Chapter 2
Background and Literature Survey

This chapter begins with an overview of block matching algorithm (BMA) approach
to motion estimation which is preferred for its simplicity and straightforward circuit
implementation. Many block matching algorithms are briefly introduced and also a
brief survey of different motion estimation architectures are presented.

2.1 Block Matching Algorithm

Mainly, there are two different techniques of ME, namely Pel-Recursive Algorithm
(PRA) and Block Matching Algorithm (BMA). In PRAs, there is an iterative refin-
ing of ME for individual pixels by gradient methods [1]. On the other hand, BMAs
assume that all the pixels within a block have the same motion activity [2]. In BMAs,
motion is estimated on the basis of rectangular blocks and one Motion Vector (MV)
is produced for each block. Compared to BMAs, PRAs involve more computational
complexity and less regularity, and so are difficult to realize in hardware. In gen-
eral, BMAs are more suitable for a simple hardware realization because of their
regularity and simplicity [3]. Also, BMA is adopted in all video coding standards
because of its performance [4]. In the process of BMA, one is required to find a
MB in the reference frame within a given search area, that is most similar to the
MB in the current frame (current MB). Due to a given search range a window like
structure is formed in the reference frame, which is known as the Search Window
(SW). For a search range of [—p, +p] and for a MB of size N x N, the spatial rela-
tionship between the current MB and the SW is shown in Fig.2.1. The matching
criterion of the BMA has a direct impact on coding efficiency and computational
complexity. Many matching criteria have been proposed in literature e.g., mean
squared error, Sum of Absolute Differences (SAD), pel difference classification etc.
[5]. Among the various proposed matching criteria, SAD calculation requires only
a few simple computational steps, and thus is the most preferred one for VLSI
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implementation. The evaluation of SAD for a given location (m, n) within the SW
is done as:

N—1N-1

SAD(m.n) = D> |eur(i, j) —ref(i +m. j +n)| 2.1)

i=0 j=0

where —p < m, n < +p. Also, cur(i, j) is the current MB of size N x N at the
coordinate location (i, j), while ref (i + m, j + n) is the reference block within
the SW at the coordinate location (i + m, j + n) and p is the search range in both
the directions. The term |cur (i, j) — ref (i + m, j + n)| is known as the distortion
which is the absolute difference in intensity between the current pixel cur(i, j) and
the reference pixel ref (i + m, j + n) [4]. The expression SAD(m, n) yields the
summation of all the distortions for the current MB at the search location (m, n).
The search candidate, which has the smallest SAD, is selected as the best matching
reference MB, and the associated location (m, n) is the MV of this current MB. In
the following subsections, ME algorithms are broadly classified into two categories,
namely full search algorithm and fast search algorithms based on the provided quality
and the search process.

2.1.1 Full Search Block Matching Algorithm

In full search BMA, all search candidates within the search window are evaluated,
and the search candidate with the smallest SAD is selected as the best matched
search candidate. The final MV is obtained from the location of the best matched
search candidate. The algorithm for full search based ME is shown in Algorithm 2.1.
Since all the search candidates are examined in full search, ME based on the full
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search provides the optimum solution. Although full search yields optimum results,
it requires a huge amount of computation.

Algorithm 2.1 Full Search Block Matching Algorithm

1: SADmin = MAXVALUE;
2: MV = (0, 0);
3: for m=-p to +p do

4: forn=-pto+pdo

5 SAD(m,n) = 0;

6: for i=0to N-1do

7 for j=0to N-1 do

8 SAD(m,n) = SAD(m, n) + |cur(i, j) —ref (i +m, j + n)|
9: end for

10: end for

11: if SAD(m,n) < SADmin then
12: SADmin = SAD(m, n);
13: MV = (m, n);

14: end if

15:  end for

16: end for

For example, the computational complexity required to perform ME in real time
for a video sequence in Common Intermediate Format (CIF) (352 x 288 @ 30 fps)
and for a search range of size [—16, 15] is 9.3 Giga Operations per Second (GOPS). If
the frame size becomes DVD format (720 x 480 @ 30 fps) and the searching range is
increased to [—32, 31], the required computational complexity also increases to 127
GOPS. This extremely large computational complexity for full search based ME has
motivated the development of many fast search algorithms. In the next subsections,
several fast search algorithms will be discussed.

