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Abstract

This thesis addresses the most computationally complex portion of a video encoder:
motion estimation (ME). The high complexity of the ME process requires dedicated
hardware for real-time encoding in embedded systems. In addition, new standards
have added new features. These new features require more complex forms of ME
to take advantage of the possible rate-distortion (R-D) gains. First described is a
scalable high-throughput VLST design for full-search (FS) H.264/AVC variable block
size motion estimation (VBSME). The proposed ME architecture offers a high level
of throughput, superior to other full search architectures in the literature. This
architecture is suitable for standard definition resolution.

Next proposed is an extremely high throughput VBS ME architecture suitable
for HD video with multiple reference frames (MRF). This architecture uses a search
algorithm that offers a tradeoff between high spatial resolution in a single reference
frame or multiple reference frames at a lower spatial resolution. This tradeoff allows
for the efficient use of MRF coding. The architecture is shown to be suitable for HD
resolutions and frame rates. The architecture is novel in that it is the first in the

literature to offer a tradeoff between spatial resolution and multiple reference frames.
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Chapter 1

Introduction

1.1 Digital Video

There has been a growing demand for a large variety of digital video products. Lead-
ing the rapid expansion has been entertainment applications, such as DVD video, high
definition (HD) television, Internet video streaming, digital cameras and recorders,
HD video camcorders, personal video recorders for television, and many other appli-
cations. In addition to entertainment applications, commercial and industrial appli-
cations such as video teleconferencing and surveillance have also resulted in a growing
demand for video. 7

A variety of new codecs have been developed to meet the growing consumer ex-
pectations for video quality. These new codecs are able to provide superior video
quality and less distortion at the same bitrate, or provide equivalent video quality at
a lower bitrate. To meet these demands, the new video codecs employ more advanced
features than previous codecs, many of which have a high computational complexity.

The H.264/AVC video codec [3] offers a high level of compression efficiency over
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past standards, but with much higher computational requirements. For storage ap-
plications, H.264/AVC has taken a dominant role for upcoming digital media. It is a
mandatory codec for the upcoming HD-DVD and Blu-ray high-definition standards.
Therefore, any decoder for these two new formats will need to be able to decode
H.264/AVC. One common point of comparison is that H.264/AVC offers the same
video quality at half the bitrate of the popular MPEG-2 [1] video standard. Due to
its compression efficiency and its wide adoption, H.264/AVC has become the most
important new standard for digital video. The standard has been offered for use in
many types of applications, with different features supported at different application
profile levels. A baseline profile, intended for low cost applications is offered. An
extended profile, intended for streaming applications is also offered. Two profiles, the
Main Profile and the High Profile are intended for broadcast and storage applications.

This thesis addresses the most computationally demanding aspect of the H.264/AVC
encoder: variable block size motion estimation (VBSME). The architecture in this
thesis is suitable for the fine grained level of VBSME required in H.264/AVC. How-
ever, it can also be used in other video standards which employ a similar form
of VBS encoding. One notable codec that uses VBS coding is the Microsoft-led
VC-1 (SMPTE 421M) standard [6], which uses a subset of the block sizes found in
H.264/AVC.

Two high throughput VLSI architectures for VBSME are proposed to address
motion estimation, one suitable for single reference frame and another suitable to

multiple reference frames (MRF).
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1.2 Hybrid Video Coding

Most current video standards, such as MPEG-2 [1], VC-1 [6] and H.264/AVC [3],
use a block-based hybrid motion compensated prediction (hybrid MCP) structure.
MPEG-4 4] also includes a block-based motion compensation mode.

The codecs are block based in the sense that a video frame is decomposed into a
set of rectangular blocks called macroblocks, each of which is coded separately by the
encoder. A combination of approaches to exploit spatial and temporal redundancy are
employed in order to code each of the blocks, hence the term hybrid. Spatial redun-
dancy is exploited by using a transform coder, such as the discrete cosine transform
(DCT), and using adjacent blocks for predicting coeflicients. Temporal redundancy is
exploited using motion compensated prediction. A block diagram of a typical hybrid
video encoder is given in Figure 1.1.

Note that Figure 1.1 is a simplified version of a common video coder. Certain
advanced features, are omitted from the diagram. For example H.264/AVC contains
an in-loop deblocking filter. Also, it is possible for an encoder to have a rate control
system to modify quantization levels and other characteristics to maintain a specific
bitrate, which is omitted from the diagram.

Of the blocks found in the video encoder, the motion estimation (ME) block is
by far the most computationally demanding. As an example, consider the standard
definition 720x480, 30 frame per second “Mobile and Calendar” sequence with full
search (to be defined later), using the JM standard reference code [5]. On a Pen-
tium 4 2.8 GHz machine with 2.0 GB of RAM, motion estimation comprised 88%
of the overall computation time. Note that the JM encoder is created to generate

a bitstream using all the options available in the H.264/AVC standard, and is not
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Trf / Quant: Transform and Quantization

L. Quant / L. Trf: Inverse Transform and Inverse Quantization
EC: Entropy Coding

Intra: Intra (Spatial) Macroblock Coding

Mot. Comp: Motion Compensated Prediction

Mot. Est: Motion Estimation

Frame Buff.: Frame Buffer

Figure 1.1: Hybrid video encoder.

heavily optimized for speed. On the test machine, the operation of the encoder is
much less than real-time. This figure is sequence and search algorithm dependant,
but ME can almost always be expected to the most computationally dominant part of
the video encoder. However, ME algorithms also contain a large amount of inherent
parallelism, as will be described in the next section. Therefore, motion estimation is

a prime target for optimization when attempting to create a real-time encoder.
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1.3 Motion Estimation

1.3.1 Overview

In order to reduce the bitrate and achieve compression, video codecs exploit both
temporal and spatial correlation to achieve compression. Current video coders uses
motion-compensated prediction (MCP) to exploit temporal redundancy in a video
sequence to achieve compression. The underlying assumption for MCP is that two
temporally adjacent (or temporally close) frames have similar content. This means
that prior frame data can be used to form a good prediction for a block in the current
frame. Due to camera movement and moving objects in the scene, a block may be
located at a different point in the current encoded “target” frame than in the past
frame. To accommodate this, the encoder will typically segment the current frame
into regions referred to as “macroblocks”, and then use a block matching process to
find the best match in a prior decoded frame, referred to as the “reference frame”.
This block matching process is motion estimation (ME). A motion vector (MV) in-
dicates the relative position of the current frame macroblock to the equivalent block
in the reference frame. This is shown graphically in Figure 1.2. The motion vector
in Figure 1.2 is shown to extend from one frame to another for visual purposes, the
coded motion vector is a 2-D vector on the (x,y) plane.

Reference Frame Current Frame

Motion Vector H
(MV)

[

]

Figure 1.2: ME Block Matching.
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For each macroblock, one or more reference frames are searched to find the “best”
matching block. “Best” in this case means minimizing some form of distortion mea-
sure between the current macroblock and the matching block. The displacement of
the best matching block relative to the macroblock provides a motion vector estimate.
Most video coders operate in the YUV colour space, where there is one channel for
luminance information (Y) and two channels for chrominance information (U,V). The
luminance channel contains more information regarding object edges, which is neces-
sary for proper motion estimation. The search is typically calculated with only the
Y channel, to reduce the overall computation requirement of the ME process.

One common distortion measure is the sum of absolute differences (SAD). A basic
ME search using the SAD is shown in Equations (1.1) to (1.3) where C represents
the current macroblock of NxN pixels (N=16), and R represents a macroblock in the
reference frame, displaced by the vector v from the position of the current macroblock,

with v selected from the search space S. The result of the search is a motion vector

(MV).

v = (Vg, Uy) (1.1)
SAD(v) = iz |C(i,7) — R(i + vz, j +v,)| (1.2)
=0 j=0
MV = argmin(SAD(v)) (1.3)
veS

The choice of the search space and distortion measure can affect the quality of
the selected prediction block. The “quality” of the prediction here refers to the rate-
distortion (R-D) performance of the coder based on the predictions. The rate (R) is
affected by the size of the residual coefficients that need to be coded, and the side

information that needs to be transmitted for the MVs. Distortion (D) can be affected
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directly from quantization effects, and indirectly from higher levels of quantization
being applied due to poor predictions and large residuals in a rate-controlled encoder.

Motion estimation can be separated into integer pel ME and fractional pel ME.
The H.264/AVC standard includes fractional pel ME down to a resolution of 1/4 pel.
Since the reference frame does not contain pixel values at fractional positions, it is
necessary to perform some form of interpolation between integer positions to generate
the fractional pel information. Because of the high computational requirement for
generating fractional pel pixels, it is typically performed as a refinement step following
the integer pel search. The computation and storage requirement for performing a
fully fractional pel search would also be prohibitively high, since 16 pixel values are
required every integer pel position, at 1/4 resolution. This thesis focuses on the first
part of the search, the integer pel position estimation, as it forms the majority of the

complexity of the motion estimation operation.

1.3.2 ME Computational Requirements

In this thesis, systems for real-time ME are considered. Using this requirement, all
macroblocks in a frame must be processed at the desired frame rate, at a minimum.
To compute the computational requirements for a real-time search, we define the

following terms:
o W: Width of the current frame
e H: Height of the current frame
e N,: Horizontal width of an individual macroblock

e N,: Vertical height of an individual macroblock
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e FPS: Frame rate (Frames per second)
e (C: Cycles per macroblock
¢ f: Clock frequency

Using these terms, the maximum time period to perform block matching on one

macroblock is:

. (1.4)
(F % 4~ % fps) '

The maz_M B_period given in Equation 1.4 represents the total amount of time

maz ..M B_period =

that can be spent per macroblock while still being able to support the desired FPS.

Using this equation, we can determine the below relation for real-time operation.

M B _period < % (1.5)

In the above equation, the macroblock cycle time C refers to the number of cycles
per macroblock. f refers to the maximum achievable clock frequency of the system.
Control of these two variables allows a designer to optimize an architecture for high
performance. In a software system, f is fixed. In a hardware solution, f can be con-
trolled by changing the design complexity of the internal logic, and through attention
to VLSI design principles such as internal pipelining. For a hardware solution, some
tradeoff can be made to increase f, typically at the cost of a higher system area. The
macroblock cycle time, C, offers a high degree of control, both in terms of software
and hardware solutions. A high-level control is in the selection of the ME algorithm.

At a lower level, within an individual search algorithm, it is possible to optimize C
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through the overall implementation that is used. These details will be explored in
later sections.

Although this covers the computational requirements of the base integer pel ME
algorithm, certain advanced features such as variable block size ME can result in

additional computational complexity.

1.3.3 Full Search ME

A common ME search method is to find the reference block which minimizes the SAD
in a rectangular search area centered at the location of the current macroblock. This
is referred as the full search (FS) algorithm. In the rest of this document, an M x
N search rectangle refers to a rectangular search region, of size M- horizontally and
N vertically, centered on the current macroblock’s position. The search range can
affect the overall R-D performance and computational requirement of the full search.
The search range that is necessary is data-dependant, both in terms of the resolution
of the sequence and the amount of motion found within the scene. Search ranges
can vary from approximately 16 for Quarter Common Intermediate Format (QCIF)
(176x120) resolutions, to over 128 for high definition (HD) (eg. 1920x1088) resolution.
Since full search performs an exhaustive search within the specified search region, it
provides the optimal R-D performance for the given search region. However, it is a
computationally expensive form of search. For example, with 16x16 macroblocks and
a 64x64 search region, this requires over one million pixel absolute difference (AD)
accumulations per macroblock. For a 480p30 input (720x480 at 30 frames per second),

this involves over 40 billion absolute difference calculations per second. Due to the
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high computational demands, some modern multimedia single-instruction multiple-
data (SIMD) instructions for ME. One example is the SIMD instructions for ME
that are implemented Intel’s SSE3 instruction set [2]. Therefore, full search is not
suitable for real time software implementations, and can be challenging for dedicated

hardware implementations as well.

1.3.4 Fast Motion Estimation (FME)

Equations 1.1 through 1.3 describe the fundamental SAD-minimization ME process.
FME algorithms reduce the computations required through a variety of methods. The
fundamental idea of FME algorithms is to reduce the search space S, to reduce the
number of computations required for the distortion measure, or some combination (;f
the above methods.

