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ABSTRACT

Block-based hybrid motion compensated transform video codecs are the most
successful class of video coding technologies. For low bit-rate applications, this type
of codecs suffer from blocking artifacts that causes an unpleasant visual effect. Even
though deblocking filters can be used to smooth out blocking artifacts, it is quite often
being omitted from low power embedded video terminals due to the computational
complexity of a post processor. . This thesis studies efficient VLSI architecture for
deblocking filters for video applications: “Thorough analysis on the complexity of
control logic, computational units;” and - memory subsystem are conducted. In
particular, an efficient implementation for thelinloop filter of the emerging new video
coding standard, namely MPEG-4. AVC/H.264 [1] with superior performance
compared to MPEG-4 Advanced Simple Profile [2] and H.263+, is presented. A
two-stage pipeline deblocking hardware architecture and an generic codec accelerator
infrastructure with an interface to AMBA bus protocol [3] is proposed. The feature of
the proposed method is focused on an efficient hardware design for In-Loop Filter and
the whole bus system architecture. Furthermore, to verify the functionality and
performance of the proposed hardware design, an SoC emulation platform, the ARM
INTEGRATOR][4], is used for H.264 hardware/software co-development.
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1.Introduction to Video Filtering

1.1. Introduction

Block-based transform video coders suffer from an annoying visual distortion,
blocking artifacts [6]. This phenomenon is characterized by luma and chroma
discontinuities on block boundaries in video frames. The cause of blocking artifacts is
that the inter-block correlation is lost during the quantization process of a video codec.
To remove these blocking artifacts, a low pass filter can be used to smooth out the
block boundaries [7]. These filters are usually referred to as the deblocking filters or
smoothing filter. One of the simplest deblocking filters is a moving average filter. In
a moving average filter, each pixel in the image is replaced by the average of
neighboring pixels [7]. An nxn region is typically used as the averaging window. The
size n of the window controls the,degree of smoothing or blurring of the deblocking
process. Unfortunately, a space-invariant‘moving averaging filter introduces blurring
distortion in addition to removing ‘the blocking ‘artifacts. As a result, the visual
quality is still not improved. To*rémove. the ‘blocking artifacts without blurring
distortion, an adaptive deblocking process is required. Furthermore, an adaptive
filter can reduce the computational complexity since degree of filtering can be
reduced around image area where human vision is less susceptible to blocking
artifacts [6].

In order to find an efficient deblocking filter, one must understand how the
human visual system works. There are three interesting observations about the
human visual systems [5]. First of all, the human visual system is more sensitive to
blocking artifacts in flat regions than in complex regions. Therefore, a deblocking
filter should perform strong smoothing in flat regions, while in complex regions, only
a few pixels around block boundaries need to be processed. Secondly, in complex
regions, it is easy to introduce the undesired blurring distortion if filtering is not done
carefully. An adaptive filter must prevent the image details from being smoothed out.
Extra checking must be used to determine whether it is necessary to smooth a pixel or
not in a complexity region. Finally, due to motion compensation, blocking artifacts

will be propagated to the next frame. Due to that, the pixels inside the flat regions



must be filtered as well.

The chapter is organized as follows. Section 1.1 first presents the two main
strategies of deblocking, namely post processing versus in-loop processing. The
pros and cons of each strategy will be discussed. In section 1.2, an introduction to
the deblocking post processor [5] recommended by the MPEG-4 Visual Standard [8]
is presented. Section 1.3 describes the in-loop deblocking filter of the emerging new
video coding standard, ISO MPEG-4 AVC/ITU-T H.264 [1]. Finally, a brief

overview the remaining part of the thesis is given in section 1.4.

1.2. Post Processing versus In-loop Processing

1.2.1. The Post Processing Approach

Post processing is to compensate the blocking artifacts closely related to the
block-based structure of quantization. A significant improvement in subjective quality
can be achieved by using filters designed to remove coding artifacts, in particular
blocking and ringing. The goal of pest processing is to reduce coding artifacts while

maintaining visually important jmage features:

In general, there are two. coding “artifact ‘filtering approaches which are
deblocking filter and deringing filter; Two. different kinds of deblocking filters are
described in this chapter. The ISO MPEG-4 Visual Standard post processor is

presented in section 1.3 and the in-loop filter of AVC is described in section 1.4.

The aim of deringing filter is to remove ringing artifacts. Quantization with large
quantizer step size can have a low-pass filtering effect, since higher-frequency AC
coefficients tend to be removed during quantization. This low-pass effect can cause
ringing or ripples near strong edges in the original images. This is similar to the effect
of applying a low-pass filter to a signal with a sharp change in amplitude:
low-frequency ringing components appear near the sharp transition position [3].
MPEG-4 Annex F describes an optional post-decoder de-ringing filter [4]. In this
algorithm, a threshold is set for each reconstructed block based on the mean pixel
value in the block. The pixel values within the block are compared with the threshold
and 3 x 3 regions of pixels that are all either above or below the threshold are filtered
using a 2-D spatial filter. This has the effect of smoothing homogeneous regions of
pixels on either side of strong image edges while preserving the edges themselves: it
is these regions that are likely to be affected by ringing.



1.2.2. The In-loop Filtering Approach

In-loop filtering was first adopted in the ITU-T H.261 video coding standard [11].
H.261 utilizes a spatial low-pass filter in the predictor, the “filter in the loop” or “loop
filter”, which can be switched on a macroblock basis. It was later dropped from the
succeeding standard, H.263 [12], because the bilinear interpolation used in H.263 for
half-pel MC introduces spatial low-pass filter as a side effect. In H.264 [1], it was

added again to force users to filter the decoded images for better visual quality.

An in-loop filter sits inside the video coding loop and is applied to the
reconstructed reference frame both in the encoder and the decoder. There are two
major advantages of this approach. First, the filtering within an encoder loop can
improve the visual quality of the reconstructed referenced frame. As a result, motion
prediction is more accurate since there is less quantization noise to bias the matching
criteria (sum of absolute difference is usually used here). Secondly, the in-loop filter
is an integrated part of the codec so it guarantees that the decompressed frames are
filtered before display. This is not_the '¢ase with a out-of-loop post processor, for
example, the informative filters.used in, MPEG=4 Simple Profile, which is often

omitted to reduce the complexity and cost of'the decoder.

The main disadvantage of an in=loopTfilter ‘is simply that it increases the
complexity and is not feasible with'many embedded platforms without extra hardware
support. Therefore, an efficient and low-cost VLSI architecture for in-loop filters is

crucial to the success of advanced video codecs such as AVC/H.264.

