

5. CONCLUSIONS

This paper has addressed a general problem of image se-
quence filtering which finds in fact applications in many
imaging problems like coding, restoration, enhancement
and format conversion since it can deal with prediction and
interpolation. Intrinsically, moving image sequences have
to cope simultaneously with objects in motion and with
their variations of illumination. The problem of motion-
compensated filtering has been here generalized by split-
ting the filtering process into two distinct operators. The
first deals only with motion and the second deals only with
the intensity correlation along the trajectory to derive the
filtered output. The solution of this problem has com-
bined results from different theories; these are namely the
affine parametric modeling, the operator theory, the adap-
tive and optimum filtering theory, the approximation, the
multiresolution and the wavelet theory. Examples in the
field of three-dimensional image sequence coding and of
spatio-temporal interpolation applications have been pro-
vided. Since optimum smoothing along trajectories are
nothing else than an application of the Wiener-Kalman fil-
tering theory, other multiresolution applications can also be
easily derived from this paper.
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Figure 3. Low-frequency temporal subband (not motion-
compensated).

Figure 5. Low-frequency temporal motion-compensated
subband.
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