Algorithms to reduce the size of the search space include such methods as 2D Log-
arithmic Search [12}, Three Step Search (TSS) [15], New Three Step Search (NTSS)
[18]. among others. These algorithms work on the assumption of monotonically re-
duction of the SAD value as the candidate MV approaches the MV with the global
minimum SAD. In these algorithms, a set of search points distributed across the over-
all search space is checked in the first step. The lowest SAD in this step is used as an
indicator of the globally minimum SAD (and the best MV), and is used to update the
search center for the second step, and so on. Specific examples of these algorithms
are described in Chapter 2. This class of algorithm has the problem of missing the
global minimum SAD due to following local minima. Also, these searches perform all
operations on a full resolution version of the current and reference frames, which can

result in high bandwidth for high resolution video.
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Reduced SAD complexity algorithms include methods such as pixel subsampling
[16]. However, although these schemes provide reduced computational complexity,
they can have a negative impact on the overall R-D performance of the coder.

FME algorithms can be seen as a necessary compromise of R-D performance to fit
within computational constraints. While full search can provide the optimal R-D per-
formance for a given search range, the ME implementation must be matched to some
maximum complexity constraint while still supporting a certain desired resolution

and frame rate.

1.3.5 Advanced ME Features
1.3.5.1 Variable Block Size (VBS)

A variable block size (VBS) motion compensation scheme allows for different block
sizes in the MCP process. In portions of the frame where there is a finer granularity
of motion, this can provide better R-D performance. With one motion vector per
smaller block, there can be multiple motion vectors per macroblock.

The estimation algorithm attempts to find the best motion vectors by performing
the ME search of different block types. To provide the lowest energy in the resid-
ual, the set of block types resulting in the minimum overall SAD for a full 16x16
macroblock will be the one selected. However, VBS coding introduces an additional
concern in terms of the rate for coding motion vectors. For example, a 16x16 mac-
roblock coded into 16 4x4 blocks requires 16 times as many motion vectors as a block
coded as a single 16x16 macroblock. Therefore, it is common to weigh the search
using R-D constraints which favour large blocks, as coding additional vectors adds to

the bitrate.
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The H.264/AVC standard includes several different block partitions. A 16x16 mac-
roblock can be partitioned into one 16x16 block, two 16x8 blocks, two 8x16 blocks,
four 8x8 blocks, eight 8x4 blocks, eight 4x8 blocks, or 16 4x4 blocks. Altogether, this
gives 41 different block types for one macroblock. These are shown in Figure 1.3.
For each candidate MV position, the pixel SAD calculations that need to be done
correspond to the multiplication of the width and the height. For example, for an
8x4 block, 32 pixel SAD calculations must be done. Accounting for all the different
block types, we obtain 10496 pixel SAD calculations, a seven-fold increase over the
256 pixel SAD calculations required for single block size ME. However, data reuse
in the VBS algorithm can be exploited to reduce the calculations. For example, any
16x16 macroblock requires 256 pixel SAD calculations. Subdividing the 16x16 mac-
roblock gives four 8x8 regions, amounting to four 64 pixel SAD calculations. Each
of these SADs corresponds to the 8x8 block SADs for the corresponding candidate
motion vector (i.e. the 16x16 SAD for candidate MV (k,j) is comprised of the sum
of the four nested 8x8 SADs for candidate MV (k,j)). This makes it natural to cal-
culate VBS SADs through a bottom-up approach: large block SADs are obtained by
accumulating the SADs of the smaller blocks nested within. Therefore, though VBS
adds an additional computational burden, it can be minimized through appropriate
architectural or software design.

VBS coding has also been adopted for the VC-1 video coding standard. Any video
encoding system intended to take maximum advantage of the compression capabilities
of the H.264/AVC and VC-1 standards will require a ME unit capable of supporting
VBSME. Note that VC-1 offers up to four vectors per macroblock (either one vector

for the 16x16 or four for each 8x8 sub-block). This is a subset of the block partitions
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16x 18 16x8 8x16 8x8

8x4 4x8 4x4

Figure 1.3: Block patterns found in H.264/AVC standard.

offered in H.264/AVC. A VBSME implementation that is designed for H.264/AVC
can be equally applied to VC-1, provided that only the common block partitions are
used. The MPEG-4 codec also employs VBS coding with block sizes ranging from

16x16 to 4x4, which would be fully supported by the proposed VBSME architectures.

1.3.5.2 Multiple Reference Frames (MRF)

An additional feature in the H.264/AVC standard is the concept of multiple reference
frames (MRF). In single reference frame coders, the immediately preceding reference
frame is used for predictive coding of P pictures. With multiple reference frames, any
of a number of frames selected from a list can be chosen as a reference. This can
improve R-D pei"formance in a number of scenarios. First, there may be occlusion
of part of the background by an object in the foreground. This occlusion may not
be present in a different reference frame. For a noisy video source, there may be
less distortion in a previous frame. Also, some objects may be rotating or going
through other transformations, such that a better reference can be found beyond
the first reference frame. In the absence of fractional-pel ME, it is also possibly
that occurrence of fractional-pel motions will result in better predictions in reference

frames other than the immediately previous one.
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For a set of N reference frames, the full search algorithm can be extended to MRF
by performing N independent full searches across each of the reference frames. This
provides an optimal R-D performance for MRF, similar to how single reference frame
full search provides optimal R-D performance for one reference frame. Supporting this
requires a linear increase in the computational requirements of a motion estimation
architecture. Therefore, supporting MRF' requires a much higher throughput ME

architecture than single reference frame ME.

1.3.6 Memory Bandwidth

The block matching process used in ME can potentially have a very high memory
requirement. A kev point however, is that ME is highly regular, and offers many
opportunities for data reuse between search points. As an example, the memory
requirement for 720x480x30 SD resolution ME is described, with a 32x32 search range.
This is equivalent to 40500 macroblocks undergoing the ME process per second, which
involves matching against 1024 search points. With no data reuse at all, then at
each of these search points, a 16x16 current macroblock and 16x16 reference frame
region must be loaded. This “loéd—always” memory arrangement would necessitate a
memory bandwidth of approximately 23 GB/s, which is very high, and is much more
than could be supported by a realistic embedded system.

The topic of memory arrangements for ME is well explored in [20]. As described
in [20], the regularity of the full search ME process offers a large potential for mem-
ory bandwidth reduction through data reuse. Data reuse is achieved by using local
storage, rather than fetching all data from off-chip memory. This can be seen as

similar to caching as used in general purpose processing, but used for a completely
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deterministic algorithm. Due to the determinism of the algorithm, it is possible to
achieve large reductions in the overall memory bandwidth of the ME system. The
“redundant access” factor Ra is defined in [20], through Equation 1.6, where MA
refers to the total number of memory accesses for a pixel, and PC refers to the total

number of pixels required for the ME process.

~ MA

Ra = ——
“=pC

(1.6)

Ra can be further broken down to make the distinction between the current frame
and the previous reference frame, giving Racyrrent a0d Raprevious, respectively. Using
this distinction, we get the Equation 1.7, also from [20]. In the equation, f refers to

the frame rate, while W and H give the width and height of the frame, respectively.

BW = f * W H % Racurrem —+ f * W H % Raprevious (17)

For ideal data reuse, both Racyrrent and Raprevious should be 1. In that case, all
pixel data for the current and reference frames are only read once from the system
bus. Returning to the 720x480x30 case, this would achieve a memory bandwidth of
approximately 21 MB/s. This bandwidth requirement is well within the performance
of even slow SDRAM systems.

Achieving an Ragyrren; Of 1 is relatively straightforward. Assuming that an ar-
chitecture performs the ME process on one current block at a time, Racyrrent Of 1
is achieved by using a local store of the 16x16 current macroblock until ME on that
block is complete. Obtaining Raprevious of 1 is significantly more challenging. In
general, a tradeoff must be made between achieving a low Raprevious to achieve a low

bandwidth, and controlling the local cache size to reduce total area.
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1.4 Optimizations and Parallelism in ME

1.4.1 Overview

VLSI architectures to implement block-based motion estimation have been examined
by several sources in literature. In [16], a variety of different architectures for ME
are examined. As described in the paper, a hardware ME system can make use
of many different forms of parallelism within the block matching algorithm. This
section describes the different levels of parallelism, and how they can be implemented.
Although this section focuses on SAD-based ME on the luma component only, the
concepts can be generalized to other distortion measures, such as mean-square error

(MSE), or distortion measures including chroma.

1.4.2 SAD Parallelism

The absolute difference calculation, shown as the inner portion of Equation 1.2 is an
easy candidate for parallelism. The absolute difference between pixels can be com-
puted independently. Also, a 16x16 SAD calculation can be segmented into several
sums, with each individual sub-sum combined in a tree-like ma:nner. This method
is used in many architectures, such as described in [16] among many others. With
16x16 sized macroblocks, this type of parallelism can potentially give a speedup of up
to 256 times to the SAD portion of ME. Exploiting this parallelism to a high degree

is a key part of many recent high-throughput architectures, such as [14].
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1.4.3 Candidate MV Parallelism

As shown in Equation 1.3, the final selection of motion vector is based on a comparison
between different candidate MVs. Calculation of candidate NIV SADs can be done
in parallel. In theory, with an M x N search area, exploiting this parallelism could
give an approximate speedup of MN. Due to the large search area required for most
video resolutions, obtaining MN level parallelism at the candidate MV level is not
typically feasible while observing power and area constraints. However, this level of

parallelism can be exploited to improve the throughput of a system.

1.4.4 VBS Partial SAD Sums

As standards such as H.264/AVC utilize VBS, efficient VBS ME is another source
of optimization for an implementation. Efficient re-use of block SADs can greatly
reduce the computational requirements of an implementation. As described earlier,
architectures can be developed to efficiently reuse the block SADs of small blocks for

calculation of the SAD of blocks comprised of those smaller blocks.

1.5 Motivation of Thesis Work

Of the functional blocks contained in a video coder, motion estimation forms the
bulk of the overall computations. With the additional burden of VBSME (found
in H.264/AVC and VC-1) along with multiple reference frame coding (found in
H.264/AVC), the design of a hardware unit for real-time ME can be extremely chal-
lenging. The motivation behind this thesis research was to address the issue of VB-

SME for SD and HD video from both an algorithmic and an architectural viewpoint.
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The specific algorithm that is applied for ME is not normative to most video cod-
ing standards, which focus on the implementation of the decoder. Since ME is the
most computationally demanding portion of the encoder, this offers a great deal of
flexibility in creating a tradeoff between computational performance, hardware cost,
power consumption, and overall R-D performance of the encoder. The quality of the
ME used can have a significant effect on the final R-D performance of the encoder.
One of the primary goals for this research was to find or generate an algorithm which
provides good R-D performance for VBSME encoding. As will be described in Chap-
ter 2. VBSME presents a unique challenge for fast motion estimation architectures.
Due to the large number of block types, it is difficult to effectively support VBSME
while still providing the computational savings from FME. Addressing this issue was
also a goal when creating an architecture suitable for HD.

Along with providing good R-D performance, part of the thesis research was to
create an architecture that is synthesizable for ASIC. The algorithm must be designed
with hardware consideration in mind, as the final architecture must be implementable
at a low area and power cost, and be able to meet real-time constraints. The work in
this thesis targets an architecture that is superior to current VBSME architectures
in terms of overall macroblock throughput, as well as being competitive in terms of

area and power requirements.

1.6 Thesis Contributions

This thesis examines two different VBSME systems. One is intended for SD, or res-
olutions at less than SD for multiple reference frames. The second is intended for

multiple reference frame HD. The architectures have been designed for the purpose
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of creating a high macroblock throughput. The architectures have been designed
with support for all the block partitions required in the H.264/AVC standard. By
supporting all of the block partitions for H.264/AVC, it is also suitable for stan-
dards such as VC-1, which use a subset of the partitions employed in H.264/AVC.
Both architectures have been synthesized for ASIC using the CMC Synopsys 0.18 um
process.