1.2.3. The Comparisons of In-loop and Post Processing

Post processing filters can be decoder-dependent as shown in Fig 1, or
decoder-dependent, as shown in Fig 2. The decoder-dependent ones are applied after
the decoder and makes use of decoded parameters to improves the performance. An
example is the deblocking filter design in Annex F.3.1 of MPEG-4 Visual
Specification [2]. For example, a useful decoder parameter is the quantizer step size
which can be used to predict the expected level of distortion in the current processed
block. For example, high distortion will occur when the quantizer step size is large.
This enables the decoder to adjust the strength of the filter according to the expected
distortion. A strong filter may be applied when the quantizer step size is large,
reducing the relevant type of distortion. A weak filter is applied when the step size is

small, preserving detail in blocks with lower distortion. Moreover, in order to



minimize dependence on the decoder, the filter may be applied after decoding without
any information of decoder parameters. This approach gives the maximum flexibility

but the performance, however, is generally not as good as decoder-dependent filters.

The in-loop filter, which is shown in Fig 3 and Fig 4, is applied to the reconstructed
frame both in the encoder and in the decoder. Applying the filter within the encoder
loop can improve the quality of the reconstructed reference frame, which in turn
improves the accuracy of motion-compensated prediction for the next encoded frame
since the quality of the prediction reference is improved. On the other hand, the
complexity of the codec is higher. This is in particular a problem with weak
decoders.

Decoding Parameters

h 4

- Post ;
DecoderJ / Decoded ﬂ:sinﬂ / Filtered

Frame Frame

Fig 1. Decoder-dependent Filter

Decoded Post _ Filtered
J / Frame Processing | / Eraing

Fig 2. Decoder-independent Filter
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1.3. The ISO MPEG-4 Visual Standard Post Processor

1.3.1. Introduction to ISO/IEC MPEG-4 Visual Standard

In November 1992, a new work item proposal for very low bit-rate audio-visual
(AV) coding was presented in the context of ISO/IEC JTC1/SC29/WG11, well known
as MPEG (Moving Pictures Experts Group). The scope of the new work item was
described as “the development of international standards for generic audio-visual
coding systems at very low bitrates (up to tens of kilobits/second)” [5]. The main
motivations for the starting of the new work item were basically the prevision that the
industry would need very low bit-rate video coding algorithms in a few years. The
MPEG-4 work happened in July 1994, at the Grimstad meeting, when members were
faced with the need to broaden the objectives of MPEG-4 which could no more be
based on a pure compression gain target coming from new coding approaches such as
region-based, analysis-synthesis, fractals or any other, since very few people believed
in a compression improvement sufficient to justify (alone) a new standard (beside the
LBC, latter H.263, standard). There are several functionalities in MPEG-4 Visual

Standard, especially for very low bit-rate applications:

¢ Improved coding efficiency = This:is clearly functionality useful for
very low bit-rate applications since improved coding efficiency is asked
for, to supply an answer to the requests,coming from, e.g. mobile network
users.

¢ Robustness in error-prone environments — The access to video
applications through channels with severe error conditions, such as some
mobile channels, requires sufficient error robustness is added. This
functionality, by providing significant quality improvements, will with no
doubts stimulate very low bit-rate applications, notably in mobile
environments.

¢ Content-based scalability — The ability to achieve scalability with a fine
granularity in content, spatial or temporal resolution, quality and
complexity, or any combination of these cases, is a fundamental concept
for very low bit-rate applications since it provides the capacity to adapt
the AV representation to the available resources.

¢ Improved temporal random access — The provision of random access
efficient methods, within a limited time and with fine resolution,
including conventional random access at very low bit-rate is the target.

¢ Content-based manipulation and bitstream editing — This
functionality is more related to the syntactic organization of the

information than to any specific bit-rate resources.



¢ Content-based multimedia data access tools — The possibility to
content-based selectively access AV data is for sure an important
capability in the context of very low bit-rate applications since it will
allow to optimize the video information to transmit depending on the
available resources.

¢ Hybrid natural and synthetic data coding — Although this functionality
is quite bit-rate-independent, the efficient integration of natural and video

data will for sure make no harm to very low bit-rate applications.

The very low bit-rate applications in MPEG-4 are quite important, however, it
would suffer from annoying blocking artifacts because high quantization step sizes
are applied to achieve low target bitrate. Due to that, a good post processor to remove
the blocking artifacts is essential. In next paragraph, ISO MPEG-4 Visual Standard
post processor will be introduced and the MPEG-4 decoding process with a
deblocking filter is shown in Fig 5.

Reference
Frame
Bu‘ffer

Inter-Codeq Meotion Motion econstructed
Decoding Compensation Frame
_____________________________________________________________________ Deblocking
Inverse Scan Filter

: Inverse
Intra- Cmd VLC DC/AC |DCT
Decoding
Prediction

Frame
Display
Buffer

Fig 5. MPEG-4 Decoding Process with Deblocking Filter

1.3.2. ISO MPEG-4 Visual Standard Post Processing
This filtering process consists of three major functional modules, i.e. mode

decision, filtering for the flat region mode, and filtering for the complex region mode.



All of this three operating modes are block-based. One block contains 8*8 pixels.
This de-blocking process filters the decoded Y, Cb and Cr frames. The filter performs
filter operation along 4 block boundaries, i.e. top edge, bottom edge, left edge, and
right edge. Filtering left and right edges is called vertical filtering. The horizontal
filtering is for the other two edges. Let us take the vertical filtering as an example to
illustrate this algorithm. In one filtering step, it processes 10 pixels within two
neighboring blocks. Along one block edge, the left 5 pixels are called vO0, v1, v2, v3,
and v4 and the right 5 pixels are called v5, v6, v7, v8, and v9. The block edge is
between v4 and v5. In the following three paragraphs, the three function modules will
be described.

Block boundary

Block boundary

Pixels for liltering
on a vertical edge

-~

p\ Pixels for filtering
on a horizontal edge

Fig 6. 8x8 Block Boundary

A. Mode Decision
The flatness of the 10 pixels is calculated, vO to v9, as shown in Fig 6:
Flatness(v) = @(v0-vl) + @(v1-v2) + @(v2-v3) + ¢(v3-v4) + @(v4-v5) +
Q(v5-v6) + o(v6-v7) + (v7-v8) + p(v8-v9)
Where
o(v)=1,if[v|<=TI
¢(v) =0, otherwise.



T1 represents a threshold to reflect the flatness. If the Flatness (v) is smaller than
a threshold, T2, the filtering must be applied for the complex region mode. On

another condition, the filtering must be applied for the smooth region mode.

B. Filtering in the Smooth Region Mode
MAX and MIN, represent the maximum value among v1 to v8 and minimum
value among v1 to v8 relatively. The QP represents the specified quantization

parameter of this block.

if ([MAX-MIN| < 2*QP) {

4
Vn = 2B P, 1<n<8
k=4
(]v1 —Vy| < QP)2v, v if m<1
Pm = Vi if1<m<8
(]v8 —Vy| < QP)2V, : vg.if m>8
(b —4<k<4={112242211}/16

¥
Else

No change will be.done.