2.1.2 Fast Search Algorithms for Block Matching Algorithm

In order to reduce the huge computational requirement for motion estimation based
on full search algorithm, a large number of fast but sub-optimal BMAs can be found
in the literature [6—11]. These algorithms reduce the computational time as well as the
hardware overhead to a considerable extent. However, the major drawback associated
with these fast search algorithms is that very often they may be trapped in some
local minima and thereby produce suboptimal results. Fast search algorithms can be
broadly classified into three categories, namely (i) reduction in the number of search
candidates [11-15] (ii) exploiting different matching criteria instead of the classical
SAD [16-18] , and (iii) predictive search [19-22] based on their characteristics.
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In the following subsection, a brief introduction to these categories and some typical
examples are presented.

2.1.2.1 Reduction in the Number of Search Candidates

These algorithms are based on the assumption that the distortion monotonically
decreases as the search candidate approaches the optimal one. That is, even if all the
search candidates are not matched, the optimal search candidate can be obtained by
following the search candidate with the smallest distortion. This category accounts
for the majority of fast search algorithms, and there are many algorithms available in
literature, such as three step search [12], Successive Elimination, cross search [13],
new-three-step search [6], four step search [12], unrestricted center-biased diamond
search [23], diamond search [9], and so on.

Figure 2.2 depicts the search process for the Three Step Search (TSS) [12]. This
algorithm was introduced by Koga et al. [12]. It became very popular because of its
simplicity. It searches for the best motion vectors in a coarse-to-fine search pattern.
In the first step, an initial step size is fixed. Eight blocks at a distance of the step
size from the center (around the center block) are picked for comparison. In the next
step, the center is moved to the point giving the minimum distortion with the step
size halved. This is repeated till the step size becomes smaller than 1. One problem
that occurs with TSS is that, it uses a uniformly allocated checking point pattern in
the first step, which becomes inefficient for small motion estimation.

In Successive Elimination algorithm, motion vector for each reference block in the
current frame can be find with much less computational load than exhaustive search
algorithm by using some mathematical properties, which is discussed in Chap. 3.

Fig. 2.2 The search process
for three step search
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Diamond Search (DS) [9] is another typical fast search algorithm and is shown
in Fig.2.3 DS has two search steps namely, large diamond and small diamond. In
the searching procedure, the large diamond step is applied first. DS continues in the
large diamond step until the search candidate at the center has the smallest distortion
among the nine candidates of the large diamond. Next, the small diamond is used
to refine the searching result of the large diamond. Figure 2.3 portrays an example
of DS algorithm. The arrow is the direction toward which the large diamond moves,
and after the searching result of the large diamond converges, the small diamond is
adopted to refine the searching result in the last step.

2.1.2.2 Simplification of Matching Criteria

The matching criterion of the block matching ME method has a direct impact on the
coding efficiency and the computational complexity. Many matching criteria have
been proposed in literature e.g., mean square error, SAD, pel difference classification
etc. [5]. Whatever may be the matching criterion, evaluation of the matching criterion
on pixels with 8 bits/pixel representation requires a huge amount of computation.
The computational load can be reduced to a great extent by representing the pixels
with a reduced number of bits. This method is known as pixel truncation. As pro-
posed in [24], the number of bits in each pixel is truncated to achieve the reduction
in computation. For example, if the number of bits in each pixel is truncated from
eight bits to five bits, then the required computational load is only 5/8 of the original.
Moreover, not only does pixel truncation serve to reduce the computational com-
plexity, it also saves the hardware cost and the power consumed by ME hardware.
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This is because a subtractor with less bit width can be used instead of that with eight
bits. In the majority of video sequences, any pixel can be truncated to only six or five
bits without much degradation in the quality.

