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Abstract. This work presents an efficient architecture design for deblocking filter in H.264/AVC using a novel
fast-deblocking boundary-strength (FDBS) technique. Based on the FDBS technique, the proposed architecture
divides the deblocking process into three filtering modes, namely offset-based, standard-based and diagonal-based
filtering modes, to reduce the blocking artifact and improve the video quality in H.264/AVC. The proposed
architecture is designed in Verilog HDL, simulated with Quartus II and synthesized using 0.18 um CMOS cells
library with the Synopsys Design Compiler. Simulation results demonstrate good performance in PSNR im-
provement and bit-rate reduction. Additionally, verification results through physical chip design reveal that the
proposed architecture design can support 1,280x720@30 Hz processing throughput while clocking at 100 MHz.
Comparisons with other studies show the excellent properties of the proposed architecture in terms of gate count,

memory size and clock-cycle/macroblock.
Keywords:
1. Introduction

Digital video technology significantly impacts play-
ing an important role in daily life. Block-based video
coding cooperating with block transform and block
motion compensation is the most extensively adopted
method to decrease the data redundancy in various
video coding standards, of which H.264/AVC is one
of the most important and popular [1-4]. A video
coding standard attempts to reduce the data correla-
tions for achieving higher compression efficiency by
employing block transform and block motion com-
pensation approaches. However, the blocking artifact
is a serious problem in many standards. To remove
the blocking artifact and also enhance the coding
performance, the deblocking filter acts a significant

deblocking filter, H.264/AVC, FDBS, PSNR, bit-rate

component of H.264/AVC to reduce the blocking
artifact and improve the video quality.

Deblocking filter can be performed by either a
post-loop or an in-loop filter. In the case of post-loop
filtering, the filter is adopted outside the coding and
decoding loops [5, 6]. The decoded data is stored in a
data buffer, filtered and then stored in another video
buffer before being forwarded to the display device.
However, the in-loop filter is placed inside the loop
[7-19]. The filtered frames are applied as reference
frames in the motion compensation process for
subsequently coded frames. The in-loop filtering is
performed on macroblocks (MBs), and the filtered
data can be stored directly in the video buffer to be
passed onto a display device. As part of the stan-
dardization process for H.264/AVC, tests were per-
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formed to obtain the better of these two methods.
However, the deblocking filter in H.264/AVC is both
computationally expensive and memory intensive
owing to its highly adaptive mode decision and small
4x4 block size. The adaptive mode decision is
needed for the boundary edges of the 4x4 blocks
to distinguish real edges from blocking artifacts.
Restated, a major challenge in designing blocking
artifact detection is the detection of true edges in an
image. Many studies have developed valuable ap-
proaches to eliminate the problem [5-19]. However,
the deblocking operation still occupies one third of
the computational complexity of a decoder, even with
a highly optimized filtering algorithm. Hence, VLSI
implementation is required for a highly efficient
deblocking filter design for the consumer electronics
market.

This work develops an efficient deblocking filter
implementation based on a novel fast-deblocking
boundary-strength (FDBS) algorithm to reduce the
blocking artifact and enhance the video quality for
H.264/AVC applications. The remainder of this paper
is organized as follows. Section 2 provides a brief
overview of the background work on the deblocking
filter. Section 3 then describes the proposed deblock-
ing filter architecture design based on the FDBS tech-
nique. Next, Section 4 shows the simulation results,
physical implementation and performance compari-
sons. Conclusions are finally drawn in Section 5.

2. Background Overview

The deblocking filter is adopted to remove blocking
artifacts, and thus creates a smooth picture. The inter-
prediction module identifies a block similar to the
current block from the reference frames. However,
the reference block typically cannot match the current
block perfectly, thus resulting in prediction error. The
error is discrete cosine transformed and quantized for
coding efficiency. The reconstructed block is different
from the original block following the decoding
process. In particular, discontinuity is likely to occur
at the block edge. Therefore, the deblocking filter
process is applied to decrease the discontinuity.

