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Abstract. Block motion estimation is a cpu intensive task for video
encoding. Many fast algorithms have been developed to solve this prob-
lem, trying to improve both block searching and block matching. Some
of them reduce the image quality compared to the full search method
in order to improve performance. The algorithm presented in this paper,
called Sobol Partial Distortion (SPD) algorithm, is a full search (lossless),
fast matching, block motion estimation algorithm, applying partial dis-
tortion elimination. It uses a new matching strategy to quickly compute
distortion and reduce block matching computation. Image-dependent
computation is not required, since the matching strategy does not de-
pend on the frame sequence. The proposed algorithm performs well in
terms of computational speedup in comparison with other existing full
search algorithms.

1 Introduction

Motion compensation is used in video encoding to improve the efficiency of the
prediction from past or future frames. Motion estimation [1][2] is the process of
evaluating movements between adjacent frames. The so-called block matching
algorithms are the most important of these estimation methods, especially in
coding schemes based on the discrete cosine transform. Pel-recursive, frequency
domain, and gradient motion estimation methods are less frequently used.

For each test block in the current frame, the block matching methods try to
find the most similar candidate block in the previous frame. The displacement
between these two blocks is the motion vector for the given test block. Unlike in
pel-recursive methods, the motion vector refers to all pixels of the block.

The most accurate block matching method is the Full Search (FS), that
compares every possible candidate block in the search window with the test
block; in this way, it produces accurate results, but it is slow.

The block matching technique is used in well-known video encoding stan-
dards, such as MPEG-1, MPEG-2, MPEG-4, H.261 and H.263. In these stan-
dards, full search motion estimation requires up to 70% of the encoding time, and
hardware and software encoders suffer from these modest speed performances.



For this reason, several alternative and faster techniques have been devel-
oped, which can be classified into two categories. The first is based on lossy
motion estimation algorithms, with some degradation of the predicted image
compared with FS; recent examples are [3-9]. The second is based on several
lossless algorithms [10-15]. Particularly important among them are the Succes-
sive Elimination Algorithm (SEA) [10], an improved version of it called Extended
SEA (ESEA) [16], and the Partial matching Distortion Elimination (PDE) [13],
which also uses an adaptive matching scan and the selection of representative
pixels [15].

Viewing the problem from another angle, two approaches can be chosen to
reduce computation in block matching algorithms. The first reduces the number
of candidate blocks in the search window (e.g. [3]), while the second reduces
the number of pixels involved in each candidate-test block comparison (e.g. [6]).
Both these methods in general are lossy; however lossless methods use the same
concepts. SEA reduces safely the search space through the elimination of impos-
sible candidates, and ESEA introduces tighter bounds for the sum of absolute
differences (SAD) and exploits the already calculated lower bounds during the
calculation of the matching criterion (ESEA also extends SEA for the application
of the MSE). PDE allows stopping the candidate-test block comparison if the
partial sum of matching distortion (SAD) is larger than the matching error for
the most similar candidate block found so far. Picking candidates in a particular
order within the search window often leads to finding the global minimum of
distortion faster, so that many comparisons can be prematurely stopped. There-
fore PDE has been improved both by changing the searching method with the
SpiralPDE [13,14], in which the searching order follows a center-biased spiral,
and by changing the matching method [15]. In particular in [15] a strategy for
finding representative pixels (and doing an adaptive matching scan) has been
shown to further reduce the comparison time in block matching (with respect to
SpiralPDE).

It is important to note that SEA and PDE can be combined together [7].

In [15] the order in which pixels are considered during block matching is a
function of the frame content (through gradient). In this paper we will show
that further improvements can be achieved using Sobol’s sequence to order pixel
checks within a block without needing to perform computations based on the
image. This sequence is independent of the image and it can be precomputed to
avoid any overhead.

Therefore, the algorithm presented in this paper is a new full-search (loss-
less), fast-matching, block motion estimation algorithm, using partial distortion
elimination, called the Sobol Partial Distortion (SPD) algorithm.

Experimental results show that this way of comparing pixels during block

matching improves computational performances up to 20% with respect to Spi-
ralPDE.
Since the algorithm does not require any pre-processing step, its migration

towards a hardware implementation could be easier, and will be the subject of
future work.