The first architecture is designed for full search at SD resolutions. By using full
search, this architecture provides a high level of R-D performance. Due to the high
macroblock throughput of the design, it is able to meet the real-time constraints of
SD video. Additional goals of the architecture were to be competitive or superior to
existing integer pel ME architectures in terms of macroblock throughput and hard-
ware area, while still being able to support VBSME. Additional requirements were
to have a scalable architecture, such that it could be modified at the implementation
level to be usable in a variety of intended applications.

In addition to the SD architecture above, a second goal for the thesis was in the
design of a fast search algorithm suitable for multiple reference SD as well as HD. The
algorithm that is proposed in this thesis allows for the tradeoff between the number
of reference frames and the spatial subsampling that is applied to a reference frame.
This form of tradeoff is novel among fast search algorithms found in the literature.
The architecture employs a two stage search, where the first stage is on a fixed
block size and the second uses VBSME. The final architecture achieves a significantly
higher maximum throughput than other HD and MRF architectures proposed in the

literature.



Chapter 2

Literature Review

2.1 VLSI Architectures for Full Search

The area of full search architectures for motion estimation has been well studied in
literature. [19] is a classic paper in full-search motion estimation. In [19], the problem
is explored by a dependency graph analysis. Based on the analysis, the author ad-
vocates various different methods of exploiting parallelism in the ME block-matching
algorithm, using several different systolic array architectures. Systolic array architec-
tures are attractive due to the architectural simplicity, and relatively straightforward
mapping for the full search ME algorithm. [19] also makes an initial analysis of the
high memory bandwidth issue inherent to ME algorithms, in particular the very high
potential memory demands for full search. The paper explores different mappings of
PE definitions, data flow, and local memories for full-search ME. In the PE defini-
tions used in [19], each PE performs an absolute difference (AD) calculation. Different
data flow schedules are employed in a variety of 1-D and 2-D architectures in order

to calculate minimum SAD values across the entire search area. A 1-D architecture

20
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employs a one dimensional array of PEs to perform calculations. A 2-D architecture
employs a 2-D array.

Assignment of different AD calculations to different PEs is very common, and is
used in many architectures [21], [14], [23], among many others. However, [16] takes
a more general view for the role of the PE. In [16], the authors examine not only
the PE in terms of an absolute difference generating unit, but consider applying it
for other forms of parallelism, as well. In [16], two major categories of distinction
are made between architectures: the type of processing array, and the function of
the processing element. For processing arrays, both 1-D and 2-D architectures are
considered. [16] categorizes the function of PEs as either AD or SAD units. For AD
PEs, the function of an individual PE is to perform the pixel-wise AD calculation,
with accumulation into a SAD done elsewhere. For SAD PEs, each PE is given a
candidate MV position, and is responsible for the calculation of the SAD for that
position. [16] also explores the memory advantages of using systolic 1-D and 2-D

architectures with inter-PE communication to avoid high system bus bandwidth.

2.2 Fast Motion Estimation (FME) Algorithms

There are a wealth of papers which describe various means to reduce the complexity of
integer pel ME. One of the most common forms of fast motion estimation algorithm
is to reduce the number of checking points. Classic versions of this are the 2-D
logarithmic search[12] and Three Step Search (TSS) [15]. The three step search is
shown graphically in Figure 2.1. In the first step, nine candidate MVs (L0 through
L8) are checked. Their vectors are given by the grid x = [-4, 0, 4] and y = [-4, 0, 4]. A

first stage vector, P1, is selected from this grid based on minimum SAD, at position
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(al,bl). The grid width is halved for the second stage, giving a second stage grid of x =
[al-2, al, al+2], y = [b1-2, b1, b1+2]. A second stage vector, P2 = (a2,b2), is selected
based on the new minimum SAD location in this grid. The final MV selection is made
by a one-pel search around the second stage vector. Overall, this search requires nine
checking points in the first stage, and eight checking points each in Stage 2 and Stage
3 (assuming the common checking point between stages is not recalculated). This
results in a 25 checking point search, in comparison to the 225 checking point search
that a full 15x15 search would require. A larger search could be accommodated
by using more points in the first stage, adding more stages, or some combination
of the two. One flaw with these algorithms is the assumption that the SAD will
descend monotonically as the candidate MV approaches the true “best” MV. Since
later stages are constrained by the minimum SADs found in earlier stages, it is possible
to get trapped in a local minima, while missing the global minimum. An additional
issue that these algorithms do not typically address is the high memory bandwidth
requirement for HD resolution ME, especially with multiple reference frames. In
these algorithms, the entire reference frame (or all reference frames) must be loaded
at full resolution. Although only a portion of the reference frame will be required due
to the multi-stage algorithm, the selection cannot be known beforehand. Therefore,
although these algorithms reduce the computational requirements in terms of the
number of checking points, they do not assist in reducing the memory requirement.
An additional type of search which can be seen as a sub-category of the reduced
checking point search, is exemplified by the four-step search (4SS). Rather than using
a deterministic number of steps, this search relies on a “shifting” window in the

direction of the SAD reduction gradient. The four step in this search refers to four
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Figure 2.1: Diagram of the three stages of the TSS search.

stages that the search goes through. The first stage is an initial 9-point grid. The
second stage is a set of patterns that are used to follow the minimum SAD if it is
found at one of the eight edge points of the grid. If the minimum SAD is found at
the center point, then the search goes to a final search pattern, with the minimum
SAD at that stage selected as the best motion vector. The final MV is found by the
vector selected from the part D search. The advantage of this search is that it exploits
the that there are many stationary regions in most video sequences. In this search,
the search will terminate early for smaller motion vectors. For example, if the (0,0)
MV has the minimum SAD, then this search will terminate after two search stages.
This can result in a great reduction in the overall computational complexity if there
is a large search window size. However, this non-deterministic execution can have
a negative impact for a hardware realization. The algorithm has an indeterminate

number of steps, which can complicate a hardware implementation. In comparison,
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searches with a determinate number of hierarchy stages (ie. one stage for full search,
three stages for TSS) can be more efficiently implemented and pipelined in hardware.
Also, this algorithm can have a poor worst-case performance. As an example, we
assume that the true MV for a macroblock should be (7,0). We also assume there is
a monotonically decreasing SAD towards (7,0), so the algorithm will not be trapped
in a local minima. TSS will uncover the MV (7,0) in three steps ((4,0), (6,0), (7,0)),
while 4SS will uncover it in four ((2,0), (4,0), (6,0), (7,0)). This poor worst-case
performance can hinder an implementation where we wish to guarantee real-time in
all sequences, since it would have to be designed for the worst case.

Another general class of search algorithm are multi-stage algorithms which employ
pixel subsampling. In this search, a first stage search is performed on a reduced
resolution version of the current macroblock and the reference frame. Based on this
search, refinements are made on successively higher resolutions of the frame, typically
ending in a final refinement step at the full resolution. This type of search is normally
referred to in the literature as a “hierarchical search”. It is referred to in [16]. Pixel

subsampling offers to types of computational savings:

¢ Reduction in the number of pixels per macroblock.

o Reduction in the overall search area.

To demonstrate these computational savings, we take the example of subsampling
by two in each dimension. If all the pixels in the current and reference frame are
subsampled by two, then “macroblock” becomes represented by an 8x8 block rather
than a full 16x16. This reduces the amount of computation required for finding

the SAD. In addition, subsampling by two also means that the search area can be



CHAPTER 2. LITERATURE REVIEW 25

reduced by two in each dimension and maintain the same effective search area. The
same concepts can be applied to different subsampling ratios.

Another form of fast search exploits pixel resolution. In conventional video en-
coders, the encoder operates at 8 bits per pixel (considering the luma portion only).
Instead of operating at the full 8 bits of resolution, it is possible to use only some
upper k bits of the full 8bit resolution. Although this does not reduce the number
of checking points, nor typically the number of cycles per macroblock, it can have an
effect on the overall performance of the encoder. By using smaller-width registers,
adders, comparators, and multiplexers, these algorithms reduce the hardware area
and the amount of combinatorial logic between pipeline stages. They can also in-
crease the macroblock throughput of the design. This approach is one of the methods
used to obtain speedup in [8]. However, employing a reduced pixel resolution has a

negative impact on the overall R-D performance of an encoder.

2.2.1 FME for VBSME

A special consideration needs to be made when designing a fast search architecture
intended for VBSME. In a typical FME algorithm, a multi-stage search is applied.
The results of the first stage are used to constrain the second stage, such that a smaller
area than the full search window is used. This results in computational savings over
the full search. For the VBSME case, preserving the computational savings over full
search requires further investigation.

In the H.264/AVC standard, there are seven block partitions resulting in a total of
41 block types. One potential method to support VBSME is to perform an indepen-

dent search for each block type, or to perform 41 different searches. For a full search
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architecture, the effect of performing 41 independent searches can be duplicated by
performing a SAD-reusing search at the 16x16 macroblock size, and preserving the
results for the sub-blocks. In this method, there is only an incremental increase in
the overall SAD calculation overhead.

The situation is different in a multi-stage search. Consider the TSS algorithm,
where nine points are checked in each of three stages. Referring to Figure 2.1, there
are nine candidate MVs checked in the first stage. With independent searches, it is
possible that each of these points is selected as the candidate MV for at least one of
the block types. This results in a grid of checking points formed by x = -6, -4, -2, 0,
2,4,6and v = -6, -4, -2, 0, 2, 4, 6. This gives a total of 49 different checking points
in Stage 2. By comparison, the single block size TSS algorithm had only 9 checking
points in Stage 2. In the third stage, up to 41 of these checking points can be followed,
which in the worst case can result in a larger total checking points than if full search
were applied. To maintain the computational savings of a VBSME algorithm, it is
desirable to constrain this tree-like expansion of checking points. This can be done
by disallowing certain block types at early stages, to restrict the number of candidate
MVs that must be followed in later stages. Different versions of this approach are

used in {7} and [17], which are described in Section 2.4.
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2.3 VLSI Architectures for Fast Motion Estima-
tion

There exist many architectures to support several of the fast search algorithms found
in the literature. [11] describes an architecture for the classic three-step search algo-
rithm. In [11], each PE is assigned to one of nine checking points. The three-step
search algorithm requires a sparse checking-point grid in the first step, followed by a
denser one in the second step, and an even denser grid in the last step. Since the same
PEs are used in each of these steps, [11] addresses the issue of a memory structure to
accommodate the different checking point resolution grids.

An architecture employing hierarchical search motion estimation is found in [7].

Tt is described in more detail in the next section.

2.4 VLSI Architectures for Variable Block Size ME

With the inclusion of VBS ME in standards such as H.264/AVC, there has been a
number of papers published which address architectures to support variable block size
ME. One early architecture to support searches on variable block sizes is presented
n [21]. The architecture in [21] employs a 2-D systolic array architecturer with global
accumulation. However, it is not optimized to be used for VBSME. The architecture
in [21] is primarily designed to support 16x16 macroblocks. The variable block size
support that is provided in the architecture is primarily designed to support fast
searches where there is a single, smaller block size used at different stages of the
hierarchy. Variable block sizes are made possible through the selective masking of

some PEs in the 2-D array. For example, to produce results for 8x8 blocks, 3/4 of the
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2-D array is deactivated by selective masking. It is not well suited to VBS ME in that
it does not support data reuse for multiple block sizes. For example, the 41 different
block types for H.264/AVC would require repeated computation of block SADs for
each of the different block types. The architecture also has throughput inefficiencies
when block sizes smaller than 16x16 are employed. When portions of the PE array are
masked, the array utilization and the effectiveness of the architecture is lowered. Due
to the selective masking approach to supporting variable block sizes, this architecture
is ill-suited to VBSME with a large number of different block types.

