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Abstract - Block-based motion compensation assumes that all
pixels within a block have the same translational motion. That
hypothesis, however, results in inaccurate compensation of
moving objects’ boundaries. Object-oriented video compression
algorithms typically segment each image in regions of uniform
motion and estimates the motion of these regions to generate more
accurate motion compensated images. In this paper, we present a
two-stage algorithm for motion field segmentation and estimation
in an object-oriented coder. In the algorithm’s first stage, a
standard block-matching algorithm and a maximum a posteriori
probability estimate are used to compute a translational motion
field and its segmentation. This segmentation is then utilized in
the second stage to estimate the parameters of complex motion
models. Parameters of complex motion models are only estimated
in the algorithm’s second stage which reduces the computational
complexity of the proposed algorithm. Simulation results show
that the proposed algorithm significantly reduces the bit rate
needed to encode video sequences when compared to standard
block-based algorithms.

1. INTRODUCTION

Standard compression algorithms for video sequences, like H.261
and MPEG, use block-based motion compensated prediction to
remove the temporal redundancy in video sequences. Block-based
motion compensation is based on the hypothesis that blocks of
pixels move with constant translational motion so that only one
motion vector per block has to be transmitted. Each frame of a
sequence is divided into blocks, typically of 16 by 16 pixels, and
for each block a motion vector is estimated at the encoder and
transmitted to the decoder so that a prediction of the present frame
can be constructed from the previously decoded frame. Assuming
the motion field to be constant over blocks, however, results in
inaccurate compensation of moving objects’ boundaries. Blocks
located at these boundaries contain regions moving in at least two
different directions and a single motion vector leads to incorrect
compensation for at least one of these regions. A high bit rate is
therefore needed to encode the prediction error so that blocking
artifacts do not appear in the decoded sequence.

Several object-oriented video compression algorithms were
proposed to compensate for the weaknesses of block-based
approaches, e.g. [1-3]. Instead of estimating the motion of pixel

This work was supported by grants from the Natural
Sciences and Engineering Research Council of Canada and by the
Fonds FCAR (Prov. Québec).

0-8186-7310-9/95 $4.00 © 1995 IEEE

207

blocks, these algorithms segment each image in regions of
uniform motion and estimate the motion of these regions.
Although the motion field segmentation has to be encoded along
with the parameters describing the motion of each region, that
information allows the generation of better motion compensated
predicted images. Consequently, a smaller bit rate is required to
encode the prediction error, and the overall bit rate needed to
encode a sequence with an object-oriented coder is usually less
than that required by a block-based coder.

1.1. Previous work

Object-oriented coding requires the estimation of a motion field
and the segmentation of the same motion field into regions of
uniform motion. Several approaches have been proposed to solve
the problem of motion field segmentation and motion field
estimation. Musmann et al. [1] proposed an iterative approach in
which an image is first divided into unchanged and changed areas.
Parameters describing the motion of each changed area are
computed. Within these areas, regions of connected pixels whose
motion is not well described by the estimated motion parameters
are detected, and their motion parameters are estimated. Wang and
Adelson [2] proposed an approach for which motion parameters
are first estimated and then used to compute a segmentation of the
image to encode. To do so, an optical flow motion field is
computed for the whole image. Linear regression is then used to
estimate affine motion parameters on windows of 20 by 20 pixels.
Valid motion parameters are identified by clustering in the
parameter space and the image is then segmented into regions
using these motion parameters. Chang et al. [3] use a Gibbs
distribution to model the joint distribution of the motion field and
its segmentation. A maximum a posteriori (MAP) estimate of the
motion field and its segmentation, given the past and present
images, is computed. Dense motion field estimation,
parametrization of that motion field with complex motion models
and motion field segmentation are computed simultaneously in an
iterative algorithm.

In this paper, we present a new approach for motion field
estimation and segmentation in an object-oriented image coder. In
the proposed system, motion field segmentation is first performed
using a simple translational motion model. That segmentation is
then used in the second stage of the algorithm to estimate the
parameters of more complex motion models, such as affine
models. By delaying the use of complex motion models to the
algorithm's second stage, parameter estimation is only performed
once, therefore reducing the algorithm's complexity.
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2. PROPOSED OBJECT-ORIENTED ALGORITHM

As mentioned in the previous section, we propose a two-stage
algorithm to solve the motion field estimation and segmentation
problem. In the first stage of the algorithm, we estimate the
segmentation of a motion field computed with a standard block-
matching algorithm. In the second stage, affine motion parameters
are computed for each segmented region from a motion field
computed by optical flow. The block diagram of the proposed
object-oriented coding algorithm is shown in Figure 1.