The purpose of the statement, if (jmax=min| < 2*QP), is to prevent real edges in
this filtering process from being smoothed out, -for example: if there are two
neighboring blocks, the color of the left block is'white and the right block is black. In
this case, the block edge is a real edge in the original image. But if the condition
|max-min| < 2*QP is not checked, it will regard this edge as a blocking artifact and

apply the strong smoothing filter over it.

C. Filtering in the Complex Region Mode
In this mode, the frequency components a3 o, 83 1, and as > are defined, which are
evaluated from the simple inner product of the approximated DCT kernel [2 -5 5 -2]
with the pixel vectors, i.e.,
a3,0=([2-55-2]e[v3v4Vv5Vv6]T)// 8,
a3,1=([2-55-2]e[vlv2Vv3v4]T)//8,
a3,2=([2-55-2]e[v5v6Vv7Vv8]T)//8.

In this mode, it only filters two pixels next to the block edge.

if(|a3,1]<QP)
{



vy =vy—d,
Vs' = Vvs+d,
where
d = CLIP(5-(as0'- @3,0)//8, 0, (V4—Vs)/2))
aso’ = SIGN(as) - MIN(Jaz |, |as,1], [az,2]).
}
The check on the condition (|a3,1|<QP) is to preserve image details. The three
functional modules mentioned above produces good subjective and objective visual

quality because they apply several useful judgments to adaptively select a proper

filtering process.

1.4. The In-loop Filter of MPEG-4 AVC/H.264

1.4.1. Introduction to ISO/IEC MPEG-4 AVC/ITU-T H.264

MPEG-4 and H.263 video codecs standards are based on video compression
(video coding) technologies from: 1995.:The groups responsible for these standards,
the Motion Picture Experts Group. (MPEG).and the Video Coding Experts Group
(VCEQG) joint forces and developed a new standard, MPEG-4 AVC/H.264, that
significantly outperforms MPEG-4 :and H.263. The new codec, released in 2003,
provides better compression of video images as well as a range of features supporting
high-quality, low-bitrate streaming video. The origin of the new codec can be traced
back to 1995. After finalizing the original H.263 standard for video-telephony in 1995,
ITU-T VCEG started working on two further development projects: a short-term
effort to add extra features to H.263 (resulting in Version 2 of the standard) and a
long-term effort to develop a new standard for low bit-rate visual communications.
The long-term effort led to the draft H.26L standard, offering significantly better
video compression efficiency than previous ITU-T standards. In 2001, ISO/IEC
MPEG issued a call for proposal (CfP) for next generation high performance video
coding tools. VCEG responded to the call with H.26L and as a result the Joint Video
Team (JVT), composed of experts from both MPEG and VCEG was formed. During
the two-year time frame of standardization, most the H.26L. components have been
replaced with new design. The new standard is named MPEG-4 Advanced Video
Codec (AVC) by ISO and H.264 by ITU [6]. H.264/AVC offers enhanced
compression performance and provides a network-friendly video representation which
addresses conversational (video-telephony) and non-conversational (storage,

broadcast or streaming) applications. The H.264/AVC adopts a three-layer design. The

10



Video Coding Layer (VCL) accounts for the compression of the video content. The
Network Abstraction Layer (NAL) defines a packet-based representation of the
compressed video content. However, NAL is transport-independent. The transport
dependent design is governed by the Transport Encapsulation Layer (TEL). TEL is
not a normative part of the standard.

The baseline profile of MPEG-4 AVC includes:
¢ [ and Pslice types
Chrominance format 4:2:0
Progressive coding
1/4-sample motion compensation
Tree-structured motion segmentation down to 4x4 block size
VLC-based entropy coding
In-loop deblocking filter

® & 6 &6 o o o

Some enhanced error resilience features
B Flexible macroblock ordering (maximum 8 slice groups)
B Arbitrary slice ordering
B Redundant slices

The emerging H.264 standard saves as much as 50% bit-rate over H.263 while
maintaining the same or better wisual quality.'On the other hand, the computational

complexity is much higher than the previous video coding standards.

1.4.2. Adaptive Deblocking Filter in H.264/AVC

There are several advantages for de-blocking filters to perform filtering inside
the coding loop. First of all, a loop filter guarantees certain level of quality of any
standard-compliant implementations. This is especially important in low bitrate
communications systems. If a loop filter is enforced inside the codec, content
providers can assume that their material would always be processed by a deblocking

filter so that the quality of their material is guaranteed.

Secondly, in an extreme case, an frame buffer in decoder can be saved because in
the post-filtering approach, a reference frame buffer is required to store the decoded
frame and another frame buffer is necessary to store the filtered frame for display.

These two buffers are merged into one with the loop filter design.
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Finally, the overall visual quality of video streams with a loop filter is better than
that without it because the filtered reference frames offer higher quality prediction for
motion compensation. The decoded video streams with a loop filter are sharper than
those with a post filter. Computation complexity can be reduced by taking into

account the fact that the image area in past frames is already filtered.

Even though there are several advantages, it is inevitable that applying a loop
filter in codec design requires high computational complexity. The complexity comes
from the highly adaptive nature of the filter. Therefore, it is very important to design

an efficient and effective algorithm for loop filter.

The algorithm of H.264/AVC In-Loop filter is described as follows. In the loop
filtering process of H.264, there are three steps, determining the boundary filtering
strength, getting thresholds for each block boundary, and filtering process according
boundary strength. In each macroblock, the deblocking filter process applies to both
luma and chroma. For each macroblock, vertical edges are filtered first, from left to
right, and then horizontal edges are filtered from top to bottom. The luma deblocking
filter process is performed on four:16-sample edges in each direction, as shown in Fig
7.
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16x16 macroblock

————————————————————————————————————————————————————————

\
\

————————————————————————————————————————————————————————

N

____________ :
Horizontal edges(chroma)
\

Horizontal edges(Luma)

Fig 7. Filtered Boundaries in a Macroblock

For determining each boundary between neighboring 4x4 luma blocks, boundary
strength is assigned as shown in Fig 8. If one of the neighboring blocks is intra-coded,
boundary strength is set to 3 for strong filtering. If the previous condition is true and
its block boundary is also macroblock boundary, boundary strength is set to 4 for even
stronger filtering. If neither of the blocks is intra-coded and coefficient coded in one
of the neighboring blocks, the medium filtering with boundary strength is applied.
Boundary strength is 1 when encoding mode of two neighboring blocks are not coded
and have different reference frames, the number of reference frame is not identical, or
the difference of motion vectors of two blocks are greater than 4 for weak filtering. If
all of previous conditions are not satisfied, boundary strength is equal to 0 for no
filtering.
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Block boundary
between block p and g

Block p or g is
intra coded or slice
type is Sl or SP?