This paper is organized as follows. Section 2 describes the basic idea used in
the algorithm, while Section 3 introduces Sobol’s sequence. Section 4 explains
the SPD algorithm in detail, and the results are presented in Section 5. Finally,
conclusions and future work are reported in Section 6.

2 The Basic Idea

The block matching operation is based on the assumption that all pixels in the
block move by the same amount. Therefore a good motion estimation can be
often obtained by using only a subset of representative pixels in the block. A
possibly good way to identify representative pixels without additional compu-
tation is to use a pseudo-random uniform distribution. In particular, Sobol’s
distribution can be fruitfully employed since a block comparison can be stopped
at any moment (applying the partial distortion elimination approach) without
losing the property of uniformity. On the other hand, regular grids are more
uniform than Sobol’s sequence though they can not be stopped at any point
without losing their properties.

In this paper we will show that Sobol’s sequence in effect provides interesting
results without any a priori knowledge of the image.

3 Sobol’s Sequence

Sobol’s pseudo-random sequence was first introduced for Monte Carlo integration
by I. M. Sobol [17] in 1967. The sequence generates numbers between zero and
one in an S-dimensional space; successive points uniformly fill a region of the
space [18].

The sequence, scaled into a 16 x 16 block, is used to define the order in which
pixels are checked within the block: this order is specified in Fig. 1.

The computation of the sequence is fast, although in this work the sequence
is precomputed to avoid overheads. The main feature of Sobol’s sequence is a
more regular uniformity of points compared to a uniformly distributed random
sequence. Only a regular grid has better uniformity, but a regular grid can not
be prematurely stopped without altering its properties.

4 SPD Algorithm

The SPD algorithm is based on partial distortion elimination. According to
this approach, the SAD evaluation for a block stops if the partial sum becomes
larger than the matching error for the most similar candidate block found so
far. The number of operations of this approach depends both on the visiting
order of the pixels within a block to compute SAD (matching strategy) and on
the comparison order of candidate blocks to the test block (search strategy).
In fact, the more different are the pixels, the earlier the SAD computation will
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Fig. 1. Sobol’s sequence for a 16 x 16 grid

be stopped. Moreover, if the best candidate block is found early, then many
comparisons will be skipped.

PDE matching strategy consists in the computation of the partial distortion
row by row (where a row is made up of 16 pixels); the implementation of the
search strategy is also row by row, from top to bottom. SpiralPDE (PDE im-
provement) search strategy follows a center-biased spiral, in order to exploit the
center-biased distribution of motion vectors.

SPD algorithm involves:

— spiral search strategy in the search window,

— Sobol’s sequence order (see Fig. 1) for the matching strategy (partial distor-
tion computation),

— comparisons made for each group of 8 pixels (equivalent to a half row of
SpiralPDE).

In PDE, the test on the partial distortion comparison is performed for each row
of 16 pixels. Among possible choices (1,2,...,16 pixels), we have chosen 8-pixel-
groups for Sobol’s sequence in the SPD algorithm since this approach leads to
the highest speedup over SpiralPDE as explained in Section 5 and shown in Fig.
3.

It is worth noting that our algorithm (like others derived from PDE) can
be successfully combined with SEA or its improved versions [11] [16] to achieve
maximum speedup.



5 Experimental Results and Remarks

We tested the performances of the SPD algorithm with respect to SpiralPDE.
A large set of sequences has been encoded using a modified MPEG-2 encoder
derived from ISO/IEC [13]. From the implementation point of view, in order to
be fair, we have used the same programming techniques both for SpiralPDE and
SPD; for this reason a comparison of the two algorithms is also feasible in terms
of the total encoding time.

We have used a total of 17 sequences in various formats: QCIF (176 x 144),
CIF (352 x 288) and CCIR-601 (720 x 486). They are well-known sequences, cov-
ering a large spectrum of applications from cinema to videoconference; some of
them have large motion and others, commonly called “head-and-shoulders”, are
almost inactive. Sequences used are: “bream(”, “bream1”, “carphone”, “claire”,
“container”, “foreman”, “garden”, “glasgow”, “grandmother”, “miss america”,
“mobile”, “mother&daughter”, “news”, “salesman”, “silent”, “suzie” and “tre-
vor”. The number of frames for each sequence varies from 80 up to 800. The
search range is +15 pixels, while the block size is 16 x 16. We have used several
Intel-based processors to test and evaluate our algorithm; in all cases results
show the same behavior.