It has been shown in [25] that for motion estimation based on pixel truncation,
optimum results may be obtained by using Difference Pixel Count (DPC) as the
matching criteria instead of the conventional SAD. For a block of size N x N and
for a search range [—p, p — 1], the DPC at any location (m, n) can be found as [25]:

=
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Here, C(i, j) and RGi +m, J + n) represent bit truncated values for the pixels from
the CB and the SW respectively. In Eq.2.2, 8(x, y) represents the standard delta
function, for which 8(x, y) = 0 if (x = y); else its value is 1.

In another method, as proposed in [16], an image frame with 8 bits/pixel repre-
sentation is first converted into a binary frame with 1 bit/pixel representation. Motion
estimation is then carried out on these binary image frames. Boolean exclusive OR
(XOR) operation is used to find the Number of Non-Matching Points (NNMP), which
is used as the matching criterion in place of the conventional SAD. The NNMP at
any point (m, n) for a MB of size N x N is found as:

._

N—1
NNMP(m., n) = Z B'(i, j) ® B (i +m, j+n) 03
=0 :

1

.

=0
where, —s <m,n <s

Here, s is the maximum search range and @ denotes the XOR operation. Also, B’
and B'~! represent the current and the reference 1BT frames respectively.

2.1.2.3 Predictive Search

The main problem associated with the fast search algorithms is that they are usually
trapped into a local minimum. In order to avoid this condition, predictive search is
developed and combined with other fast search algorithms. The concept of predictive
search is based on the assumption that the Motion Vectors (MVs) of neighboring MBs
are correlated and similar, so that they can be used to predict the MV of the current
MB. Besides the spatial information, the temporal information also can be used in
the process of prediction because of the motion continuity in the temporal direction.
Therefore, the motion information of neighboring blocks in the spatial or temporal
space is used to serve as the initial search candidate of fast search algorithms instead
of the original point.

As proposed in [15], the initial search candidate can be the MV of the blocks on
the top, left, and top-right, their median, zero MV, the MV of the collocated block



2.1 Block Matching Algorithm 17

in the previous frame, and the accelerated motion vector of the collocated block
in the previous two frames. By this way, the searching range can be reduced and
constrained, so that not only the computational complexity but also the bit-rate of
MYV can be reduced. The Fast three step search algorithm (FTSS) [26] makes use
of the directional information from adjacent previous motion vector and unimodal
error surface assumption (UESA). It determines the direction of the current motion
vector from the previous motion vector and reduces the computation for checking the
candidate motion vector using the UESA. The UESA means that the error increases
monotonically in getting away from the global minimum [27].

2.1.3 Motion Estimation Architectures

In order to achieve real time computation of Motion Estimation (ME), it is required
that the ME hardware should be fast and at the same time should consume low power.
Many ME architectures have been proposed in the last few years. In general, ME
hardware can be broadly divided into two parts, the Processing Element (PE) array
and the on-chip memory, as shown in Fig.2.4.

PE array is the major operational core and responsible for the computation of SAD
as given by Eq.2.1. Although motion estimation involves simpler arithmetic com-
putations, it involves a huge amount of memory access which involves considerable
power consumption and also affects the overall speed of operation [24]. The required
data are loaded through a global data bus. Moreover, in order to reduce the required
memory bandwidth, some of the data are stored in the on-chip memory for data
re-use. For each Macroblock (MB), the PE array gets the required data from both the
global/system bus and the on-chip memory, and computes the corresponding SADs.
At the same time, the data in the on-chip memory are updated for data re-use of the
next MB or the search candidate. Depending on different ME algorithms and charac-
teristics of PE array, the ME architectures can be broadly classified into three types:
inter-level, intra-level, and tree-based architectures. While all inter-level and intra-
level architectures have been used mostly for implementing full search algorithm,

Fig. 2.4 The block diagram
of a typical ME architecture
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tree-based architectures have been used for realizing fast search algorithms. In the
following subsections, a brief survey of ME architectures are presented.