2.1. Segmentation of the motion field from block motion
vectors

Previous work [4,5] shows that a motion field segmentation can
be used to generate motion compensated images of good quality,
even when the motion field is computed with a standard block-
matching algorithm. In [4,5], each image is divided into blocks of
16 by 16 pixels and the motion field of each block is segmented
into two regions, such that each region is well compensated by the
motion vector of the block itself or a neighboring block. The
motion field segmentation is modeled by a Gibbs distribution and
a MAP estimate of that segmentation is computed. In the
proposed approach, we use the same Gibbs distribution to model
the segmentation, but we now compute the MAP estimate of the
segmentation for the whole image, instead of computing a
segmentation for each block of pixels.

Given the present image I%, its previous image I™! and the
motion field Vg that is initially calculated by a standard block
matching algorithm, the motion field segmentation s is estimated
by maximizing the conditional probability of the segmentation as
follows

1

s = Ve M

Using Bayes theorem, and after some simplifications, the
segmentation estimate is given by

argmax {P( S= s|In, i
S

§ = argmax{P(In‘Sz S, In I,VS)P(Sz s)} 2)
s

The first term is the conditional probability of the present
image given the previous image, the motion field and the
segmentation. Assuming that the motion field and the
segmentation are correctly estimated, we can model the displaced
frame difference (DFD) at each pixel p, given a motion vectoy v,
as a Gaussian random variable with mean zero and variance ¢

DED" (p, v) ~ N[0, 0°] ©)

The second term is the probability distribution of the motion
field segmentation. In this paper, we use the MRF model
previously used in [4,5]. In that model, an 8-pixel neighborhood is
used. The prior distribution of the motion field segmentation is
given by

1 t2 (r)
P(s= ) = —exp[Z—B[tl ) +———H
Z P J2

where Z is a normalizing factor, § is a parameter used to adjust
the relative strength of the smoothness constraint, t{(p) is the
number of horizontal and vertical neighboring pixel pairs in the
neighborhood of pixel p with different segmentation values, and

(C)
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t,(p) is the number of diagonal neighboring pixel pairs with
different segmentation values. The segmentation can therefore be
estimated by finding the minimum of the following cost function

t, (p)
J} (5)

. n 2 2

argmin { DFD (p,v) | +Blt, (p) +

min3 || Peply w25

We minimize that function by using a multi-resolution iterated
conditional modes (ICM) algorithm [6] which significantly
accelerates convergence while giving accurate segmentations.

§

Once a motion field segmentation is computed, the motion
vector of each connected region is updated by matching the region
of the present frame to the past frame, similarly to what is done in
block matching. The search area is limited to T2 pixels around
the motion vector of the region. It is not necessary to search in a
larger area since the pixels in the same region are typically well
compensated by the original block motion vector. Once new
region motion vectors have been computed, it is possible to update
the motion field segmentation. In our simulations, however, we
found that this step was not necessary. Although the segmentation
is computed using an iterative algorithm, a translational motion
model is used at this stage of the algorithm to facilitate the
computation of the motion compensated images. If a higher order
motion model is used, such as an affine or quadratic model, the
computational complexity of the segmentation increases
significantly.

2.2. Computation of motion parameters from an optical flow
motion field

After the algorithm's first stage, a segmentation of the image into
regions of uniform motion has been estimated, and translational
motion vectors describing the motion of each region have been
computed. If that information is used to generate motion
compensated images in a coding system, the algorithm's
performance is comparable to that of a standard block-based coder
because of the information overhead needed to encode the
segmentation. To take advantage of that segmentation, the motion
has to be modeled with higher order models, and sub-pixel
accuracy is needed for the motion parameters.

We estimate the parameters of the complex motion models
for the segmented regions as follows. First, a motion field for the
whole image is computed by optical flow using the Horn and
Schunck algorithm [7]. We iteratively compute the optical flow of
the image by using the following equations

E \'/k+E Vk+E
k+1 _ k X X yy t
Vi =% 2 2 2 B,
o +EX+E
k k ’ ©
E v +E v +E
Vk+1__\_/k_ X X y'y tE
Y Voot eEr+er Y
S Yy

where k is the iteration number, vk is neighborhood average of
v . E,, E;, E; denote spatio-temporal derivatives of image
intensity E. The algorithm is initialized by assigning to each pixel
the translational motion vector of its region that has been
calculated in the algorithm's first stage. The optical flow is
computed separately for each segmented region of the motion
field. Therefore, no smoothness constraint is imposed across



regions’ borders.

For each segmented region, we then use the motion vectors
obtained by optical flow to compute a least-square estimate of the
parameters of the desired motion model. In our work, we use an
affine motion model (6 parameters). Simulations show that the
parameters obtained with this approach model well the motion of
each region. Estimating the parameters of a complex motion
model is computationally intensive. As several algorithms that
computes dense motion fields, the Horn and Schunck algorithm is
iterative. In our coding system, however, the estimation of
complex motion model parameters is performed only once, which
reduces the overall computational complexity of the proposed
algorithm.