Results are reported in Figs. 2, 3 and Table 1.

Figure 2 shows averages and standard deviations for all sequences of the
percentage reduction in numbers of rows checked before discarding the block.
For SPD a row-equivalent value is obtained by dividing the number of checked
pixels by 16. The gain is a maximum when the granularity of partial distortion
is one pixel.

In Fig. 3 a similar plot is shown for the percentage of cpu time reduction
for SPD with respect to SpiralPDE. Results are in percentage total cpu time
for the encoding of all frames and are plotting for partial distortion comparison
every 1,2,4,8 16 pixels. In average the advantage is a maximum for 8 pixels,
although it depends slightly on the chosen video sequence. This maximum is due
to the trade-off between the overhead produced by the number of comparisons
(increasing toward left on the Figure) and by the number of pixels considered
before the subsequent comparison (increasing toward right on the Figure).

Table 1 reports the average value of checked rows for SEA, PDE, SpiralPDE,
the “Proposed 2” (P2) algorithm from [15] and SPD. In this case SPD does
comparisons every 8 pixels and, therefore, a row-equivalent value is reported.
Data for all algorithms are for these five sequences: “carphone”, “claire”, “fore-
man”, “grandmother” and “trevor”, common between [15] and our tests. Data
for SEA, PDE, SpiralPDE and P2 are taken from [15]. SPD shows an average
computational gain of up to 20% with respect to SpiralPDE algorithm.

It is worth remarking that results in Fig. 2 and Table 1 are different from
those in Fig. 3: this is because the number of checked rows affects the motion
estimation time which is only a part of the total encoding time considered in Fig.
3. Moreover Fig. 2 does not take into account the different comparison overhead
with respect to SpiralPDE that does comparisons every 16 pixels.



We can conclude that the SPD algorithm performs well with respect to other
algorithms; the method rejects impossible candidates faster than other PDE
based algorithms, without any additional frame-based computation.
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Fig. 2. Average value and standard deviation of the percentage of reduction of checked
rows for SPD with respect to SpiralPDE with partial distortion comparison every
1,2,4,8,16 pixels, for all tested sequences

Table 1. Average checked rows for various algorithms with respect to SpiralPDE.
P2 is the “Proposed 2” in [15]. Data for all algorithms are for these five sequences:
“carphone”, “claire”, “foreman”, “grandmother”, “trevor”, also used by [15]. (*) SPD
does comparisons every 8 pixels (equivalent to a half row) as discussed in Section 5.

SEA PDE SpiralPDE P2 SPD
3.38 7.62 3.62 3.06 2.93"

6 Conclusions and Future Work

In this paper we have presented a new full-search (lossless), fast-matching, block
motion estimation algorithm, which uses the partial distortion elimination ap-
proach; this algorithm is denoted as Sobol Partial Distortion (SPD).

It uses a new matching strategy, based on Sobol’s sequence instead of row
by row top to bottom scanning order, to quickly compute minimum distortion,
and reduce block matching computation. No image-dependent computations are
required.

The proposed algorithm performs well in comparison with other existing full
search algorithms. In particular our experimental evaluations have reported an
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Fig. 3. Average value and standard deviation of the percentage of reduction in total en-
coding cpu time for SPD with respect to SpiralPDE with partial distortion comparison
every 1,2.4,.8,16 pixels, for all tested sequences

average computational gain of up to 20% with respect to SpiralPDE algorithm,
as reported in Table 1. The proposed algorithm is independent of methods based
on SEA and can be used with them to improve global speedup.

The results which we have obtained are a stimulus for further exploration
of the proposed methodology in the light of improved performances and of fast
special purpose architecture. Future work aims to further improve the matching
strategy. The uniformity of Sobol’s sequence could also be used in a lossy method
based on pixel decimation in the matching phase.
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