YES

Block boundary

is also Macroblock

boundary
?
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Coefficients
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Block p and g have
different reference

frames or a different
number of reference
frames?
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[Vy(p.x} - Vy(q.x)| == 4 or
Vilp.y) - Vi(@y)l >= 4 or
if bi-predictive
[V,(p.x) - V,(q.x)| >= 4 or
[Valpoy) - Vy(ay)l == 4

YES

A

Bs=0

Bs=1 (skip)

Fig 8. Flowchart for Getting Boundary Filtering Strength

block p block g

p3 p2 pl po qo ql q2 q3

block boundary

Fig 9. Convention for Describing Samples across a 4x4 Block

Samples across this edge are only filtered if the conditions, Bs # 0, Abs( po— qo )
<o, Abs( p1 —po ) < P and Abs( q1 — qo ) < B, are all true, which Bs represents
boundary strength, and p3, p2, pl, p0, q3, g2, ql, q0 represent the pixels between
block boundary as shown in Fig 9. Besides, a and P are quantization parameter
dependent thresholds.

A strong filtering process is applied for edges with boundary strength equal to 4.
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The two intermediate threshold variables, a, and a4, which represents Abs( p> — po )
and Abs( g2 — qo ) relatively, are used to determine whether the luma samples p; and
q: is needed to filtered at this position of the edge. For luma samples, if the
conditions , a, < 3 and Abs( po—qo ) <( (o >>2)+2), are all holds, the following

filtering operation must be executed:

P0=(p2+2p1+2po+2qo+q1+4)>>3

P1=(p2+p1+po+qo+2)>>2

Po=(2"ps+3*p2+p1+po+qo+4)>>3

Py, P, and P, are the filtered values. For chroma samples or for luma samples
which either a, < 3 or Abs( po—qo ) <((a>>2)+2) does not satisfy, only po shall
be filtered according to:

Po=(2*p1+po+qr+2)>>2

The q values are modified-in ajsimilar manner by substituting condition aq < 3

for a, <.
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2.Previous Work

The importance of deblocking filter for visual quality improvement is introduced
in the previous chapter. In addition, the two well-known algorithms, namely the
informative deblocking filter in ISO MPEG-4 Visual Standard and the in-loop filter of
H.264/AVC, are described briefly. Since the research topic in this thesis is about a
VLSI design of deblocking filter, some prior arts are surveyed in this chapter.

For real-time multimedia applications of complex algorithms, pipelining and
carefully designed memory subsystems are crucial for VLSI implementations. So far,
there are few papers on VLSI implementation of deblocking filters. We discuss two
most directly related papers in this chapter, The first one is “Real-time deblocking
filter for MPEG-4 systems” [16].by Fang et al:;, The second one is “Architecture
design for deblocking filter in H:264/JVIT/AVC™[17] by Y.W Huang, et al.

2.1. Prior proposals on. VLSI'Design of Deblocking Filters

Two previously published architectures of video deblocking filters would be
discussed here. Fig 10 shows the deblocking filter architecture for MPEG-4 systems
[16]. Fig 11 is the in-loop filter for H.264/AVC published in.[17]. In Fig 10, the input
pixels are shifted into the ISR pixel-by-pixel, which provides storage of input pixels
for other modules. As the detailed design in ISR depicted in Fig 12 shows, ten 8-bit
registers are used in this module to store input pixels from outside memory and it
sequentially propagates from P9 to PO. There are five multiplexers at the input of P8,
P3, P2, P1, and PO for pixels replacement from input pixels to padded pixels. The MD
module determines which mode should be used for the filtering operation. The DF
module is the deblocking process performing the default mode which only filters two
pixels. The SF module is the deblocking of smooth mode filtering eight pixels. Both
DF and SF modules are two-stage pipeline architecture for reducing the critical path
and increasing the frequency. The CP is the module to generate the padding pixels for
filtering for the ISR module. Filtered pixels are fed in the OSR, which is shown in Fig
13, and sequentially shifted out.

For the in-loop filter design for H.264/AVC (shown in Fig 11), the solid lines

16



denote data path, and the dotted lines denote control signals. It has to load a
macroblock and adjacent block from external RAM via system bus to on-chip SRAM
before filtering. To support the parallel filter with high utilization, there two SRAM
modules are well-organized that classify 4x4 blocks in different columns and use a
word (32 bit) to store four pixels.

There are two architectures using different kinds of SRAM, the single port
SRAM and the dual port SRAM. When using the single port SRAM, it uses two
blocks for the base architecture with only one read and one write ports to store the
macroblock pixels. In Fig 14, it shows the careful organization of pixels in two
single-ported SRAM blocks that makes it able to get one unfiltered pixel per clock
cycle. The processing order of block boundaries for both directions is shown in Fig 15,
which the write label with black number denotes the horizontal filtering on vertical
edges and the black label denotes the vertical filtering on horizontal edges. The data
path of basic architecture is shown in Fig 16 where the solid lines and dotted lines
denote the horizontal filtering across vertical edges and the vertical filtering across
horizontal edges relatively.

On the other hand, if dual port SRAM:is. used, it only needs one SRAM block
without modifying the data flow .o store.the macroblock pixels, as shown in Fig 17.
The 160x32 dual-port SRAM has two separate read and write ports that can perform
two read operations at the same:cycle, as well as two Wwrite operations, or one read and
one write at the same cycle. The processing order: of boundaries for the advanced
architecture must be modified to make use of dual-port SRAM, as shown in Fig 18.

CP SF

Qutput

Input OSR

— ISR

¥

L A

MD DF

Fig 10. Block Diagram of Deblocking Filter Architecture in MPEG-4 Systems
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96x32 SRAM P ) P

8x4 Pixel Array| _

0 5

P3 | P4
64x32 SRAM ; g .
SRAM .| [ _1-DFilter |
BlS Interface I

Coding Info Registers ] Control Unit

t cP

InpuIJ
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I

------------------------------------------------------------------------------------------------
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Fig 13. Interconnections between OSR Module and Other Module
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Fig 15. Processing Order on Boundaries of Basic Architecture
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Fig 18. Processing Order of Boundaries for The Advanced Architecture
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3. The Emulation Platform and the

System Overview

3.1. System Design Overview

The bus system design for H.264 video accelerator hardware architecture is based on
the Advanced Microcontroller Bus Architecture (AMBA) [3]. AMBA-based system
includes a high performance system bus (AHB), on which the CPU, on-chip memory
and other Direct Memory Access (DMA) devices reside. The overall architecture of

the codec accelerator platform used in this thesis is shown in Fig 19.

