VARIABLE SIZE FINITE-STATE MOTION VECTOR QUANTIZATION
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ABSTRACT

In this paper, we present an algorithm which combines
Vector Quantization (VQ) techniques with variable size Block
Matching Algorithms (BMA) for motion compensated im-
age sequence coding. First, an algorithm which decomposes
the image frame into blocks of different sizes with simi-
lar motion parameters is proposed. Since the algorithm is
based on splitting the block that would result in the highest
decrease in distortion, it does not require a merging step.
Next, VQ techniques are utilized to expedite the search for
the block motion vector without significant sacrifice in tem-
poral entropy reduction performance. We compare the per-
formance and the computational requirements of the pro-
posed algorithm with other BMAs.

1. INTRODUCTION

Motion compensation plays a very critical role in image
sequence coding. In order to achieve significant data com-
pression, the temporal correlation that exists in image se-
quences needs to be exploited. Algorithms based on block
matching (BMA) are by far the most widely used motion
estimation techniques. In a BMA, the image frame is usu-
ally partitioned into fixed size blocks. If a maximum mo-
tion displacement of W pels is allowed in both horizontal
and vertical directions, there are (2W + 1)? motion vector
candidates in total, assuming full-pel accuracy. An exhaus-
tive search BMA computes the distortion corresponding to
each of these candidates using an accepted block distortion
measure (BDM) and selects the best match as the motion
vector for the block. Since exhaustive searches are computa-
tionally expensive, several fast search algorithms, including
Modified Logarithmic Search (MLS) [1], Conjugate Direc-
tions Search (CDS) [2] and Three-Step Search (TSS) [3],
have been proposed. All of these algorithms attempt to
systematically reduce the number of search points over the
search space.

Although the BMA is the most widely used motion es-
timation technique in image sequence coding, it has some
drawbacks. One of these drawbacks is the assumption that
the motion within each block is uniform. Since this as-
sumption does not always hold, especially for large blocks,
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a large error in prediction is made by trying to represent the
nonuniform motion of the block with a single motion vec-
tor. To overcome this problem, variable size block-matching
algorithms have been introduced and studied in [4, 5].
The underlying premise of these techniques is to split the
blocks with non-uniform motion to get unidirectional mo-
tion within every block.

Recently, new techniques that reinterpret the BMA as
a Vector Quantization (VQ) problem have been introduced
[6, 7). It was shown in [7] that VQ based techniques can
yield performance comparable to other fast search tech-
niques (in terms of temporal redundancy reduction), while
requiring only a fraction of the computations and side in-
formation. In this paper, we propose an extension to the
algorithm of [7] which combines VQ techniques with vari-
able size BMAs.

2. VARIABLE SIZE BMA

Since the assumption that the motion within every block
is uniform does not always hold, BMAs suffer from poor
motion compensation along moving edges. A possible ap-
proach to maintain the validity of this assumption is to use
smaller block sizes at the expense of increased side informa-
tion for motion vectors. In other words, there is a trade-off
between efficient motion estimation and the amount of side
information to be transmitted to the decoder. Large size
blocks require less side information, however they are not
as efficient, in terms of motion compensation, as smaller
size blocks.

A possible solution to this problem is to use variable
block sizes. Such algorithms have been introduced and dis-
cussed in [4, 5]. One such algorithm proposed in [4] is
essentially a split/merge segmentation scheme based on reg-
ular decomposition of an image frame into blocks of varying
sizes with more or less uniform motion parameters. First,
the image frame is split into a number of blocks. For each
block, the best motion vector in the search range is com-
puted based on the Sum-Square-Error (SSE) measure. If
this error is above a predetermined threshold, the block is
split again. Splitting can be into two or four subblocks. The
algorithm continues in this fashion until the SSE is under
the threshold or the preset minimum block size is reached.
It is important to note that at every stage, a new threshold
is computed by obtaining the product of normalized SSE
and the area of the new subblock. The final decomposition
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structure can be represented using a binary or quad tree de-
pending on the type of splitting adopted. Next, a merging
operation is performed.

In this work we have used a modified version of the al-
gorithm of [4] to eliminate the merging process. In our
algorithm we perform the splitting in an iterative fashion.
At each iteration, only the block that provides the largest
decrease in overall distortion is split. Splitting halts when
no block provides significant improvement, or when a cer-
tain maximum number of blocks are obtained. The binary
tree decomposition algorithm is described in more detail as
follows:

1. Let s(n1,n2,k) be the intensity of the pixel at loca-
tion (n1,n2) of the kth frame. Decompose this frame into
M N x N non-overlapping blocks B;, ¢ = 1,---, M. Let
size(B;) be the number of pixels in B;, T be the total
number of blocks allowed per frame, and Tp be a fixed dis-
tortion threshold.