The architecture in [9] is more suitable for VBSME. The architecture there is
intended for the advanced coding mode of the H.263 standard, which allows for a
single macroblock to be coded with four vectors corresponding to four contained sub-
blocks. At the high level, this architecture employs a 1-D array of PEs. Each of
the PEs is a basic AD computation unit, with one addition for the purposes of VBS
ME. Two parallel accumulation channels are found at the output of the PE array:
one leading to four different sub-block accumulators selected by multiplexer, and a
second going to an accumulator for the overall macroblock. A comparator is used
to select either the four sub-blocks or the full macroblock, based on selecting which
produces the minimum SAD. If the full block produces the minimum SAD, one MV is
produced as the result. If the sub-blocks provide the minimum SAD, four vectors are
output. This architecture is closer to supporting VBSME as required by H.264/AVC
than [21], but also has limitations. First, there are only two types of block supported,
either 16x16 macroblocks or four 8x8 sub-blocks. Therefore, it still lacks many of the
block types required for H.264/AVC. It also is lacking in the throughput required for

SD resolutions, as it is limited to one pixel pair per cycle, or 256 cycles to produce the
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SAD for one candidate MV, per PE. This architecture does however present several
useful concepts. The concept of pipelining operation between PEs in the 1-D array, in
order to reduce the data transmission requirements is useful in the design of 1-D PE
architectures. It is also the first architecture that can truly support VBSME through
data-reuse, rather than sequentially repeating the search as in [21].

In [24], an architecture suitable for all the block types found in H.264/AVC is
presented. This architecture makes use of a 1-D array of PEs operating in a pipelined
manner, similar to [9]. Using accumulation and multiplexing of partial SADs within
each PE, the architecture of {24] is able to produce all the necessary block SADs for
H.264/AVC. Note that this is done differently than the method used in [9]. The accu-
mulation of sub-block sums in [9] is done using a global accumulation circuit outside
of the PE array. In [24], the accumulation of sub-blocks is done internally within a
PE. This is in comparison with [9], where accumulation of 8 pixels is made before
an output is produced from the PE. With [24], the 41 block types are accumulated
internally, and are output onto SAD output buses serially. Minimization circuits on
each SAD bus are used to find the minimum SAD and the corresponding vector. The
architecture has some limitations, primarily in the its overall block throughput. The
architecture is designed for scalability, with a flexible 1-D processor element array.
However, its design is only suited for CIF resolutions with a relatively small, 16x16
search area at the standard PE array length. To support SD resolutions with a larger
search area would require scaling the architecture to have a high area and a large
power consumption. Therefore it is not well suited to SD resolutions.

An alternate architecture for VBSME is proposed in [14]. This architecture is a
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high-throughput architecture that fully supports VBSME. In the architecture pro-
posed in [14], each PE is a AD computation unit. The results of the AD calculations
are passed to an adder tree, which produces outputs for the various block types re-
quired of VBSME. This architecture offers a high throughput by a 16x16 2-D systolic
array design. By using a 16x16 PE grid, the architecture is able to calculate all the
ADs required for a macroblock in a single cycle. The individual ADs that are pro-
duced by the PE grid are passed to an SAD accumulation tree, which generates all
the relevant sub-block SADs. The architecture is limited in scalability in the sense
that the 2-D grid of PEs must be 16x16. It is difficult to improve the throughput,
as it is only possible through replicating the entire 16x16 array. It is not possible
to achieve a low-area implementation, as any implementation must contain the full
16x16 grid.

In addition to full-search VBS architectures, there have also been some fast search
architectures proposed in the literature. One architecture is proposed in [7]. This
architecture performs a hierarchical search, while supporting VBSME. In [7], the
authors address the difficulty of supporting VBS searches in a multi-stage search.
A key issue is in determining which block types will be allowed at which stages. If
all block types are searched at all stages, then the size of the total search area can
become excessively large. In [7], this is constrained by using a three stage hierarchical
search. In the second stage, four vectors corresponding to the four 8x8 sub-blocks
of a macroblock are searched. Each of these 8x8 vectors are divided into 4x4s and
are searched in the final stage, resulting in a total of 16 possible vectors. This is
in comparison to the 41 possible vectors that could be searched in an unconstrained

search.
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Another fast search VBS architecture is found in [17]. This architecture employs
a hierarchical search, using different pixel subsampling levels in each hierarchical
stage. At each stage, a full search is employed to find the best match at the current
resolution level. The vector at that stage is refined on the next, higher-resolution,
hierarchy stage. This architecture that is generated has a very high throughput, and

a more detailed comparison is made to it in Chapter 4.



Chapter 3

VBSME Architecture

3.1 Introduction

The goal of the thesis research was to generate an ME architecture suitable for
H.264/AVC at SD resolutions and below. To fully support H.264/AVC video, this
required support for VBS with a high enough throughput to potentially use multi-
ple reference frames. This chapter describes the proposed architecture, and makes

comparisons of the architecture to prior works.

3.2 Architecture

3.2.1 Architecture Fundamentals

Our architecture achieves high throughput through a combination of parallel candi-
date MV calculation in addition to parallel absolute difference calculation. Candidate

MYV parallelism is achieved by assigning a separate candidate MV to each processing

32
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element (PE) of an array of N PEs, achieving N-way parallelism at the candidate
MYV level. Each of these PEs processes M pixel pairs in parallel, where one of each
pixel pair is from the current macroblock, and the other pixel is from the reference
frame. We have examined designs for both M=4 and M=16. Variable block size com-
putations make use of partial SAD accumulation, minimizing the overhead required
in computing SADs for different block types.

Several design challenges are addressed to achieve a high-throughput VBS archi-
tecture that makes use of a high degree of mixed-type parallelism. Efficient trans-
mission of data between PEs is addressed, to avoid creating an architecture with
wide internal bus widths for inter-PE communication. The final design employs a
combination of a latched delay line and broadcast buses, which are described in de-
tail later in Section 3.3. In conjunction with pipelined PE operation, this allows
high throughput (measured in macroblocks per second) while minimizing communi-
cation requirements between PEs and the system bus. Pipelining within PEs is also
to improve the throughput. In addition, the architecture was designed with a high
degree of scalability: the architecture can function with a many different PE array
lengths, allowing for a tradeoff between performance and area requirements at the
implementation level. To our knowledge, this scalability is a first in the literature for
high-throughput architectures.

In the next two sections, the function of a single PE and its underlying hardware

structure is described. The section following those gives the interaction between PEs.
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3.2.2 Processing Element (PE)
3.2.2.1 Operation

The fundamental PE design that is used is very similar to that used in [24]. In [24],
each PE is assigned a different candidate MV. This has some advantages over the
typical PE design, where each PE is essentially a SAD computation unit. The main
advantage is found in the greater degree of scalability. While a SAD computing array
can provide a high throughput, it is difficult to increase the performance through the
addition of PEs, or to achieve a low-area design by reducing the number of PEs. By
following the candidate MV PE design philosophy of [24], while working to greatly
increase the overall throughput, we achieve a scalable architecture that is suitable for
SD.

A key limitation to the architecture found in [24] was the lack of pixel-pair par-
allelism in the architecture. At any one cycle, each PE only receives one current
macroblock pixel and one reference frame pixel. Therefore, each PE can perform all
calculations for a candidate MV position at a maximum throughput of 256 cycles (for
a 16x16 macroblock). Assuming a 720x480x30 video, with a search range of 32x32
and 32 PEs, this architecture would require an operating frequency of over 300 MHz,
which could not be achieved by their synthesis results. A longer PE array could be
used, but the area costs of such a design could be prohibitive. Therefore, a design
using [24] as a basis, while exploiting AD-level parallelism was considered.

The pixels in the architecture in [24] are processed in a raster-scan order. This is
depicted in Figure 3.1, where each number on the figure represents the cycle in which
is processed by the PE. Both a pixel from the current macroblock and a pixel from

the reference block enter on the input pixel bus. 4x4 block SADs are produced on
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the cycle immediately after the 4x4 block has fully entered the PE. For example, the
first 4x4 block is fully processed after cycle 51, the second 4x4 block is fully processed
after cycle 55, and so on. Outputs for combined blocks are made between outputs
for the 4x4 blocks. For example, the first 8x4 block SAD is produced at cycle 56. By
interleaving the SAD values of combined sub-blocks between those of the 4x4 blocks
it is possible to produce variable block size SADs with little extra cycle overhead
compared to a single block size architecture. In order to minimize the number of
extra cycles required to output these combined blocks, the output SAD values for
combined blocks are transmitted “in-between” results for 4x4 blocks. A full schedule
of output cycles can be found in [24], but analysis shows that there are many “slack”
cycles where no outputs are being produced. For example, in the first 50 cycles of
[24], no outputs are being produced from the PE. With a wider input, and more
use of pixel AD parallelism, this architecture could provide additional throughput.
Therefore, the first step to improve the architecture of [24] was to introduce some
pixel level parallelism.

Using [24] as a basis, the decision must be made on how to increase the number of
pixel input pairs to improve the throughput. This is essentially a scheduling decision,
where it is desired to select at which cycle each pixel pair should arrive at the PE.
Possible candidates would be to use a horizontal vector of M pixel pairs or a vertical
vector of M pixel pairs. There are a wide variety of other options, for example a set of
4 pixels spaced by 4 every cycle could be used ({1,4,8,12} in the first cycle, {2,5,9,13}
in the second, and so on). The ultimate choice of design must take into account two

main factors:

¢ Adaptability to the PE array structure.
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Figure 3.1: Pixel numbering for architecture in [24].

o Adaptability to the data broadcast and transmission structure.

The first item, adaptability to the PE array structure, refers to how well the
pixel schedule could be adapted to internal multiplexing and accumulation within the
PEs. A complex pixel schedule could result in a high overall internal multiplexing
complexity within the PE in comparison to a more regular schedule. For example,
in the original [24] architecture, a switch between 4x4 blocks will occur every four
cycles. For example, in cycles 1 to 4, the pixels being accumulated are for the first
4x4 block. In 5 to 8 it is for the second, and so on. Because of the modulo-4 nature
of these switches, it is sufficient to make a comparison against the lower two bits of
the state counter, so a switch between sub-block accumulation registers is made every
time the lower two bits are “00”. To constrain the area and logic complexity of the
architecture, it is desirable to have a relatively simple pixel schedule.

The second item, the adaptability to the pixel transmission structure, is also a
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major concern. As will be described in detail further in the thesis, the architecture
makes use of the adjacency of candidate MV positions to lower the pixel data band-
width that is required. Each PE operates on a separate candidate MV position, with
a PE operating on a candidate MV position horizontally adjacent to the PE before it
in the array. To lower pixel bandwidth requirements, it is advantageous for the pixel
parallelism to be along an orthogonal dimension to the candidate MV parallelism, for
reasons to be described more in detail later in the thesis. The final architecture uses
horizontal candidate MV parallelism, while it uses vertical pixel-pair parallelism.
The first architecture that was designed processes four pixel pairs per cycle, in
a vertical 1x4 vector, and is referred to as the “1x4” design through the rest of the
thesis. As in [24] the architecture proposed here takes advantage of SAD reuse. The
SAD value of a block is obtained by summing the SAD values of the smaller blocks
that tile the block. All output SADs are formed by the addition of 4x4 sub-block
SADs, which are indexed as from left to right, then top to bottom, as shown in
Figure 3.2. As in [24], the architecture proposed here takes advantage of SAD reuse.
A schedule for the output of the 1x4 design is shown in Table 3.2. Using this design,
4x4 sub-block SADs can be completed every four cycles. This avoids the lengthy idle
output period that was found in [24], where no output is produced until the 51st
cycle. With this design, the number of cycles to compute and output all 41 SADs
is shown to be 70 cycles for the 1x4 design. This allows for a much higher motion
vector throughput than attained in [24], which requires 256 cycles per motion vector.
Therefore, the 1x4 design offers an overall speedup of 3.65 over [24]. This gain comes
with only a moderate increase in complexity for the PE. The specific architectural

design is described later in the thesis.
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Although the change from a single pixel to a 1x4 design achieved a large speedup,
even greater speedup is necessary to support SD resolutions at a reasonable area
and operating frequency. Therefore, a 1x16 architecture was designed. The 1x16
architecture is more complex than the 1x4 architecture, in that there are multiple
sub-blocks being accumulated in any one cycle. For example, by the fourth cycle, a
4x16 area of the macroblock has been processed, which corresponds to four distinct
4x4 sub-blocks. Therefore, there must be a mechanism to process multiple candidate
sub-blocks in parallel within the PE. This is described in the architectural description
of the 1x16 PE.

12 | 13 | 14 | 15

Figure 3.2: 4x4 block SAD numbering.