« ) -
: [N
! E—
- t
< A A
] -
<

Fig 19. The Bus System Design for H.264 Video Accelerator Hardware
Architecture
IRQ

Reg,
File



3.2. Introduction to AMBA

The Advanced Microcontroller Bus Architecture (AMBA) includes three distinct
buses defined within the AMBA specification [3] :
¢ The Advanced High-performance Bus (AHB)
B High performance
B Pipelined operation
B Multiple bus masters
B Burst transfers
B Split transactions
¢ The Advanced System Bus (ASB)
B High performance
B Pipelined operation
B Multiple bus masters
¢ The Advanced Peripheral Bus (APB)
B Low power
B [atched address and ¢ontrol
B Simple interface
|

Suitable for many peripherals

High-performance High bandwidth
ARM processor On-chip RAM
B UART Timer
R
High-bandwidth AHB or ASB |
External Memory D [APB
Interface G
E Keypad PIO
DMA bus AHB to APB Bridge
master Or
ASB to APB Bridge

Fig 20. A typical AMBA System

A typical AMBA system consists of a high-performance system backbone bus
(AMBA AHB or AMBA ASB) and the APB is attached to a bridge transforming bus
protocol from high performance to the low power and bandwidth bus, where most of
the peripheral devices in the system are located, as shown in Fig 20. Since only AHB

and APB are applied for bus system of the proposed video accelerator, in following
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paragraphs, AHB 3.2.1 and APB 3.2.2 protocols will be described with more details
but ASB will be omitted.

3.2.1. AMBA AHB

AHB is a new generation of AMBA bus specialized for high-performance
synthesizable designs. The high-performance protocol provides a multiple bus masters

support and high-bandwidth operation.

A typical AMBA AHB system design contains the following components:

¢ AHB slave — An AHB slave responds to transfers initiated by bus masters
within the system. When HSELx of the slave is active, it should respond
to a bus transfer, as shown in Fig 22.

¢ AHB master — A bus master is able to initiate read and write operations to
access data from slave by providing an address, data, and control
information. Besides, there is onlyrene bus master is allowed to use the
bus at any one time, as shown in Fig 23.

¢ AHB arbiter — The bus arbiter ensures that only one bus master at any
one time is allowed to use the bus to transfer data, as shown in Fig 24.
Only one AHB arbiter is‘implemented on the bus.

¢ AHB decoder — An AHB deceoder is used to decode the address of each
transfer and provide a select signal for the slave that is involved in the
transfer, as shown in Fig 25. The decoder in an AMBA system is used to
perform a centralized address decoding function, which improves the
portability of peripherals, by making them independent of the system

memory map.

The AMBA AHB bus protocol is designed to be used with a central multiplexer
interconnection scheme, as shown in Fig 21. All bus masters drive out the address and
control signals and the arbiter determines which master can be granted to access the

slaves.
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Dataf*
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Decoder

Fig 21. Multiplexer linterconnection

The AMBA AHB signals and brief descriptions are shown in Table 1.

Name Source |Description
HCLK Clock |This clock times all bus transfers. All signal timings are
source |related to the rising edge of HCLK.
The bus reset signal is active LOW and is used to reset
HRESETN Reset [the system and the bus. This is the only active LOW
signal.
HADDR[31:0] ([Master |The 32-bit system address bus.
HTRANS[1:0] |[Master [Indicates the type of the current transfer.
When HIGH this signal indicates a write transfer and
HWRITE Master
when LOW a read transfer.
HSIZE[2:0] Master (Indicates the size of the transfer.
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HBURST[2:0]

Master

Indicates if the transfer forms part of a burst data

transfer.

HPROTI3:0]

Master

The protection control signals provide additional
information about a bus access and are primarily
intended for use by any module that wishes to

implement some level of protection.

HWDATA[31:0]

Master

The write data bus is used to transfer data from the

master to the bus slaves during write operations.

HSELXx

Decoder

Each AHB slave has its own slave select signal and this
signal indicates that the current transfer is intended for

the selected slave.

The read data bus is used to transfer data from bus

HRDATA[31:0] |Slave . .
slaves to the bus master during read operations.
When HIGH the HREADY signal indicates that a
HREADY Slave |transfer has finished on the bus. This signal may be
driven LOW to extend a transfer.
The transfer response provides additional information
HRESP[1:0] Slave

on the statusrof'a‘transfer.

A’signal from bus master x to the bus arbiter which

HBUSREQxX Master | = )

indicateds that the bus master requires the bus.

When HIGH this signal indicates that the master
HLOCKX Master ([requires locked access to the bus and no other master

should be granted the bus until this signal is LOW.
HGRANTX Arbiter |A signal indicates bus master x is granted to use the bus.

HMASTER[3:0]

Arbiter

These signals from the arbiter indicate which bus master

is currently performing a transfer.

HMASTLOCK

Arbiter

Indicates that the current master is performing a locked

sequence of transfers.

HSPLITX[15:0]

Slave

This 16-bit bus is used by a slave to indicate to the
arbiter which bus masters should be allowed to

re-attempt a split transaction.

Table 1 AMBA AHB Signals and Arbitration Signals
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Fig 22. AHB Bus Slave Interface
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Fig 23. AHB Bus Master Interface
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Fig 25. AHB Bus Decoder Interface

3.2.2. AMBA APB

Arbiter
grants

Select

The Advanced Peripheral Bus (APB) is part of the Advanced Microcontroller
Bus Architecture (AMBA) hierarchy of buses and is optimized for minimal power

consumption and reduced interface complexity. The AMBA APB should be used to

interface to any peripherals which are low bandwidth and do not require the high

performance of a pipelined bus interface. The data transfer on APB must follow a
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state diagram shown in Fig 26. The default state is IDLE for peripheral bus. When a
data transfer is required the bus moves from IDLE state to SETUP state for one clock
cycle and always move to ENABLE state on next rising edge of the clock. In
ENABLE state, the enable signal, PENABLE, is asserted. The ENABLE state also
only lasts for a single clock cycle and after this state the bus will return to the IDLE
state if no further transfers are required. Alternatively, if another transfer is to follow
then the bus will move directly to the SETUP state.

Mo transfer

N

IDLE
PSELx =10

PEMABLE =0

_O

Transfer

)

SETUP
FSELx = 1
PEMABLE =0
ENABLE
PSELx = 1
PEMABLE =1
Mo transfer Transfer

Fig 26. APB State Diagram

A typical AMBA APB system contains the following components:

¢ APB Bridge — The APB bridge is the only bus master on the AMBA APB
and also a slave on the higher-level system bus, as shown in Fig 27. The
bridge unit converts system bus transfers into APB transfers, which
decodes the address and generates a peripheral select, PSELXx, drives the
data onto the APB for a write transfer and the APB data onto the system
bus for a read transfer, and generates a timing strobe, PENABLE, for the

transfer.
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¢ APB Slave — For a write transfer, the data can be latched either on the rising
edge of PCLK or the rising edge of PENABLE, when PSEL is HIGH. For
read transfers the data can be driven on to the data bus when PWRITE is
LOW and both PSELx and PENABLE are HIGH. While PADDR s used

to determine which register should be read.