The proposed approach tends to oversegment the motion
field because the segmentation is performed with block motion
vectors. This approach, however, allows us to estimate complex
motion parameters only once. To compensate for the
oversegmentation of the motion field, we have implemented an
algorithm that merges neighboring regions whose motion
parameters are similar. Based on rate-distortion theory, our
merging criterion is such that we can reduce the number of
regions while keeping the increase in prediction error as small as
possible. The merging criterion is as follows

[Dij—(aiDi+aij)] <A (Ri+Rj) —Rl.j] Q)

where A is non-negative, and ij is the index of the region obtained
by merging region i and j. For each region, D is the prediction
error, and R is the total number of bits needed for encoding that
region. Depending on the value of A and the considered image
content, the number of regions can typically be reduced by 30% -
40% without significantly increasing the prediction error.

Each image is therefore represented by 3 sets of parameters:
(M) motion, (S) segmentation and (P) prediction error. The
motion parameters are encoded with a precision of 1/32. All
zero parameters are marked and encoded with only 1 bit. We
encode precisely the region contours of the motion field
segmentation by using Freeman coding and a Markov model of
order 1. The average number of bits required for encoding a pixel
of the contour is typically 1.6 bits. The last set of parameters, the
image prediction error, is divided in blocks of 8 by 8 pixels,
transformed by DCT, quantized, run-length and Huffman
encoded, as done in standard coding algorithms like JPEG and
MPEG.

3. RESULTS AND CONCLUSION

Figure 2 shows the results of a simulation run on the first 30
frames of the Table-tennis sequence in Common Intermediate
Format (CIF). Frames 0, 10 and 20 were intra coded. Simulations
were also run on the Football and Flower garden sequences and
similar results were obtained. In the figure, BMA stands for a
standard block-matching algorithm for which motion vectors were
computed with half-pixel accuracy. SEG corresponds to the first
stage of the proposed algorithm, i.e., an algorithm for which each
segmented region of the motion field is only compensated by the
half-pixel accuracy motion vector computed by region matching.
Finally, OOC is the proposed object-oriented coding algorithm.

Using BMA, SEG and OOC, the Table-tennis sequence was
encoded so that the 3 decoded sequences had comparable mean
squared error (MSE). At frame rate (30 frames/sec), the 3 decoded

sequences were also visually similar. Figure 2 gives the MSE
between the original images and the decoded images, as well as
the bit rate needed to encode the images. As that figure shows, the
performance of the proposed algorithm, OOC, is significantly
better than that of a standard block-based coder (BMA). On
average, our object-oriented coder requires 20% - 35% fewer bits
than the BMA algorithm. It is also interesting to note that the
performance of the SEG algorithm is only comparable and
sometimes worse than BMA. For SEG and OOC, an information
overhead is needed to encode the motion field segmentation. In
SEG, however, a translational motion model is used with half-
pixel accuracy motion vectors. That precision is not sufficient to
eliminate motion compensated prediction errors on the object
contours. With OOC, better motion models and the accuracy of
the motion parameters eliminate most of these errors, which in
turn significantly reduce the bit rate. Table 1 gives the reduction in
bit rate obtained on simulations run on 3 video sequences, when
compared to BMA. Table 1 also gives the average number of
segmented regions, as well as the percentage reduction in the
number of regions obtained with the merging algorithm.

Table 1: General simulation results

Reduction

Video Gaininbit | Number of in number

sequence rate (%) regions of regions
(%)
Tennis 36 25 40
Football 20 70 33
Flower 24 65 30

Figure 3 is a section of a motion compensated predicted
image obtained with BMA and OOC. As these images show, the
proposed algorithm generates motion compensated predicted
images of very high quality. In the current implementation of the
0OC algorithm, the prediction error is encoded using DCT with a
fixed quantization table. We believe, however, that with a better
approach to encode the prediction error, our algorithm could be
used for coding applications at very low bit rates. This is also
supported by the fact that for the simulation results shown in
Figure 2, only 25% of the bit rate is used to encode the motion
field segmentation and the motion parameters. The distribution of
the bit rate among the 3 sets of parameters is given in Table 2 for 3
video sequences.

Table 2: Distribution of the bit rate

Video

M (%)
sequence

S(%) | P(%)

Tennis 5.8 17.6 76.6
Football 6.7 21.2 72.1
Flower 53 19.2 75.5

The approach that we propose in this paper can be thought of
as an algorithm that hierarchically estimates parameters of
complex motion models in an object-oriented coder. Such an
approach reduces the computational complexity of object-oriented
coders, and our simulation results show that an algorithm with a
two-stage hierarchy significantly reduces the bit rate needed to
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encode a video sequence when compared to standard block-based
algorithms.
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Figure 2: MSE and average number of bits per pixel for the Table-tennis sequence coded using the BMA, SEG and OOC algorithms

Figure 3: Motion compensated predicted image using block matching (left) and the proposed object-oriented coder (right)
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