3.2.2.2 1x4 PE Structure

The structure of the processing elements in our 1x4 and 1x16 implementations are
based around the shuffling and accumulation of partial SAD values. The fundamental
structure of our 1x4 PE is shown in Figure 3.3, and is similar to the PE structure
used in [24]. A fundamental difference is that our architecture makes use of parallel

absolute difference computations among multiple pixels. In the 1x4 PE, a set of four
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Table 3.1: SAD Output Schedule, 1x16 implementation

Cycle | Sub-PE A Sub-PE B Sub-PE C Sub-PE D
4 0 4 8 12

) 0.4 none 8,12 none

8 1 5 9 13

9 1.5 none 9,13 none

10 0.1 4,5 8,9 12,13

11 0,1.4.5 none 8,9,12,13 none

12 2 6 10 14

13 2,6 none 10,14 none

16 3 7 11 15

17 2,3 6,7 10,11 14,15

18 3,7 2,3,6,7 11,15 10,11,14,15
19 0,1,4,5,89,12,13 | 0,1,2,3,4,5,6,7 | 8,9,10,11,12,13,14,15 | 2,3,6,7,10,11,14,15
20 Full MB none none none
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Table 3.2: SAD Output Schedule, 1x4 implementation

Cycle  Output Cycle | Output

4 0 40 9

8 1 41 8,9

9 0,1 44 10

12 2 48 11

16 |3 49 10,11

17 2,3 52 12

20 |4 53 18,12

21 0.4 56 13

24 |5 57 9,13

25 15 58 12,13

26 4,5 59 8,9,12,13

27 0,145 60 14

28 |6 61 10,14

29 2.6 62 0,1,4,5,89,12,13

32 7 64 15

33 3,7 65 11,15

34 6,7 66 14,15

35 2,3,6,7 67 10,11,14,15

36 8 68 8,9,10,11,12,13,14,15

37 0,1,2,3,4,5,6,7 || 69 2,3.6,7,10,11,14,15
70 Full Macroblock

40



CHAPTER 3. VBSME ARCHITECTURE 41

absolute difference computations are done in parallel. To accommodate this, both
the current macroblock and reference frame inputs to the PEs must be widened to
32 bits (four pixels) accordingly. In Stage 0, the absolute difference between current
macroblock and the corresponding search area pixels are found. Since there are four
pairs of pixels per cycle in the 1x4 architecture, there are also two stages of addition
to form a 1x4 SAD. As these two stages can be pipelined, they do not impact the

overall throughput of the PE.

4x4 SAD
Registers

-
I M SR S L R S

MUX A MUX B MUX C Stage 2

ll l Stage 3

MUX F
a0 nusee |

To SAD Buses ¥ ~

Figure 3.3: 1x4 VBS PE structure.

Using scheduling logic and feedback from Mux C, 1x4 SAD values are combined
to form 4x4 block SADs in Stage 1. For the 1x4 implementation, there are eight
12-bit registers. These registers are 12-bit to accommodate the sum of 16 absolute-
difference values. These eight registers (shown as 4x4 SAD registers in Figure 3.3)
hold the SADs for blocks 0 through 7 for the first half of the processing time. They

are reset after the first half of the macroblock has been processed, and hold block
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SADs for blocks 8 through 15 in the second half of the macroblock processing cycle.

In Stage 2, block SADs are combined to form the SAD of larger blocks. This
is performed by an adder whose inputs are selected based on scheduling logic. The
inputs to the adder come from either Stage 2 4x4 block SAD registers, the Stage 3
combined SAD block registers, or are a zero SAD input. The Stage 3 block SAD
registers hold SADs for all of the possible block sizes, and therefore must be 16 bits
wide. To handle all of the shuffling required, the proposed implementation requires
six 16-bit registers.

In Stage 3, values are fed back from the Stage 3 registers to the Stage 2 MUXes,
and are fed forward to the SAD bus. MUX control logic used to determine where to

forward SAD values is based on a state counter.

3.2.2.3 1x16 PE Structure

Our 1x16 processing element is formed by a set of four sub-PE elements. Individually,
these sub-PEs are similar in structure to the 1x4 PE, but with different scheduling
logic. Each sub-PE is responsible for handling one quarter of the 4x4 block SADs,
plus a subset of the larger blocks. Specific outputs for each of the sub-PE units are
shown in Table 3.1. The major difference between these sub-PEs and a full 1x4 PE is
the addition of intra-PE buses to communicate between the sub-PE units in Stage 2.
This communication is required to distribute SAD values to form results for blocks
larger than 4x4. Using the schedule shown in Table 3.1, each sub-PE only needs to
transmit at most one of its results per cycle, meaning that each sub-PE only requires
one intra-PE bus. The complexity of each of the sub-PE units is less than that of a

1x4 PE; since each sub-PE works on a smaller subset of blocks than a full PE, the



CHAPTER 3. VBSME ARCHITECTURE 43

internal MUX logic for stages 2 and 3 is simplified.

A high level view of the intra-PE communication conducted by the sub-PEs is
shown in Figure 3.4. For example, as shown in Table 3.1, in cycle 5 sub-PE A is
responsible for sending the 8x4 sub-block formed by blocks 0 and 4. Block 0 is stored
in sub-PE A, but block 4 is stored in sub-PE B. Therefore, sub-PE B must place
the 4x4 SAD value of block 4 on its intra-PE bus on the prior cycle. The placement

schedule for the intra-PE buses are shown in Table 3.3.

cy (R c} Jr c} lrc] |r

Sub-PE Sub-PE Sub-PE Sub-PE
A B C D
Sub-PE
Buses Iy 7YY 7y 3
s T It 1t i
Bus C
Bus D
To ‘S’AD To ‘éAD To SAD To‘SAD
buses buses buses buses
Figure 3.4: 1x16 VBS PE structure.
Table 3.3: Sub-PE Bus Timing
[Clock | Bus A | BusB | BusC Bus D
4 - 4 - 12
8 - ) - 13
10 - 4.5 - 12,13
12 - 6 - 14
17 2,3 7 15 10,11
18 0,145 2,3,6,7 | 89,12,13 10,11,14,15
19 - - - 2,3,6,7,10,11,14,15

As shown in Table 3.1, the 1x16 PE requires 20 cycles to calculate all the necessary
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SADs for one macroblock. Therefore, it provides 3.5 times speedup over the 1x4 PE.
It may be expected that the area of the 1x16 PE would be four times that of a 1x4
PE. However, the ratio in area between the 1x16 and 1x4 PE is in fact 2.25, as shown
in Table 3.6. Given the performance figures shown in Table 3.6, this means that the
1x16 PE is more area-efficient when normalized to the same throughput. There are
two main reasons that the 1x16 PE is more area-efficient. Although the sub-PEs in
the 1x16 PE are similar in structure to 1x4 PEs, the MUX and control logic are less
complex in the sub-PE case. This is due to the reduced number of blocks SADs a
sub-PE must calculate. Further savings come from the less than linear increase in the
number of registers required between the 1x4 and 1x16 case. Both implementations
need to store the same sub-block SADs internally in registers. In the 1x16 case,
these sub-block SADs are distributed among all the sub-PEs. Therefore, the storage

requirement of one 1x16 PE is less than four times that of four 1x4 PEs.

Table 3.4: Required Frequency of Operation (1x16 architecture)

Total Res. Frame | Search | Ref. Freq.
PEs Rate | Range | Frames | (MHz)
16 CIF 30 16x16 1 3.8
16 CIF 30 16x16 5 19.0
16 | 720x480 | 30 32x32 1 51.8
16 | 720x480 | 30 32x32 2 103.7
32 | 720x480| 30 64x64 1 103.7
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3.2.3 Inter-PE Interaction

A high level view of the architecture described in this thesis is shown in Figure 3.5. At
the input of the motion estimation unit are a set of current macroblock and reference
frame buses, for conveying the current macroblock and reference frame pixel data to
a one-dimensional array of PEs (Fig. 3.6). The output from the PE array is a set of
sum-of-absolute differences (SAD) values. These output SAD buses are connected to
a minimization circuit which determines the minimum SAD through a comparator.
The mode selection uses the resultant minimum SAD values to determine the proper
coding mode for the macroblock, and forwards the motion vectors to the rest of the

coder. For the rest of this thesis, we focus on the design of the PE array.

Current MB Data Search Region Data

Processing Element
Array

1 1 Block SAD

Min Min
‘ Min Bleck SAD

Mode Selector

Macroblock Motion
Vectors

Figure 3.5: High level view of motion estimation architecture.

Figure 3.6 shows the basic design of the 1-D PE array. Each PE is responsible for
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Figure 3.6: Processing element (PE) array.

the calculation of all the SADs of all nested blocks within one macroblock, for one
candidate motion vector. The array of PEs allows for parallel computation of the
SADs for a row of candidate motion vectors. The 41 SAD values, one for each of the
41 blocks, are computed by one PE for a candidate motion vector value. The number
of PEs in the row is also the number of Can(iidate motion vectors for which SADs are
computed in parallel. Each PE works on a set of pixels at a time. We have examined
both a 4 pixel-parallel implementation and a 16-pixel parallel implementation. From
the high level view shown in Figure 3.6, the two designs are almost identical.

Both designs make use of two sets of input pixel data: a set of current macroblock
pixel data, and a set of search area pixel data. This data is sent in a left-to-right,
top-to-bottom order to the PEs. For our 1x4 architecture, 64 cycles are required to
send a 256-pixel macroblock, with 4 vertically aligned pixels per cycle. For our 1x16
architecture, 16 cycles are needed, with 16 vertically aligned pixels per cycle. The
process is shown in Figure 3.7. Processing of multiple pixels per cycle is one of the
ways in which we obtain the high level of parallelism in our architecture. By processing
up to 16 pixel pairs per cycle, we obtain a much higher degree of throughput than in
a single pixel pair per cycle architecture such as [24].

The current macroblock pixel data is distributed using a delay line. By contrast,
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Figure 3.7: Pixel transmission order for 1x4 and 1x16 implementations.

the search area pixels are distributed on a set of shared buses. This design allows for
parallel computation amongst the PEs while helping to minimize the amount of pixel
1/0 to the PE array. For the sake of clarity, the rest of this section will describe the
16 pixel-parallel design.

The schedule for sub-block calculations is shown in Table 3.5. The table shows
which sets of current macroblock pixels (C) and reference search area pixels (R) are
being used to calculate partial SADs by each PE at any given cycle. AsTable 3.5 is for
the 1x16 architecture, 16 pixels from each of C and R are compared in every cycle.
C(a, 0:15) and R(b, 0:15) refer to vertical columns of pixels located at horizontal
position a in the current macroblock and horizontal position b in the reference frame
search region. For example, in Cycle 0, C(0, 0:15) and R(0, 0:15) are processed by
PEy. These represent a column of pixels formed by x = 0 and y = [0:15]. In cycle 1,
C(1, 0:15) and R(1, 0:15) are processed. These represent x = 1 and y = [0:15]. Note
that each PE processes the same current macroblock pixels (C(0:15, 0:15)), but each
is assigned a different part of the reference frame search area (R(0:15, 0:15), R(1:16,
0:15), ..., R(15:31, 0:15) for 16 PEs).

3

Each PE in a row requires 16 consecutive input sets (C(0, 0:15) to C(15, 0:15))
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Table 3.5: Pixel Data Schedule, 1x16 Architecture, 16 PEs

| Cycle | PE, | PE, - PE;
0 C(0, 0:15), R(0, 0:15) Previous MB Previous MB
1 C(1, 0:15), R(1, 0:15) C(0, 0:15), R(1, 0:15) | ... Previous MB
2 C(2, 0:15), R(2, 0:15) C(1, 0:15), R(2, 0:15) | ... Previous MB
15 | Cs, 0:15), R(15, 0:15) | C(14, 0:15), R(15, 0:15) | ... | C(0, 0:15), R(15, 0:15)
16 no input C(15, 0:15), R(16, 0:15) | ... | C(1, 0:15), R(16, 0:15)

from the current pixel delay line. Each of these input sets is a 16-pixel vector, or 128
bits. For PEQ these input sets are available at clock cycles 0 through 15, for PE1
these are available at cycles 1 through 16, and so on. Table 3.5 also demonstrates
why different means are required to distribute the current macroblock and search area
pixel data. The same current macroblock pixel data, offset by one cycle, must be fed
to each consecutive PE. This is accomplished by the delay line. Each PE requires a
different set of search area pixels, depending on which candidate motion vector the
PE is responsible for checking. Due to the cycle offset operation of the PEs, several
PEs are operating on the same set of search area pixels during a cycle. This allows
for the use of a broadcast bus for the search area pixels, which reduces the I/O and
buffering requirement. Note that in cycle 16, PEO does not operate on any input
pixel data. This is due to the four cycles that are required to combine sub-blocks
after receiving all the pixel pairs for a macroblock, which will be described in detail
further in the thesis.