System bus
slave interface

Read data

Reset
Clock

Select

Strobe

Address
and
control

Reset
Clock

Write data

PRDATA )

PRESETn

PCLK

—]

APB
bridge

PSEL1

PSEL2
Selects

PSELn
PENABLE Strobe

Address
FADDR } and
control

PWRITE

PWDATA Write data

Fig 27. APB Bridge Ihterface Diagram.
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PENAELE

PADDR

PWRITE

Y N Y

PRESETn

PCLK

PWDATA

J

APB
slave

PRDATA > Read data

Fig 28. APB Slave Interface
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3.3. Prototype Platform*Desepppﬁom

',u-

,'1 i — .
Ly I ‘Jnfﬁh‘-

The ARM Integrator is selected as the prototype platform for hardware/software
co-design of the codec, as shown in Fig 29. There are three main modules in our
platform, a motherboard (Integrator/AP) [13], an ARM9 core module
(Integrator/CM920T) [14] and a  Xilinx FPGA  logic  module
(Integrator/LM-XCV2000E).[15].

3.4. System Description

There two masters, ARM processor and DMA controller, are on the Advanced
High-performance Bus (AHB). These bus masters are able to initiate read and write
operations by providing an address, control information, and/or data to AHB slaves.
There are several slaves in the accelerator system, including a SDRAM used to store
video frames and coding information, a AHB register file used to control the H.264
hardware accelerator blocks by the ARM core, and the APB register file and interrupt

31



register file. The Multi-Media Bus (MMB) is a simplified AHB with 32-bit width,

which is limited in transfer type, burst operation, control signal, and transfer response.

Those are reduced to fit the specific design of the video accelerator, discussed in 3.6.

3.5. Software and Hardware Co-operation

3.5.1. S/H Co-design Feature

The memory map of the design in this thesis is shown in Fig 30.

0xD0000000
0xC0000000

0x80000000

0x40000000

0x00000000

......
.......
......
------
.......
-----

Logic module 0

Core module alias
memory

.
.

PCI

Core Module/
Motherboard
Memory
And peripherals

Fig 30. Memory Map

Bus error
response

SSRAM

Interrupt controller

LM registers

SDRAM
Core module 0

OxCFFFFFFF

0xC3000000
0xC2000000
0xC1000000
0xC0000000

OxSFFFFFFF

0x80000000

The communication method from “Core Module” (CM) to “Logic Module” (LM)
is through LM registers which can be read or written by CM. On the other hand, the
method from LM to CM is through interrupts asserted by LM so that CM must install

an interrupt handle routine. The flowchart is shown in Fig 31.
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Fig 31. Flowchart for Installing Interrupt Handle Routine

3.5.2. S/H Co-operation with DMA

On MMB, there are three masters, DMA, In-Loop filter, and Motion Estimation
Module. There is only one slave, ZBT'SRAM. on MMB. The procedure of video

encoding or decoding in this systém is described asfollows.

¢ Step 1 — Video frames and coding information are stored in the SDRAM on

the Integrator/CM by the processor.

¢ Step 2 — The processor enables theeDMA by setting source address, target

address, and data count in the AHB register file to move video frames and
extra information from the SDRAM to the ZBT SRAM on the
Integrator/LM

¢ Step 3 —the processor enables a video accelerator to process data in the ZBT

SRAM

¢ Step 4 — After processing, video accelerator stores the results back to the
ZBT SRAM and enables the DMA to move the results from the ZBT

SRAM to the SDRAM.

¢ Step 5 — When the DMA finishes the data transfer, an interrupt will be
triggered to notify the processor to get the results from SDRAM.

3.5.3. S/H Co-operation without DMA

If there is no DMA in the design, the processor must move the data from
SDRAM to ZBT SRAM on LM by itself. Contention may raises when both the
processor and the accelerators on MMB both try to access the ZBT SRAM. For the
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proposed system, the accelerators may stay in idle state until the processor enables
them by writing to the ENABLE register in the AHB register file. Therefore shared
accesses to the ZBT SRAM can be fully controlled by the processor to avoid data

corruption. The detailed steps are listed as follows.

¢ Step 1 — Video frames and coding information are stored in the SDRAM on
the Integrator/CM by the processor.

¢ Step 2 — The processor moves video frames and extra information from the
SDRAM to ZBT SRAM on Integrator/LM.

¢ Step 3 — The processor enables a video accelerator to process data in the
ZBT SRAM. Meanwhile, the processor will not access the ZBT SRAM
until the video accelerator finishes its job and returns to the idle state.

¢ Step 4 — After processing, video accelerator stores the results back to the
ZBT SRAM and issues an interrupt to notify the processor to retrieve the
results from the ZBT SRAM to the SDRAM.

3.6. Details for MMB Design

In this thesis, a simplified -bus, pretocol called MMB that is based on AHB is
proposed as the bus of a generi¢ codec accelerator platform. For example, MMB only
provides 32-bit data transfer and INCR burst mode. The signals of MMB are shown in
Table 2.

Signal Name Description
MMCLK System clock
MMRESETn Reset signal
MMADDR The 32-bit system address bus.
It only provides the transfer type, IDLE, SEQUENTIAL,
MMTRANSJ[1:0]
and NONSEQUENTIAL.
HIGH means a write transfer, and LOW means a read
MMWRITE
transfer.
MMWDATA[31:0]|The write data bus.
MMSELx Each MMB slave has its own slave select signal.

MMRDATA[31:0] |The read data bus.

Indicates that a transfer has finished on the bus and maybe

MMREADY )
drives LOW to extend a transfer.

MMRESP[1:0] The transfer response only provides OKAY and ERROR.

P ——
MMBUSREQx The signal is asserted when a bus master requires the bus.
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When this signal is HIGH, the master x is granted to use the
MMGRANTx b
us.

These signals from the arbiter indicate which bus master is
MMMASTER][3:0]

currently performing a transfer.

Table 2 MMBUS Signals and Arbitration Signals

There are seven basic components on MMB, listed as follows and the diagram is

shown in Fig 21:

¢ MMM aster
B A bus master on MMB.
¢ MM Arbiter
B A bus arbiter on MMB is up to a maximum of 4 bus masters, which
will be discussed in 3.6.1 later.
¢ MMSlave
B A bus slave on MMB.
¢ MMMstMux
B A central multiplexer deal with the signals from all masters to slaves.
¢ MMMux
B A central multiplexer deal with the signals from all slaves to masters.
¢ MMDefaultSlave
B The default slave provides the MMREADY and the MMRESP outputs
for MMMux when an address in the MMBUS memory map space is
not covered by one of the peripherals present in the design.
¢ MMDecoder
B A decoder gives MMSELx module select outputs to the AHB system

slaves and controls the read data multiplexer.