2.1.3.1 Motion Estimation Architectures for Full Search Algorithm

The full search algorithm can provide the best quality among various ME algorithms,
butinvolves a huge amount of computation. Although the computational requirement
for full search is large, it is preferred for VLSI implementation because of its simple
operations and regular data flow compared to the fast search algorithms. Many dif-
ferent types of architectures have been proposed for the full search algorithm. The
inter-level and intralevel architectures are the most commonly used. The first VLSI
implementation of motion estimator was due to Yang et al. [28], who implemented the
ME architecture for full search algorithm. This architecture was based on inter-level
ME architecture. The PE in inter-level architectures is responsible for the computa-
tion of one search location. One PE computes the differences of all the pixels in the
current block and accumulates the SAD pixel by pixel. The partial SAD is stored in
each PE, until the SAD calculation of one search location is finished. A comparator
is responsible for selecting the minimum SAD among all the generated SADs.

A detailed systolic mapping procedure to derive full search BMA architectures
was proposed by Komarek and Pirsch [29]. This architecture was based on intra-level
architecture. In an intra-level architecture, current pixels are stored in the correspond-
ing PEs, and the reference pixels are propagated from one PE to another. The PE is
responsible for calculating the distortion between one specific current pixel and the
corresponding reference pixel for all the search candidates. In each PE, the distortion
of a current pixel in current MB is computed and added to the partial SAD, which
is propagated from the other PEs. After the initial cycles (depending upon the block
size), the SADs are generated one by one and the comparator selects the minimum
of them.

A large number of architectures have been proposed based on these two basic
architectures. For example, the extension of architecture [28] has been proposed
in [30], and besides one-dimensional inter-level architectures, two two-dimensional
inter-level semisystolic architectures have been proposed in [31, 32]. The architec-
ture [33] is an extension of [29]. The architectures described in [34] and [35] are two
other intra-level architectures with large registers for fewer data inputs and memory
bandwidth.

2.1.3.2 Motion Estimation Architectures for Fast Search Algorithms

Unlike the full search algorithm, the data flow for fast search algorithms is irregular
and the processing order of the search candidates is not predefined. Rather, it depends
on the last searching result. Thus, although the computational complexity of fast
search algorithms is much smaller than that of the full search algorithm, the irregular
data flow required for the fast search algorithms poses considerable challenge for
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VLSI implementation. This makes the implementation of fast search algorithms
much more difficult than that of the full search algorithm. Jong et al. [36] developed
a fully pipelined parallel architecture for three step search BMA. Basically, 9 PEs
compute the SAD of nine candidates in each step, and 256 cycles are required in each
of the three steps. An intelligent data and memory arrangement are used to utilize the
advantage of three step search procedure. Tree-based architectures developed by Jong
et al. have the advantages of short latency, support for random access of the search
candidates, and absence of pipelining bubbles cycles. A tree-based architecture that
can support DS and fast full search algorithms has been proposed in [37]. As shown
in Fig.2.3, there are many duplicated search candidates between two successive
steps in DS. After each search step for large diamond pattern, only five or three
search candidates need to be calculated, and the others are calculated at the last
large diamond pattern. In order to avoid the duplicated search candidates, a ROM-
based solution, which uses a ROM to check if the search candidate is required to
be computed or not, has been proposed in [37]. As stated in [37], the ROM-based
solution can save 24.4 % search candidates in the DS algorithm, and the area overhead
is also not significant. This architecture also supports fast full search algorithms.

Several architectures have been proposed for fast search algorithms besides tree-
based architectures. For example, Dutta and Wolf [38] have modified the data flow
of the 1-D linear array in [28] to support full search, TSS, and the conjugate direc-
tion search in the same architecture. A joint algorithm architecture design of a pro-
grammable motion estimator chip has been proposed by Lin et al. [39]. Cheng and
Hang have proposed architecture based on universal systolic arrays to realize many
BMAs [40].

2.2 Scalable Video Coding

Scalable Video Coding (SVC) must support more than one spatial, temporal and
quality layer; hence the Codec structure of SVC differs from the conventional hybrid
video coding structure of the H.264 video standard. There have been many contribu-
tors to the codec structure for an SVC. The first such contribution to the SVC codec
structures was by Ohm [41]. Some of his video codec designs were modifications
of the conventional hybrid coding [42-46]. Hybrid coding has been prevalent in all
the video coding standards since the introduction of motion compensation for video
coding. In case of encoding of the hybrid video structure, one frame predicts another,
the predicted frame predicts another and this goes on for a GOP. It is quite evident
and stated in [47] that prediction error tends to accumulate and the quality of the
frames worsens as we move towards the last frame of the GOP. To avoid such a
problem Motion Compensated Temporal Filtering has been introduced [41, 48-50].