Multiple search area buses (SR buses) are required to avoid delays as a PE switches
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from one macroblock to the next. The number of buses required is a function of the
search range and the number of PEs. As an example, for a search range of 16x16
(corner-to-corner of the search area) with 16 1x16 PEs, two buses will be necessary.
For a search range of 32x32 with 32 1x16 PEs, a set of three buses will be necessary.
An example bus interleaving schedule for 32 1x16 PEs operating on a 32x32 search
area is shown in Figure 3.8.

Note that this scheduling is the reason why the pixel-pair AD parallelism is made
along an orthogonal dimension to the candidate MV parallelism. If AD parallelism
was along the horizontal dimension, the amount of search area data that needs to be
broadcast to each PE would be significantly increased. For example, using horizontal
parallelism, PEO would need a vector formed by x = [0:15], y = 0 in Cycle 0, then x =
[0:15], y = 1 in Cycle 1. PE1, operating at an offset of 1 cycle from PEO, would require
the vector formed by x = [1:15}, y = 0 in Cycle 1. The two PEs no longer require the

same data in Cycle 1, increasing the amount of data that must be broadcast.

Row N, cycles 0 to 46 Row N+3

@

Row N+1, cycles 20 to 66

SR Bus Number

Row N+2, cycles 40 to 86

N

0 20 40 60 80
Cycle Number

Figure 3.8: Reference frame bus activity for 32 1x16 PEs, 32x32 search area.

Each 1x16 PE requires 20 cycles to generate all block SADs for a candidate MV.

Therefore, after every 20 cycles each PE must switch to the next reference frame bus,
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cycling back to bus 0 after the last reference frame bus. Using the SR broadcast
bus scheme shown in Table 3.5, a total of 47 cycles are required per search region
row, to broadcast the 32 different positions of the 16 pixel width macroblock. To
accommodate this, we require a minimum of three buses, using the schedule shown in
Figure 3.8 for multiplexing between buses. As shown in the figure, the multiplexing
logic is relatively simple. Every twenty cycles, each PE switches to the next reference
frame bus. In our example 32x32 search region with 32 PEs, the reference frame
buses achieve 76.7% utilization. In general, if we assume that an array of N PEs is
used for an NxN search area, the number of reference frame buses is [(N+15)/20]. It
is straightforward to scale the length of the PE array and the search range to achieve
100% input bus utilization if desired. For example, if the search range was expanded
to 45x45, with a 45 PE array, then all three input buses would be fully utilized.
Alternatively, if the search area is scaled down to 25x25 with 25 PEs, then two fully
utilized buses would be required.

The output from each PE is a set of 41 SAD values, one for each block. For each
block, it is necessary to minimize over the SAD values associated with different motion
vector candidate values. These values appear across the PEs at different points in the
processing schedule, which is shown in Tables 3.1 and 3.2. Each consecutive PE has a
schedule delayed by one cycle from the immediately preceding PE in the array. There
are 41 different blocks per PE, so in a simple approach, there can be 41 different SAD
buses. A minimization circuit on each of the buses finds the minimum SAD, through
use of a comparator.

This high-level design is similar to the one proposed in [24]. However, as attested

by performance results in the next section, our architecture allows for a much higher
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throughput than in [24]. A major source of the increase in throughput is by making
use of parallel absolute difference computations in each of our PEs to obtain a higher
degree of parallelism than obtained in [24]. We do this while still being able to perform
parallel computations for multiple candidate MV positions. We also obtain a higher
scalability and a moderately higher throughput than the architecture shown in [14].
This is obtained by using a flexible 1-D PE array design, which can be scaled to meet

the application requirements.

3.3 Architecture Comparison

In this section, the performance of the 1x4 and 1x16 designs are compared to the
performance of other VBSME architectures. Our designs were implemented using
VHDL, and can therefore be easily synthesized in a variety of fabrication environ-
ments and technologies. To characterize our design, synthesis was done for ASIC on
TSMC 0.18 um technology. Details on the synthesis environment are provided in
Appendix A. Performance results are summarized in Table 3.6. Results have been
normalized to a 16x16 (corner-to-corner) search area to provide a fair comparison
between architectures. Gate count results for our 1x4 and 1x16 implementations are
formed based on the PE array, and the minimization elements needed for the output
bus. The power results are given for a macroblock throughput of 70 thousand mac-
roblocks per second, with a search range of 16x16. This throughput is used because
it is the approximate maximum achievable in [24], even though our architecture can
achieve a much higher throughput.

As shown in the table, the macroblock MV throughput of our 1x16 implementation

is greater than prior works, in particular those proposed in [24] and [23]. The high
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Table 3.6: Performance comparison to other VBS designs (Results normalized to
16x16 search range)

Yap Wei Kim | 1x4 | 1x16
2004 2003 2005 { VBS | VBS
24 | P3| 04
PE count 16 16 16x16 | 16 16
Process (pm) 0.13 - 0.18 | 0.18 | 0.18
Max freq. (MHz) || 294 120 100 | 155 | 155
Max MB / sec 71k 29k 390k | 138k | 484k
Gate count 61k | n/a (FPGA) | 132k | 69k | 155k
Power (mW) 560 - - 73 68
(for 70k MB/s)

macroblock throughput of the 1x16 implementation makes it suitable for standard
definition video; 720x480x30 video with a search range of 32x32 and two reference
frames can be processed in real-time.

Our implementations are synthesized with a 0.18 pm process, in comparison to
the 0.13 pm process employed in [24]. Our architecture was designed without using
explicit low-power techniques and was not optimized for power. Despite this, we
achieve a much lower power dissipation than that stated for [24] when normalized for
the same block throughput. A large contributor to this reduced power consumption is
the lower frequency required to achieve a given throughput in our 1x4 and 1x16 VBS
architectures. A set of required frequencies of operation for the 1x16 architecture
are shown in Table 3.4. As shown in the table, either single or two reference frame

SD or multiple reference frame CIF coding is possible with our current architecture.
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Moreover, multiple reference frame CIF coding is achievable at a low frequency of op-
eration. This makes the proposed architecture attractive for low power applications.

There is a higher gate count associated with our architecture in comparison to
that in [24]. However, the 1x16 implementation provides 6.82 times the maximum
throughput of [24], while requiring only 2.54 times the effective gate count. This shows
the 1x16 implementation as being much more area efficient than the architecture in
[24]. Relative to [14], we see that the 1x16 implementation allows for 1.24 times
the maximum throughput, while requiring an increase in area of 1.17. Therefore, we
obtain higher throughput with slightly better area efficiency relative to [14].

The proposed architecture is highly adaptable to the processing requirements of
targeted H.264/AVC applications. The 1x4 and 1x16 architectures shown in this
paper can be scaled by modifying the number of PEs contained in the processing
array. This level of fine grain scalability is not found in the architecture of [14],
wherein the hardware can be scaled only by integer multiples of the entire 16x16 PE
array. The architecture presented here can be scaled by incrementally adding more
PEs to accommodate higher search ranges, or by reducing the number of PEs for
designs which require a small search range. As described earlier in the thesis, scaling
the PE array also entails scaling the number of reference frame input buses.

The architectures proposed here are scalable to higher resolution than those pro-
posed in [24] and [23]. For example, we examine the motion estimation requirements
for standard definition NTSC video (720x480 at 30 FPS) with a search range of
32x32. For the architecture in [24], this would require a frequency of operation of 664
MHz when 16 PEs are used, which far exceeds the maximum frequency of 294 MHz

that was reported. In our 1x16 architecture, the required frequency is 51.8 MHz for
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720x480x30 with a search range of 32x32 and 16 PEs. The 1x16 architecture was syn-
thesized with a maximum possible frequency of 155 MHz, so this is easily achieved.
A larger search range is achievable in our proposed architecture by increasing the size

of the PE array.

3.4 Local Memory Structure

Although the research for this thesis has focused on the computational side of the
problem via the PE array, there are standard local memory structures found in the
literature which can be applied to this architecture. Two that can be applied for this
architecture is described in principle in [20]. A set of local memory structures for use
with full search ME are examined in [20], all of which make use of overlapping pixel
regions in the current and reference frames during full search. These architectures
are equally applicable to variable block size ME.

Two forms of the locality described in [20] could potentially be used for this
architecture, what are classed as “Class C: Global locality within search area strip”
or “Class D: Global locality Among Search Area Strips” .. The Class C locality refers
to loading a local copy of a horizontal search region strip into a local memory, which
is used for processing. This search region strip is made up of one macroblock’s height
vertically (16 pixels, or 16 bytes), and covers the whole horizontal search region. As
an example, we use a 32-pixel width search region, which would require 32415 = 47
pixels in width, or 47 bytes. This means that there is an active buffer of 16x47 =
752 bytes. Two sets of buffers can be used, one which is being read for the current
search area strip being processed, while a second is being filled from the system bus.

With the two search region buffers, this would require an overall local buffer of 1502



CHAPTER 3. VBSME ARCHITECTURE 55

bytes. With a 32 PE array implementation, each buffer needs to be filled from the
system bus at a rate of 752 bytes every 20 cycles, for the 1x16 architecture. With an
operation frequency of 150 MHz, this would result in a required memory bandwidth of
5.64 GB/s, which would place a significant burden for standard DRAM architectures.

Since Class C locality does not provide sufficiently low bandwidth, the next option
is to use Class D. With Class D, the data common to adjacent search strips is reused.
One means to achieve this is to cache the entire search area locally. After each
current macroblock in the raster-scan processing order, a new block of width 16
pixels and height equal to the vertical search range must be read. Therefore, the
local memory used for buffering should contain the whole search area (47x47 pixels
for the specifications above, but can be expanded to 48x48 for simplicity by to make
it a multiple of 16) which is used for processing. While the 48x48 memory is being
used for processing, another tile of 16x48 pixels is being filled from the system bus.
After the current macroblock switches, the active region shifts horizontally by 16
pixels. This leads to an architecture with several 16x48 tiles in this implementation.
The structure is shown in Figure 3.9. The figure shows the progress of tiles being in
"read” mode, where data is being read by the processing array, and "write” mode,
where data is being written to them from the system bus. This form of tiled local
memory is similar to the “half search area” structure that is employed in {11]. With
a circular buffer type approach, we can achieve a high level of data reuse. Using this
approach, each pixel of the search area only needs to be read once per macroblock.
The memory bandwidth requirement, using the same assumptions as Class C locality,
this results in a system bus bandwidth requirement of 180 MB/s when operating at

maximum throughput. Supporting 720x480x30 SD resolution requires a bandwidth
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of 31 MB/s which is sufficiently low to be supported in conventional DRAM.

16x48 | 16x48 | 16x48 | 16 x48
Read Read Read Write
x=0:15 {x=16:31 | x = 32:47 | x = 48:63
16 x 48 16 x48 | 16 x48 16 x 48
Write Read Read Read
X =64:79 | x=16:31 | x =32:47 | x = 48:63
16x48 | 16x48 | 16 x48 | 16 x48
Read Write Read Read
X =64:79 | x =80:95 | x = 32:47 | x = 48:63

Figure 3.9: Local memory tiles, read versus write mode for three macroblocks.
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Chapter 4

HD Resolution VBSME

4.1 VBSME for HD

In the previous chapter, a hardware architecture for supporting VBSME with full
search was proposed. The architecture of the previous chapter is suitable for SD
resolutions with one reference frame, or sub-SD resolutions with multiple reference
frames. However, H.264/AVC is also intended for use at high definition (HD) resolu-
tions. Also, an SD system could benefit from an architecture which is able to support
SD resolutions with multiple reference frames.