2. Find the motion vector d; = (df,dY) for every B;
that achieves the minimum block distortion

Di= Y D(s(ni,na,k),s(ni +df,nz +d¥, k +1)).
(n1,m2)€B;

3. For every B;; if D; > Tp x size(B;), temporarily
split B; into a left child Bf and a right child BF, and
compute AD; = D; — (DF + DF). If D; < Tp x size(B;),
set AD; =0.

4. Find By such that ADy > AD;, for Vi, # k. Split
By into BY and Bf. Compute Df, D, ADE, ADE. Delete
By, from the block list and add Bf and B to the list. Set
M=M-+1.

5. If M = Tp or D; < Tp x size(B;), Vi, stop. Other-
wise go to 4.

For variable size BM As, the decomposition tree needs to
be transmitted to the decoder together with the motion vec-
tor information. If a binary tree is used for decomposition
then 2L — 1 bits are required to represent a tree with L leaf
nodes, i.e. L blocks. Therefore, the total side information
needed will be L x b+ 2L — 1, where b is the number of bits
required for each motion vector. An example is illustrated
in Figure 1.

32 16x16

16x32 4

Decomposition Bit Stream: 010101011

8x16 5

32
Figure 1: Binary Tree Decomposition.

A major problem with variable size block-matching al-
gorithms is the number of computations required. Although
the exact number depends on the particular decomposition,
they require roughly two to four times as many computa-
tions as fixed size block matching.

3. FINITE STATE MOTION VECTOR
QUANTIZATION

The motion fields of typical image sequences are smooth
and exhibit a high degree of spatial-temporal correlation.
Since a BMA attempts to represent these smooth motion
fields with a discrete number of motion vectors, there is
usually a high degree of correlation among them [8]. Ta-
ble 1 presents the entropy content of the motion vectors
of the Miss America sequence. In this table, Y, A, and B
denote the motion vector of the corresponding block in the
reference frame, the previous motion vector, and the up-
per motion vector, respectively, as illustrated in Figure 2.
The motion vectors were computed using exhaustive search
BMA with 16 x 16 blocks, based on Mean Absolute Dif-
ference (MAD) as the BDM and a maximum motion dis-
placement of 6 pels was allowed. This corresponds to an
exhaustive search of 169 candidate vectors, or equivalently,
a maximum possible zero-order entropy of approximately
7.4 bits per motion vector.

Table 1: Inter/intra frame motion vector entropies of Miss
America sequence (Block size 16 x 16, maximum displace-
ment=6).

H(X) | HX]Y) | H(X|A) | H(X|B)
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Figure 2: Blocks for Table 1.

It is clear from the table that the motion vectors are cor-
related in both spatial and temporal directions. Although
the motion vectors computed using exhaustive search BMA
can be further compressed during transmission by any of
several well known entropy coding techniques, the amount
of computation required to compute them remains extremely
high.

The problem of limiting the search points over the mo-
tion vector space can be interpreted as a VQ problem.
If the maximum displacement allowed in either direction
is W, corresponding to (2W + 1)? motion vector candi-
dates, a codebook with only N codewords, where N <
(2W + 1)?, can be designed using the Generalized Lloyd
Algorithm (GLA). Then the number of computations and
side information can be reduced proportionally by the ratio:
log, (N)/ log,((2W + 1)?). Algorithms using this approach
are investigated in [6] and [7].

It is frequently observed that the motion fields of succes-
sive frames exhibit a high degree of short-term interframe
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correlation in addition to the intraframe correlation. In
other words, since the motion field does not usually change
rapidly, the motion vectors of corresponding blocks in suc-
cessive frames are correlated. The statistics in Table 1 also
support this assumption. Thus, it is reasonable to assume
that the corresponding blocks of successive frames have sim-
ilar motion vectors and they will be in neighboring Voronoi
regions in the VQ framework. This property has been used
to further improve the VQ codebook design in [7]. Using
VQ design techniques, a VQ of codebook size N is designed
with respect to the MSE distortion measure. For every
codeword of this “supercodebook”, K — 1 nearest neighbor
codewords are found to form an N-state finite machine. In
other words, for every codeword, K — 1 additional state
codewords are selected from the supercodebook of size NV
and these codewords form state codebooks of size K. The
motion estimation is performed by using the codewords in
the state codebook specified by the motion vector of the
corresponding block in the previous frame. The codeword
yielding the minimum distortion according to our BDM is
selected as the motion vector. It was shown in [7] that this
Finite State Motion Vector Quantization (FSMVQ) tech-
nique required about half the number of BDM evaluations
of conventional fast algorithms and generally performed as
well in terms of temporal entropy reduction performance.
FSMVQ also offered considerable savings on the motion vec-
tor data rate.