Application of Motion Compensation (MC) is a key for high compression per-
formance in video coding, but still is often understood to be implicitly coupled with
frame prediction schemes. There is indeed no justification for this restriction, as
MC can rather be interpreted as a method to align a filtering operation along the
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temporal axis with a motion trajectory. In the case of MC prediction, the filters are in
principle linear predictive coding (LPC) analysis and synthesis filters, while in cases
of transform or wavelet coding, transform basis functions extended over the temporal
axis are subject to MC alignment. This is known as motion-compensated temporal
filtering. If MCTF is used in combination with a 2-D spatial wavelet transform, this
shall be denoted as a 3-D or (depending on the sequence of the spatial and tempo-
ral processing) either as a 2-D+-t or t4-2-D wavelet transform. In case of MCTF as
shown in Fig. 2.5, the error frame is used to update the reference frame; hence the
error remains within the candidate and reference frames and is not accumulated or
propagated to the successive frames.

Andreopoulos et al. [48, 49], introduced Wavelet-Based Scalable Video Coding.
Instead of the conventional DCT, DWT was introduced as a suitable Image and Video
Transform. Discrete Wavelet Transform is a multi-resolution transform. By using this
property, DWT provides for an improved representation of the digital video data in a
hierarchical manner. The latter being a useful property which can be extensively used
in case of SVC. First codec structure which introduces the property of MCTF was
SD-MCTF [48]. SD-MCTF perform the motion compensation in temporal axis on the
pixel domain. The residual frames were then spatially decomposed using a suitable
Discrete Wavelet Filter. For better coding efficiency [41], IB-MCTF [49] was intro-
duced. Because the motion compensation was performed in the wavelet domain, the
problem of shift-variance will be seen. In order to solve this problem, Over-complete
DWT [48, 49, 51, 52] has to be performed. The algorithm and complexity models of
IB-MCTF were shown in [49, 51]. Conventionally wavelet decomposition was per-
formed by the convolution method. The problem with convolution based DWT was
higher memory requirement and greater computational time. To avoid this problem a
mathematical approach called Lifting scheme was introduced. Factorization of Dis-
crete Wavelet Filters was done by Daubechies and Sweldens [53] and the results have
been used in the implementation of our architecture. Details of over complete DWT
(ODWT), lifting based ODWT, SD-MCTF, and IB-MCTF are given in the Chap. 7.
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Fig. 2.5 Compensated temporal filtering block with predict and update stage
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2.3 Conclusions

This chapter has presented the basic elements of ME algorithms and architectures
which will be used in the following chapters. The concepts of motion estimation,
block matching algorithm, different ME algorithms, ME architectures, challenges in
hardware implementation and advantages of fast search algorithms have been dis-
cussed in this chapter. The ME algorithms have been classified into two categories,
namely full search and fast search algorithms. Fast search algorithms are further
classified based on simplification of matching criteria, reduction of search candi-
dates, and predictive search. The ME architectures on the other hand, are separated
into two parts, namely the processing element array and the on-chip memory. In
the processing element array, inter-level, intra-level, and tree-based architectures are
three basic types of ME architectures and are adopted in many ME architectures and
video coding systems.

Scalable video coding based on IB-MCTF has a better PSNR performance than
SD-MCTF because there is more degree of freedom of choosing in the ME schemes
for the different sub-bands. But the memory requirement and the computational
complexity increase as we go down higher levels of spatial and temporal scalability.
IB-MCTF is preferred in research oriented fields where the quality of the received
video data is more significant. In domains of medical imaging and distant medical
applications where the quality of the video is significantly more important than the
end-to-end delay, IB-MCTF is better than SD-MCTFE.

In the next chapter, an implementation of one of the most popular motion estima-
tion algorithm, namely the Fast Three step search algorithms will be discussed.
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