The architecture of the previous chapter is scalable, and could potentially be used
for HD. However, the area and power requirements for HD with multiple reference
frames could be prohibitive. Therefore, a fast search implementation is explored,

which is able to support VBSME with several reference frames.

o7
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4.2 Sub2-1 and Sub4-5

4.2.1 Algorithm Description

To reduce the computational requirements of single reference frame full search, we
have examined several fast search algorithms. Search area subsampling schemes [13]
function by reducing the number of candidate motion vectors (MVs) that are checked,
and include TSS, NTSS, among others. However, these methods do not address the
memory bandwidth increase in changing from single frame search to MRF. Although
search area subsampling schemes reduce the number of candidate motion vectors
that are verified, all decisions are made on full resolution versions of the current and
reference frames. For HD resolutions, this can require a high amount of memory
bandwidth. An alternate scheme, pixel subsampling (pel subsampling) [16], can re-
duce the overall memory bandwidth requirement. In these schemes, a search is made
on low resolution versions of the current macroblock and the reference frames. The
early vectors are refined using higher resolution frames until the final refinement is
done at full resolution. These schemes can offer two types of gain: both the search
range and block size used for comparison can be reduced in the subsampled space.
Another advantage of pel subsampling comes in the hardware implementation. The
subsampling can be performed as a preprocessing step. This makes the search in the
subsampled space effectively the same as a full search. Full search architectures can
exploit a high degree of parallelism, and architectures for full search have been widely
explored in literature.

The level of subsampling used impacts the overall R-D performance of the coder,

with higher subsampling leading to inferior R-D performance [16]. As shown in [10]

7



CHAPTER 4. HD RESOLUTION VBSME 59

there are video sequences that gain little from MRF coding. Therefore, in these
sequences it is not worthwhile to sacrifice the R-D performance of a single frame
search in order to perform a multiple frame search. Given a fixed computational
budget, the problem can be viewed as a tradeoff between increasing the number of
reference frames and decreasing the spatial resolution (increasing the subsampling
rate). To accommodate this tradeoff, we introduce a two-stage search algorithm.
The tradeoff between subsampling and the number of reference frames is made in the
first stage. We have selected two subsampling rates for the algorithm: subsampling
by two in each dimension, and subsampling by four in each dimension. It is possible
that another implementation could use different subsampling rates, but subsampling
by four and by two have been used with good R-D performance in past literature [7],
[16], [17]. When the implementation is subsampling by four, we implement a search
across multiple reference frames. This makes the choice at the first stage be between

the following:

e Search subsampled-by-four, over k x k range, across N reference frames

¢ Search subsampled-by-two, over 2k x 2k range, across one reference frame

From this generic description of the algorithm, we create an algorithm with search
ranges suitable for HD video. A full search range of [-64, 63] (or 128x128 corner-to-
corner) is reasonable for HD video, which results in the search ranges in the subsam-
pled frame given below. The effective first stage search range is [-64, 63] horizontally
and vertically at full resolution. This wide search range is applied since the archi-
tecture makes the search around the (0,0) vector rather than the predicted motion

vector. Searching around the (0,0) vector eliminates the search center dependency on
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past macroblocks for the loading of the reference frame data. This allows for a more
regular, deterministic memory access pattern which facilitates hardware design. It
also allows for superior potential R-D performance than a small search centered at a
predicted MV,

We select five reference frames for the subsample-by-four case. This gives the

following specific stage 1 definition:
o Search subsampled-by-four, over [-16, 15] range, across five reference frames
o Search subsampled-by-two, over [-32, 31] range, across one reference frame

Note that the first stage search is performed on a fixed block size. As described in
Chapter 2, this is desirable to constrain the computational requirements of the second
stage. By allowing VBSME in the first stage, the second stage search would be much
less regular, leading to a much more complicated hardware design. This would have
a negative impact both in terms of macroblock throughput and in area and power
of the final implementation. Constraining the first stage to a single block size will
have an impact on the R-D performance of the encoder, but it is a necessary step to
be able to ensure that the VBSME unit can support HD resolutions with multiple
reference frames.

In the second stage, the MV from the first stage is used as the search center to
perform a [-8, 7] refinement search at full resolution, using variable block sizes. We
call the two search schemes Sub4-5 and Sub2-1. Sub4-5 is the subsampled-by-four
five reference frame search, while Sub2-1 is the subsample-by-two one reference frame
search.

To mitigate aliasing effects, a 2D Gaussian filter is applied identically to the

current and reference frame data prior to decimation. The cutofls of these filters are
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at 1/2 and 1/4 the Nyquist rate for Sub2-1 and Sub4-5, respectively. As this can
be done in a preprocessing step, we do not consider the complexity of this operation
for the evaluation of our VBS ME system. It is possible to obtain a complexity-
performance tradeoff for the overall encoding system by changing the filter used for
subsampling.

In the above search schemes, the Stage 1 search is performed over a single block
size: either 4x4 for Sub4-5 or 8x8 for Sub2-1. In the second stage, VBS SADs are
calculated for all the sub blocks of the full resolution 16x16 macroblock. By limiting
VBS to the second stage, we obtain a deterministic search time. If VBS were included
in the first stage, the search time would be non-deterministic, since disparity between
sub block MVs could result in a widening of the Stage 2 search area. In a worst case
scenario, the search region required for Stage 2 could potentially approach that of
a full search. In addition, implementing VBS search in the first stage of the search
would introduce a significant additional burden to hardware implementation, due
to the non-deterministic operation. Therefore, using a single block size for Stage
1 ensures a fixed overall throughput for the architecture, and simplifies the overall

hardware complexity.

4.2.2 Computational Complexity

To compare the implementation complexity, we compare our algorithms to FS. To
estimate the overall computational complexity, we compare the number of pixel ab-
solute difference (AD) operations that need to be performed. For FS across [-64,
63] with 16x16 macroblocks, we require 16x16x128x128 = 4.2 million AD operations

per macroblock, for one reference frame. 26.2 million are required for five reference
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frames. In comparison, with Sub2-1, the first stage [-32, 31] with 8x8 sized blocks re-
quires 8x8x64x64 = 0.26 million AD for the first stage. In the second stage, the [-8, 7]
search with 16x16 sized blocks requires 16x16x16x16 = 0.065 million AD operations.
Combined, these two stages make 0.33 million AD operations, which is 12.8 times less
overall AD comparisons than the full search with one reference frame, and 64 times
less AD comparisons than FS with five reference frames. Using similar calculations,
we can show that the Sub4-5 scheme requires 0.15 million AD operations, making it
28.4 time less computationally demanding than FS with 1 reference frame, and 142
times less demanding than FS with 5 reference frames.

Note that these comparisons are only in terms of AD totals. There are also addi-
tional overheads incurred from performing VBS search, in terms of combining small
sub-block SADs to form the SADs of larger blocks. These overheads favour Sub2-1
and Sub4-5, since they perform VBS only in the smaller second stage search. How-
ever, additional overheads are incurred by Sub2-1 and Sub4-5 in terms of decision
logic between the first and second stages of the search. However, the overall complex-
ity of the decision logic is far less than required by the SAD calculations. Also, in
the comparison above we have considered the computational complexity of the two
stages of Sub2-1 and Sub4-5 by summing the complexity of the two stages. However,
these two stages can be executed in a pipelined manner, which allows for greater

throughput by implementing the two search stages as two separate circuits.
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4.3 Algorithm Performance

4.3.1 Sub4-5 and Sub2-1 versus Full Search

In this section, the performance of Sub2-1 and Sub4-5 are compared to the perfor-
mance of the full search algorithm. Comparisons are made using the Mobile and
Football SD sequences, as well as the Foreman CIF sequence. The first 90 frames are
used for Mobile, 90 frames of a high-motion high-occlusion portion of the Football
sequence are used, and the first 300 frames are used for Foreman. Coding is done
using one I frame followed by all P frames. Fixed QPs of 25, 30 and 35 are used to find
average PSNR and P-frame bitrates when the different search schemes are applied. In
the figure “Full-1” and “Full-5” refer to full search with one and five reference frames,
respectively, both using a [-64, 63] search range. “Sub2-17 and “Sub4-5” refer to the
proposed search schemes described earlier.

As shown in Figure 4.1, the Mobile sequence gains significantly from MRF coding.
There is a dramatic reduction in bitrate between the full search with one reference
frame and that with five reference frames. The subsampling performed in Sub2-1
does not seem to significantly impact the R-D performance with respect to Full-1.
The subsampling by four does cause a noticeable R-D impact for Sub4-5 with respect
to Full-5. However, the R-D performance of Sub4-5 is still significantly superior
to either Sub2-1 or Full-1 for this sequence. Therefore using Sub4-5 we are able
to achieve superior R-D performance to Full-1 while still requiring significantly less
computational complexity. The performance of Sub4-5 in this sequence is approaching
that of Full-5, while requiring drastically less computational complexity.

The coding results for the 90 frames of the Football sequence are shown in Figure
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Figure 4.1: Mobile 720x576 at 30 FPS encoded using different search schemes.

4.2. In this sequence, there is a less significant gain from MRF than Mobile. In this
sequence, Sub2-1 provides better performance than Sub4-5. This is due to the limited
gains from MRF coding being less than the R-D penalty associated with Sub4-5’s high
subsampling ratio. For this sequence, Sub2-1 is the superior fast search method.
Figure 4.3 shows a significant R-D gain from MRF coding for full search. However,
we see that both Sub2-1 and Sub4-5 have performance slightly inferior to that of the
single reference frame full search, Full-1. However, as will be shown in the next
section, allowing for frame-level switching between Sub2-1 and Sub4-5 can result in

significant R-D performance gains for this sequence.

4.3.2 Sub4-5 versus Sub2-1

In the previous section, encoding an entire sequence using either Sub2-1 or Sub4-
5 was considered. However, the best coding method may not be fixed for a video
stream due to “non-stationary” characteristics of the source data. Therefore, the

best performance may be achieved by switching between Sub2-1 and Sub4-5 based
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Figure 4.2: Football 720x480 at 30 FPS encoded using different search schemes.
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Figure 4.3: Foreman 352x288 at 30 FPS encoded using different search schemes.
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on the source video stream being encoded.

The Foreman sequence is an example of a “non-stationary” video sequence. The
video can be decomposed into a talking head sequence, followed by a rapid pan, then
a shaky camera viewing a still background. We use the Foreman sequence encoded at
a fixed QP of 30 for evaluating frame-level switching between Sub4-5 and Sub2-1. In
Figure 4.3, it was shown that Sub2-1 provided better performance than Sub4-5 when
applied to the whole sequence. However, there are some gains possible from MRF
coding in this sequence, as can be seen by the R-D performance difference between
Full-1 and Full-5. Viewing coding statistics, we find 89 frames where Sub2-1 provides
lower bitrate at higher PSNR, and 65 frames for Sub4-5. Therefore, there are 154
frames where either Sub2-1 or Sub4-5 are clearly superior. The remaining frames
offer some R-D tradeoff between the two search methods.

As a view of possible gains from frame-level switching, Table 4.1 shows statistics
for encoding the sequence with Sub2-1, Sub4-5, and two theoretical switching algo-
rithms: low_bitrate and high PSNR. In these two theoretical algorithms, we make
the assumption that we know which method will provide the lowest bitrate or highest
PSNR prior to encoding. Also, these statistics are taken from the Sub2-1-only and
Sub4-5-only encoding statistics, rather an encoded stream using either low_bitrate
and high PSNR, so the figures provided are only an estimate. However, these statis-
tics can give a guideline on some best case possible gains achievable by frame-level
switching between search algorithms. As shown in the table, the low_bitrate selection
scheme gives the lowest estimated bitrate while having an estimated PSNR between
Sub2-1 and Sub4-5. The overall estimated R-D performance is slightly better than

the single reference frame full search. Similarly, the high_ PSNR scheme gives the
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Table 4.1: Search Schemes with and Without Frame Level Switching Foreman
352x288 at 30 FPS, QP 30

Search Scheme | Bitrate (kbit/s) | PSNR (dB)
Full-1 293.4 34.85
Full-5 2754 35.06
Sub2-1 302.8 34.82
Sub4-5 332.1 34.93

low_bitrate 290.2 34.89
high PSNR, 305.7 34.97

highest PSNR, while having a bitrate almost as low as purely using Sub2-1.