4. VARIABLE SIZE FINITE STATE MOTION
VECTOR QUANTIZATION

As discussed earlier, the most critical trade-off in BMA is
between the motion compensation and the amount of side
information required. Variable size BMAs offer improved
temporal entropy reduction performance, however they re-
quire more side information. They also have higher compu-
tational requirements. Since FSMVQ offers good temporal
entropy reduction performance, together with low side in-
formation and fewer computations, it is suitable to be used
as a variable size BMA.

If an image frame is decomposed into blocks of differ-
ent sizes as described in Section 2, it is expected that the
blocks of smaller size will have, in general, different motion
characteristics than the blocks of larger size. For example,
stationary blocks are not expected to be subdivided further
since they tend to exhibit uniform motion within the block.
Therefore, separate codebooks can be designed to benefit
from this property. A block diagram for this architecture
has been depicted in Figure 3. This would result in better
entropy reduction performance with fewer computations.

Although FSMVQ of [7] is suitable to be implemented
as a variable size BMA, some modifications are needed.
Since the corresponding block in the reference frame is not
necessarily the same size as the current block in variable
size BMAs, a new approach for determining the current
state needs to be developed. In this work, we have adopted
the following approach which resulted in good performance:
Initially, i.e. at the root node of the decomposition tree, a
weighted sum of the motion vectors of the corresponding
“macroblock” in the reference frame is computed and the
codeword closest to this sum is chosen as the current state.

FSMVQ for
size 1

Input Framg Variable H
~————» Block Size :
Decomposition

\\ Hotion Vector
S

PSMVQ for
size ¥

Hotion Vector
Store

TDeconposition Tree

Figure 3: Variable Block Size Motion Estimation using
FSVQ.

Later, the codeword closest to the parent node’s motion
vector is used as the current state. Similar to the fixed
size FSMVQ in [7], if the resultant distortion of the block
is above a threshold, the search is performed over the en-
tire VQ codebook. Although this increases the computa-
tions, it improves performance on instances where current
state information is not highly correlated with the true mo-
tion vector of the block, like in object boundaries and scene
changes.

5. EXPERIMENTAL RESULTS

Experiments were conducted on the 8-bit luminance compo-
nent of the Miss America sequence. 8 pels were cropped off
from the end of every line to allow the decomposition of the
frames into 32 x 32 non-overlapping blocks with no residue.
First 90 frames of the sequence were used in training and
the remaining 60 were used during the testing phase. The
maximum displacements in both horizontal and vertical di-
rections were chosen to be 6 pels and absolute difference
was adopted as the BDM. A binary tree was used for de-
composition and the initial splitting was done in the vertical
direction. The codebooks needed in our FSMVQ algorithm
were designed with a supercodebook size of 20 codewords
and a state codebook size of 5 codewords for every block
size. The minimum block size was selected to be 4 x 4 pels.

Figure 4 shows the performance of the variable size
decomposition for different numbers of blocks. Here the rate
includes both entropy of the motion compensated residue
and the side information, i.e. the decomposition tree and
the motion vectors.

Figure 5 shows the performance of different variable
size BMAs using 400 blocks and Table 2 shows their av-
erage performances over the testing set. Here also, average
rate includes both the entropy of the residual signal and
the side information. Since these algorithms use variable
size blocks, the following approach was used to compare
their computational requirements. The number of pels in
the block in each evaluation of the BDM is summed over
each frame and this value is used to measure the amount of
computations. It can be seen that FSMVQ performs com-
parable to the Modified Logarithmic Search. However it
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Performance of Exhaustive Search Variable Block Size BMA
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Figure 4: Variable Size Exhaustive Search BMA with Dif-
ferent Numbers of Blocks.

requires approximately %60 fewer computations.

Table 2: Comparison of Variable Size BMAs with 400
Blocks on Frames 90-149 of Miss America Sequence.

Average Average
Rate Computations
Search Algorithm (bpp) per Frame
Exhaustive Search 3.64208 71,001,853
Modified Logarithmic
Search [1] 3.67487 6,188,947
FSMVQ 3.67547 2,453,900
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