In the H.264/AVC standard, the adaptive deblock-
ing filter is applied on edges of each 4x4 block in
an MB [7]. The filtering on an MB is typically
performed with raster scanning. In other words, the
filtering sequence is along the vertical edges from

left to right, followed by along the horizontal edges
from top to bottom. The deblocking filter is invoked
separately for the luma and chroma components.
Figure 1 shows the processing order of the deblock-
ing filter in an MB. The first process is horizontal
filtering over the four vertical edges and transposition
to intermediate data, followed by vertical filtering
over the four horizontal edges. The major drawback
of this direct approach is that intermediate data
storage is as large as 16x 16 MB in size. Furthermore,
each data flow accesses a 4x4 block four times for
original and intermediate data, resulting in a high
bandwidth. Notably , the deblocking filter is condi-
tional: its outputs depend on the boundary strength
(BS) and the gradient of image samples across the
boundary. The parameter, BS, is assigned as de-
scribed by [10]. If one of the neighboring blocks is
intra-coded, and the boundary is an MB boundary,
then the strongest filter processing is applied (BS=4).
If one of the neighboring blocks is intra-coded, but
the boundary is not a MB boundary, then a fairly
strong filter processing is applied (BS=3). If neither
of the blocks is intra-coded, and at least one of them
contains coded coefficients, then a medium strength is
assigned (BS=2). Otherwise, if the blocks have dif-
ferent reference frames, different numbers of refer-
ence frames or different motion vector values, then a
smooth filter is adopted (BS=1). If none of the
previous conditions is satisfied, then filter processing
is not evoked (BS=0). Notably, the parameter, BS, of
any chroma component is the same as that of luma
component on the same edge.

Among various coding tools in H.264/AVC, the
in-loop deblocking filtering has the most signifi-
cant impact on the visual quality improvement
[20, 21]. To reduce the blocking artifact, the in-loop
deblocking filter adaptively conducts the filtering
along the boundaries of each 4x4 block based on
the BS, the quantization parameter (QP) and the
content of the block. Although the blocking artifact
is eliminated, the computational complexity and
memory access time are increased. Hence, this work
develops an FDBS-based deblocking filter architec-
ture design to improve the performance.

3. Proposed Architecture

The implementation of an efficient deblocking filter
architecture design based on a novel FDBS algorithm
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Figure 1.

is presented here to eliminate the blocking artifacts
without degrading the sharpness in the picture con-
tent for H.264/AVC applications. That is, this work
develops a novel FDBS algorithm, and employs the
proposed FDBS algorithm to implement the corre-
sponding deblocking filter hardware design.

3.1.  FDBS Algorithm Description

An edge filter is typically the kernel component for
realizing the filtering process of the deblocking
filter architecture design. Various deblocking filter
algorithms for H.264/AVC have recently been
presented [5—7, 16]. However, these algorithms still
have complexity problems such as high computation
and blocking artifact. To solve these problems, this
work develops a novel FDBS algorithm to eliminate
the blocking artifact, and improve the visual quality
and video objective quality. Figure 2 shows the
flowchart of the proposed FDBS algorithm. The
proposed FDBS algorithm is applied at each 4x4
block edge of reconstructing MB, where the vertical
4x4 block edges are first filtered from left to right,
and then the horizontal 4x4 block edges are filtered
from top to bottom. The offset-based, standard-
based and diagonal-based filtering modes are adopted
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The order of filtering processes in an MB. a Horizontal filtering over vertical edges. b Vertical filtering over horizontal edges.

to remove blocking artifacts based on the BS. Figure 2
clearly demonstrates that the offset-based filtering
mode is utilized with the offset method if the BS=1.
Conversely, if BS=2 or BS=3, then the standard-
based filtering mode based on H.264/AVC is applied.
Furthermore, the diagonal-based filtering mode is
employed according to the diagonal directions (45°
and 135°) when BS=4. Significantly, the value of BS
affects the maximum modification of the sample
values that can result from filtering. The gradation
of BS reflects the strongest blocking artifacts, which
are mainly caused by coding of intra-prediction error
and motion compensation. The detailed analysis of
the proposed FDBS algorithm is described as follows.