As will be shown later, the Sub2-1 search scheme incurs a higher computational
time in its first stage than Sub4-5. Therefore, the a frame-level switching system can
also be used to balance between the overall ME macroblock throughput and the R-D

quality of the output video.

4.4 Implementation

4.4.1 Architecture Overview

An implementation of the Sub2-1/Sub4-5 architecture was synthesized using Synopsys
tools with a TSMC 0.18 micron process. A block diagram of the implementation is
shown in Figure 4.4. The Stage 1 and Stage 2 processing element (PE) arrays act
in parallel in a pipelined manner. While the Stage 2 PE array is calculating the
necessary SADs for macroblock n, the Stage 1 PE array is calculating the SADs for
macroblock n+1. The architecture was synthesized for 32 PEs in Stage 1 and 32 PEs
in Stage 2. An alternate implementation could use 16 PEs in both stages to reduce

the overall area of the design at the cost of a reduced overall throughput.
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Figure 4.4: High Level view of proposed architecture.

The Stage 1 1-D PE array functions in two modes of operation: Sub2-1 and Sub4-
5. In both of these modes of operation, each PE calculates a set of single block size
SADs after a fixed number of cycles, and returns the lowest SAD of the set. In Sub2-
1 mode, each PE calculates and compares two 8x8 block SADs every 8 cycles. The
lowest SAD among these two candidates is output, along with a vector identifying
the output. In Sub4-5 mode, four 4x4 block SADs are calculated and compared
every 4 cycles. Again, the lowest SAD and its corresponding vector are output. A
minimization circuit external to the PE array finds the lowest SAD in the search
region, and selects the Stage 2 search center corresponding to the vector.. A diagram
of the Stage 1 PE is shown in Figure 4.5.

These two modes of operation yield an effective PE throughput of one candidate
MYV checked every 4 cycles for Sub2-1 and every cycle for Sub4-5. In Sub2-1 operation,
there are 64x64x1 candidate MVs to be considered per macroblock. In Sub4-5 oper-
ation, there are 32x32x5 candidate MVs to be considered. Therefore, using a 32 PE
array, Sub2-1 operation requires 512 cycles per macroblock, while Sub4-5 operation
requires 160 cycles.

The Stage-2 1-D PE array is based on the architecture presented in [22]. This array
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Figure 4.5: Structure of Stage 1 PE.

performs a [-8, 7| search around the center selected in Stage 1. Each PE requires 20
cycles to produce the VBS SADs for a candidate MV. Therefore, with 32 PEs and a
16x16 search range, the second stage requires 160 cycles per macroblock. With both
the Stage 1 and Stage 2 PEs operating in a pipelined fashion, the architecture has
an overall throughput of 160 cycles per macroblock while operating in Sub4-5 mode,
and 512 cycles while operating in Sub2-1 mode.

In addition to the PE arrays, there are controllers for Stage 1 and Stage 2. These
controllers select the proper vectors of pixels from memory to be distributed to the
different stages, send control signals to the PE arrays as necessary, and perform the
minimization of the SAD values returned by the PEs. The Stage 1 controller is also
responsible for transmitting the search location to the Stage 2 controller based on the
minimum SAD found in the Stage 1 search. The Stage 2 controller is responsible for

outputting the minimum SAD values for all the VBS sub-blocks after the search is
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complete.

4.4.2 Synthesis Results

The PE arrays and controllers were synthesized using Synopsys Design Compiler. PE
arrays and controllers were synthesized, giving a total gate count of 556k gates. The
gate count does not include Sub2-1/Sub4-5 mode decision logic or the local mem-
ory. The maximum operating frequency achieved was 155 MHz, giving an overall
macroblock throughput of 969k macroblocks/s when operating in Sub4-5 mode, and
303k macroblocks/s when operating in Sub2-1 mode. In the worst case for through-
put, where Sub2-1 operation is always used, the architecture can support 720p60
(1280x720x60)>which contains 216k macroblocks/s. Worst-case all Sub2-1 operation
also will support the popular 1080p30 format (1920x1080x30). H.264/AVC profile
level 5.0 [3], which requires coding of up to 589824 macroblocks/s can be supported
with some restrictions on the number of frames Sub2-1 is applied to encode, as 589k
macroblocks/s falls between the minimum and maximum throughput that the archi-
tecture can achieve at its top operating frequency.

A reduced version of this proposed architecture, using 16 PE arrays for Stage 1
and Stage 2, could support up a maximum of 242k macroblocks per second in best
case operation. This is suitable for 720p60 video when exclusively Sub4-5 operation
is employed. This reduced architecture can support 720p30 in worst case Sub2-1
operation. The estimated gate count for this reduced architecture would be 271k
gates.

Employing search area buffers in local memory [20], the regularity of the full search

algorithm is exploited so only a portion of the search area pixels need to be read from



CHAPTER 4. HD RESOLUTION VBSME 71

memory for each new macroblock. This makes use of the overlapping of adjacent

search regions to lower the overall external memory bandwidth.

4.4.3 Comparison

Other fast search architectures have been proposed to support HD resolution VB-
SME. Results are summarized in Table 4.2. Architectures are listed based on fast
search method, effective search range, gate count, operating frequency, and overall
macroblock throughput. Note that worst case and best cases are included for mac-
roblock throughput. In our proposed architecture, best case throughput is achieved
when Sub4-5 mode is used exclusively, while worst case throughput occurs when
Sub2-1 mode is used exclusivelsf. For the best case one reference frame throughput,
the result represents Sub4-5 being used with only one reference frame in the first
stage. In this case, the second stage of the pipeline is the critical stage, so the overall
throughput is the same as Sub4-5 in five reference frame operation. The power figure
stated is an approximation of the power required for 1080p30 operation using Sub4-5
mode only. The power takes uses the power dissipation for the two processing ar-
rays, along with an approximation of the power dissipation for stage controllers and
the minimization circuit. It does not account for the power dissipation of the local
memory.

A 720p architecture is presented in [8]. The architecture provides sufficiently high
throughput for HD, but does not provide a high enough macroblock throughput for
MRF HD. The architecture uses a combination of methods to reduce computational
demands, including searching around a predicted MV center, using only the 5 most

significant bits of each 8-bit pixel for computation, and a subsampling factor of two
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is applied to the reference frame data. Using their fast search, their architecture is
able to support 720p30 with one reference frame with a 330k gate design operating at
108 MHz. In the worst case operation of our architecture, 720p30 with one reference
frame is supported in a 556k gate design operating at 55 MHz, approximately 35%
of the maximum frequency the architecture has achieved in synthesis. Exact R-
D performance comparisons of the fast search algorithms are not possible due to
differences in test sequences. Their architecture offers a lower degree of subsampling
than ours (1/2 rather than 1/4 or 1/16). However a second-stage full-resolution
correction search is not included in [8]. The calculations in [8] are made using only 5
bits of the full 8-bit pixel bit width. In addition, a predicted MV is used to search only
a portion of the overall search range in [8]. In sequences where there is a significant
R-D gain achievable by MRF coding, it is expected that the architecture proposed
here will outperform {8]. The superior search algorithm is not clear for sequences
where MRF does not provide a benefit, and Sub2-1 coding is primarily used.
Another fast search architecture is proposed in [17]. In this architecture, a three
stage hierarchical pel subsampling search algorithm is employed, Subsampling of 1/4
and 1/2 along both axes are used for the first and second hierarchy stages, and full
resolution used in the third stage. In Table 4.2, the subsampled hierarchy stages are
referred to as 1/16 and 1/4 2-D subsampling, which represents the effective number of
pixels used. A multiple survivor search is used for the second stage. The two lowest
SAD candidates from the first stage in addition to a predicted center based on a
median of surrounding macroblock MVs are used as search centers. The architecture
in [17] was synthesized to operate at a frequency of up to 54 MHz, where it can

support 480p30 with up to 7 reference frames. This is equivalent to 720p30 at 2.6
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Table 4.2: Architecture Comparison

Architecture Chen '06 Lee 04 Proposed
8] [17]

Subsampling (2-D) 1/2 1/16 and 1/4 | 1/16 or 1/4
Hierarchy Levels 1 3 2
Pixel Resolution 5-bit 8-bit 8-bit

Search Range (h x v) 128x64 128x64 128x128
Gate Count 330k - 556k
Operating Frequency 108 MHz 54 MHz 155 MHz
Macroblock throughput/s 108k 284k 303k
(worst case, 1 ref. frame)
Magcroblock throughput/s 108k 284k 969k
(best case, 1 ref. frame)
Macroblock throughput /s 21.6k 56.7k 303k
(worst case, 5 ref. frames)
Macroblock throughput/s 21.6k 56.7k 969k
(best case, 5 ref. frames)
Power Dissipation (mW) 320
(1080p30, 5 ref. frames)

reference frames. This block throughput is slightly less than the worst case of the
architecture proposed here, and is 3.4 times lower than the best case throughput of

our proposed architecture.

4.5 Future Improvements

4.5.1 Overview

This thesis presents a high performance integer-pel VBSME architecture. It is well
suited to being the core MV search in an encoding architecture. However, there are

some features which were not considered, which could make for a more powerful ME
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system. These are described in the sections to follow.

4.5.2 R-D Operation

The distortion measure that is being used in the current architecture is the SAD.
This is standard in the literature, but it does not take into account the bitrate cost
of the MV side information. In the H.264/AVC standard, these MVs are coded
predictively using either variable length codewords or arithmetic coding. MVs which
are farther away from the prediction receive longer codewords than those that match
the prediction. Because of this, not all MVs are “equal” in terms of bitrate, even
if they produce the same SAD. In the H.264 reference code [5], this is accounted
for using an R-D offset on the SAD which favours vectors closer to the prediction.
Unfortunately, the predicted motion vector depends on knowing the motion vectors
that were selected for all previously coded neighbouring macroblocks. This would
introduce an additional dependency to the search, where data from previous MV
search decisions would have to be stored.

A simplified, though less R-D optimal approach would be to weight MV SADs
based on their distance from the (0,0) vector. This could be accomplished by some
logic and communication between PEs, such that they can add an additional weight

to the SAD based on the current absolute MV position.

4.5.3 Fractional Pel ME

The architecture described is for integer pel ME. Fractional pel ME is typically done as
an interpolation step following integer pel ME. This could be potentially implemented

as another pipeline stage in the PE. However, this would necessarily increase the
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amount of input pixels required per PE, as they would require adjacent pixel values

for calculating interpolation.



Chapter 5

Conclusions

This thesis has examined the design of an architecture for high-throughput full-search
variable block size motion estimation. Several issues are addressed in the research
for this thesis. The first issue addressed in this architecture is to create a design to
achieve a high overall throughput without degrading rate-distortion performance. To
achieve optimal R-D performance, the architecture employs the full search. Despite
the high computational requirements of full search, the architecture proposed can
offer a throughput which is sufficient for SD, or multiple reference frame CIF.

The architecture described in this thesis was designed to support all of the block
sizes required by the H.264/ AVCStandard. The architecture described in this thesis
supports of the 41 block types required for the H.264/AVC implementation of variable
block size motion compensation.

The architecture described in this thesis achieves a very high throughput, making
it suitable for SD video. The 1-D processing element array design of the architecture
gives it a high degree of scalability, making it adaptable to a range of application

requirements.
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Also proposed this thesis is a fast search VBSME architecture which is suitable for
MRF and HD video. The search algorithm that is employed is a two stage hierarchical
search, where the first stage involves a search over either [-16, 15] in five subsampled-
by-four reference frames (Sub4-5), or a [-32, 31] search in one subsampled-by-two
frame (Sub2-1). The second stage of the search is [-8, 7] in a full resolution frame. By
allowing for a tradeoff between Sub2-1 and Sub4-5, the architecture proposed here
supports both sequences where there are significant R-D gains from MRF, and those
where there are not.

An architecture to implement the proposed algorithm was synthesized using Syn-
opsys with a 0.18 micron process. The synthesized architecture requires 556k gates

and allows for a macroblock throughput between 303k-969k macroblocks per second.
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