3.6.1. MMBus Arbitration

The arbitration algorithm used for MMBus is a method similar to token ring
scheduling. One token is passed among four masters orderly, and the master which
gets the token would be granted the right to use the bus. In initial state, the token is
given to Master 1, and the master will pass the token to the next master if it does not
require the bus. For example, if Master 1 requires the bus in the beginning, then it
would get the token at first clock cycle and be granted. After that, Master 3 requires

the bus and it will get the token after two clock cycles when Master 1 releases the bus
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if Master 2 does not require the bus. However, if Master 2 requires the bus before
Master 1 releases the bus, it will be the next one getting the token. In this case, Master
3 has to wait until Master 2 releases the bus to pass the token to Master 3. In Fig 32,

the lock means that if a master is locked, the token would not passes though it.

(Req : 1 means locked. and 0 means open)

Fig 32. MMBus Arbiter with Token Ring Scheduling
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4.Proposed VLSI Architecture of H.264

In-Loop Filter

4.1. Overview of the VLSI Architecture

ZBT
SRAM
(IMB)

A

Y

Fig 33. Hardware Design for In-Loop Filter
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Coded Type |1 bit

Motion Vector |12 bit

CBP 16 bit

Ref frame idx | 3 pit

Fig 33 shows the proposedﬂl‘ardwaxe._atcbﬁecture design of the In-loop filter for
H.264/AVC. There are two RAM blobks The ﬁfst one is ZBT RAM for storing the
video frames and coding information and the other one is a 764-byte dual-port
distributed SRAM with 32-bit bandwidth synthesized by FPGA. The dual-port SRAM
can perform two read operations per clock cycle and one write operation per clock
cycle. It is used for temporarily saving one target macroblock and extra blocks at the
left and top side of the target macroblock boundaries. In addition, it stores the block
parameters containing coded type, motion vectors, code block pattern, and reference
frame index, as shown in Fig 34. A 8x4-byte register file is designed to store
unfiltered pixels in a group that can be filtered together since two 4x4 blocks have one
identical boundary strength. In the deblocking filter module, 8 pixels are fed into the
logic once and the filtering operations finish in two cycles. The filter adopts a
two-stage pipeline design. As described in section 1.4, there are two types of filters,
namely, a weak one with the boundary strength between 1 and 3 and a strong one with
the strength equals 4. Zero strength represents that no filtering will be applied. The
pipeline design of the “In-Loop filter” tries to evenly split the computational
complexity into two stages so that the logic can run at higher frequencies with parallel

computations of intermediate results.
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4.2. Pipeline Design for In-Loop Filter
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Fig 35. Two-stage Pipeline Design for In-Loop Filter

Fig 35 illustrates the pipeline design of the loop filter. The logic uses a 64-bit register

file to store unfiltered pixels from SRAM input in stage one and a 209-bit register fileCqntrol

to store computation results, control signals, and extra information in stage two. TheSigna|S small_.
QP scaling table and the threshold table which stores the average of quantization small_g;
stepsizes of two blocks are stored in ROMs. Since the control signals including f filt
boundary strength, luma/chroma, and the signal, filter en, are independent to pipeline

stages, they are connected to the two computational components directly. Since the

entire system runs 5S0MHz, it has to balance the time delay in each of the two stages

and fit the SOMHz clock rate. In order to do so, it is neceglugtno find the critical path

paC =10+ gl

n9 N N 111



of calculations and divide it evenly to balance the computation in pipeline in order to

raise the clock rate.

The following paragraph discusses the pipeline design for operations of in-loop

filter process with more details.
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The total operations of the in-loop filter are listed in Table 3 .

Strong Filtering (Bs=4)

Weak Filtering (0<Bs<4)

Q0= (pl +2*p0 +2*q0 +2*ql +q2 +4 ) >> 3

Q0=(2*ql +q0+pl+2)>>2

Delta = Clip(-C, C, (((q0 - p0) << 2 +
(pl - ql)+4)>>3))

Ql=(p0+q0+ql+q2+2)>>2

Q2=(2*3+3*q2+ql +q0+p0+4)>>3

Po = Clip(0, 255, po + Delta)

P1=p1+Chp( *CO,CO,(pz+((p<)+q(>+

Luminance PO=(p2+2*pl +2*p0 + 2*q0+ ql +4)>>3
PO = (2%pl +p0+ql +2)>>2 D>>1) = (<)) > 1)
Pl=(p2+pl+p0+q0+2)>>2
P2 = (2%p3+3%p2+pl +p0+q0+4)>>3 | & CHP0- 235, @ = Delta)
Qi=q +Clip( -C0,CO, (q+ ((po+aq+
1)>1) - (q<l)) > 1)
PO=((l+qgl+pl+p0+2))>>2
Delta=Clip( - C,C,(((go - po)<<2+
Chrominance (pr = 4)+4)>>3))

Q0=((ql +q0 + plk+ qli=2) )2

Po = Clip(0, 255, po + Delta)

Qo =Clip(0, 255, qo - Delta)

Table 3 Complete‘ln-L.ogp Filter Operations

According to Table 3, we can design two pipeline stages with almost balanced

computation cycles. In addition, all the multiplications are replaced by shift and add

to increase speed. The design of the pipeline stages was not achieved through detail

analysis of computation time of each shift/add operation; instead, it is achieved by

putting roughly the same amount of operations in the computational components of

each stage relatively. The filtering for each 8x4 pixels takes 6 clock cycles and the

operating period of each register is shown in Fig 36, where X means “Don’t Care”.

F En is a 1-bit register that specifies if the filter module is enabled or not. And Luma

is also a 1-bit register that specifies whether the input pixels is from the luma channel

or the chroma channel. The processing order of one macroblock filtering with

luminance and chrominance is shown in Fig 37. The design of the computational

component of each stage is shown in Fig 38 and Fig 39.
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i Computational
3 Component_1
3 (Adder and Shiter)

pl_L regl =((Ql + PQO) << 1) + Q2
pl L _reg2 =Q20Q1 + QPO

pl_L_reg3 = ((Q3 + Q2) <<1) + Q2Q1
pl_L_reg4 =Q1Q0 + QP1

pl_L regd=((P1+QP0)<< 1)+ P2
pl L reg6 = P2P1 + QPO

pl_L_reg7 = ((P3 + P2) <<1) + P2P1
pl L _reg® = P1P0O + QP1

pl_weak regl = (Delta<<2) + (P1-Q1)% 4
pl_weak reg2 =P2 + ((QPO + 1) >> 1) - (PI=<l)

pl_weak reg3 =0Q2 + (QP0O+ 1) >> 1) - (Ql<<1)

Luma

N

pl C_regl = QP1 + P1P0O
pl_C_reg2 = QP1 + Q1Q0

pl weak regl = (Delta<<2) + (P1-Q1)+4
plrweak_reg2 = P2 + (QPO + 1) >> 1) - (Pl<<1)

pl_weak reg3 = Q2 + ((QPO + 1) >> 1) - (Ql<<1)

Chroma
J

Fig 38. Computational Component of Stage 1 in Pipeline Design
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Computational
Component_ 1
(Adder and Shiter)

____________________________________ 8x4 block

Fig 39. Computational Component of Stage 2 in Pipeline Design

QO=(Pl +pl L regl +4)>>73
Ql=(pl L reg2+2)>>2

5. Simulatiorr Relsblegd + QPO +4) >> 3
PO=(Ql +pl L reg5+4)>>3

The System clock rate in the design is targeting at 5S0MHz. The whole

architecture is coded iP\lHDL(a@i]ﬂleIcildiag@yhﬂ%giMOEan FPGA, the VirtexE

XCV2000E, using Xilinx ISE. The total gate count is 120K. The filtering for every

8x4 pixels takes 6 ckElch_clés EM)@%ZyﬁeQP@tffngﬁlgoaﬁ’aé strength. It

spends 191*3 clock %i,): es lo(;(/gnf filtered pixerlzdfnd cciing information from

outside SRAM into imer’ SR AWM em%%nt Ia% , it takes 15 cycles to

filter vertical edges of-8x4 luminance, pixels and 27 ¢cycles tonfilter vertical edges of
BB Rgs S
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8x4 chrominance pixels. Otherwise, it takes 22 cycles to filter horizontal edges of 8x4
luminance pixels and 30 cycles to filter horizontal edges of 8x4 chrominance pixels.
The operating cycles for every filtering process is depicted in Fig 40, Fig 41, Fig 42,
and Fig 43. It also takes 190*3 clock cycles to store back the results from inner
SRAM to outside SRAM. The sum of total clock cycles to filter 30 CIF (352x288
pixels) frames is 22 * 18 * 30 * (16 * 15+ 27 * 4 +22 * 16 + 30 * 4) + 3*190*2, so
the time is 0.195 second for filtering when targeting clock rate is SOMHz. It is easy to
achieve real-time deblocking with CIF 301ps.

Gxd pixels (Y)
i . g L1 R1
» Horizontal Filtering for Luma R

Clock1 |[Clock2 | Clock3 |Clock4 | Clock5 |Clock6 | Clock7 |Clock8

2 !;;fumdi”g LdLIRT | LdL2R? | LdLaR3 | Ld L4R4 Vi\i %ﬁm Vii ’é%af
Sd dddr Sd &ddr Sd &ddr Sd Addr Gt LR Gt L2R2 Gt LI/R3

Clock 9 | Clock 10| $19°K | clock 12| G0k | gjock 14 | Clock
11 13 15
ot |sdemr | soedor | sdeddr | Soedsr | Sdady | Rese
Wi R2 W L3 WrR3 W L4 W R4 Calc Index
Gt L4/R4
Ld : Load data from Sram or buffer ' Gt : Get data into buffer from a module
into a module - Wr : Write data to Sram from buffer

Sd : Send Address to Sram Rd : Read data from Sram into buffer

Fig 40. Operating Cycles for Vertical Edges of 8x4 Luma Pixels
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Sxd pixels (Ch)

St pixels (Cr)

# i 5 Lol bl Lri Brl
L J
Horizontal Filtering for Chorma e e
L R Lr4 Er4
Clock1 |Clock2 |Clock3 |Clock4 |Clock5 |Clock6 |Clock7 |Clock8
Ld Coding Ld Lb4/Rb4 | Ld Lr1/Rr1 | Ld Lr2/Rr2
Sqaddr | info catar | e | saauy | S9Ads | sdedsr | seady
S Addr GtLh1/Rh1 | Gt Lh2/Rb2 | Gt Lh3/Rh3
Clock 9 | Clock 10 | Clock 11 | Clock 12 | Clock 13 | Clock 14 | Clock 15 | Clock 16
Ld Lr3/Rr3 Sd Addr Sd Addr = Addr
sdar | e (Wl weeen e SRR SO B
Gt Lhamba | VRO o ome | eriames | orlames | i i
Clock 17 | Clock 18 | Clock 19 | Clock 20 | Clock 21 | Clock 22 | Clock 23 | Clock 24
=d &odr = Addr = Addr = &odr = Addr 2 Addr =d Addr = &ddr
Wi Lbd Wir Rba Wi Lr Wi Rr Wi Lr2 Wi Rr2 Wi Lr3 Wir Rr3
Clock 25 | Clock 26 | Clock 27
S &ddr s addr Reset
W Lrd Wir Rrd Calc Index
Fig 41. Operating Cycles.for Vertical Edges of 8x4 Chroma Pixels
48 pixels (¥
L1
 Vertical Filtering for Luma L
R2
R3
R4
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6 Clock 7 Clock 8
Ld Coding | g1 1/m1 Rd L2R2 Rd L3/R3
f 5 ¥
Sd Addr ggum s i g Rd L4/R4 Ld LR[31:24] | Ld LR[23:16]
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LALRIISS] | o Rizigq) | SLRIZB1E] | GELRIIEE] | GELRT:0] WLt Wi L2 Wi L3
Clock 17 | Clock 18 | Clock 19 | Clock 20 | Clock 21 | Clock 22
2 Addr i Addr i &ddr wd &ddr wd addr Reset
Wir L4 Wi R1 Wi R2 Wi R3 Wi R4 Calc Index

Fig 42. Operating Cycles for Horizontal Edges of 8x4 Luma Pixels
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Fig 43. Operating Cyclesfor Horizontal'Edges of 8x4 Chorma Pixels
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6.Conclusion and Future Work

In this thesis, an VLSI accelerator architecture for the in-loop filter of
H.264/AVC is proposed. The architecture is implemented and synthesized on an
FPGA for verification. Simulation results show that the gate count is small and the
efficiency of the proposed design is very good and can be used for real-time

processing of CIF resolution video sequences.

The architecture of the system is designed with future extension in mind. Other
functional components of H.264/AVC will be designed and added into the system.
In order to allow these modules to share the bus more efficiently, a better arbiter of
MMB must be implemented. In addition, when more functional units are added, a
more sophisticated distributed SRAM subsystem must be used. Another key point
of study is the reduction of the communication overhead between the processor core

and these functional units.
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