3.1.1. BS=1: Offset-Based Filtering Mode Figure 3
illustrates the concept of the offset-based filtering
mode, in which six pixels on the top vertical and
left horizontal edges of each block are filtered. The
terms Poo, Po1, Poz, Qoo, Qo1 and Oy, represent the
pixel values after applying deblocking on pixels
DPoo» Poi» Po2, qoo» qo1 and go». Notably, the
difference value x is determined from the difference
between two pixels across the block boundary, and
importantly influences the strength of the blocking
artifact. Based on the difference value, the total of



214 Hsu and Huang

Frames

FDBS Algorithm

BS analysis

macroblock edge

or motion compensation from

BS =4 : one of the blocks is Intra coding and the edge is a

BS =3 : one of the blocks is Intra coding
BS =2 : one of the blocks has coded residuals
BS=1:

difference of block motion > 1 luma sample distance

different reference frames

BS =0 : no filtering
BS=1or2,3and 4
BS=1 BS=2o0r3 BS=4
A 4 A 4

Offset-based
filtering mode

Standard-based
filtering mode

Diagonal-based
filtering mode

! !

I

e m — — — — — — — — — — — — — — — — — — — —— ———— ———— ———

Figure 2. Flowchart of the proposed FDBS algorithm.

six pixels across the block boundary are updated
and adjusted between 0 and 255. Figure 4a and b
depict the corresponding one-dimensional view of
the block boundaries before and after deblocking,

respectively. Comparing with the H.264/AVC stan-
dard, the offset-based filtering mode removes the
blocking artifacts without degrading the sharpness
in the frame, and the offset-based filtering mode has
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Figure 3. Description of offset-based filtering process.
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Figure 4.

extremely low computational complexity under
smooth blocking artifact (BS=1). The detailed filter
process of the offset-based filtering mode is dis-
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One dimensional view of the block boundary by offset-based filtering mode. a Before filtering. b After filtering.
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Figure 5. Pixel adjacent to vertical and horizontal boundaries by
standard-based filtering mode. a Before filtering. b After filtering.
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Figure 6. Diagonal-based filtering mode. a 45° and 135° direction condition. b Output of filtered process.

filtering in the horizontal and vertical directions alone only
eliminate a limited number of blocking artifacts. Figure 5a
illustrates four pixels on either side of a vertical or
horizontal boundary in adjacent blocks p (Poo, Po1s Po2s
po3) and g (goo, qo1> Go2, qo3)- Notably, each filtering

operation affects up to two pixels on either side of the
boundary. In other words, either no pixels are filtered, or
Poo—Po1 and goo—qo, are filtered to generate output pixels
in the filtering process. Figure 5b shows the pixel

Inverse Global Bus Motion
Transform Compensation
I 1
Deblocking Filter I
Control _,| FDBSbased | || Transpose
Unit Edge Filter Unit
I e e T T T T T —_——— al
i |
H Register 1 | | Register 2 I | SRAM I !
1 :
i 1
. Data Storage

Figure 7. Proposed deblocking filter architecture design.
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modification after filtering. The filtering process of the
standard-based filtering mode is described as follows.

1: A = Clip(—Cy, Co, (((go0 — poo) < 2+
(Po1 — qo1) +4) > 3));

2: Poo = (0,255, (poo + A));

3: Qoo = (0,255, (qo0 — A));

4: Iflp()z — p00| < ﬁ then

: Po1 = po1 + Clip(—=Cy, C1, (po2 + ((poo+

00 +1) > 1) — (por < 1)) > 1);
endi?

>

2 f g2 — qoo| < B then
: Qo1 = qo1 + Clip(—C1, Cy, (qo2 + ((poo+

qoo + 1) > 1) — (qu < 1)) > 1);

. end if;

Line 1: Determine the clipping value.
Lines 2-3: Update pixels poo, goo-
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Y (Po; | Poz | Por Poo’::qoo Qo1 | o2 | 903 |3
N BT - ;
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LOP 32 33 34 35
LOP 36 37 38 39
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(b)

Figure 8.

Data structure in the data storage unit. a Luma block. b Chroma block.
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Figure 9. Register for adjacent data.

Lines 4-6: Modify sample value py; to a filtered
value P()].

Lines 7-9: Modify sample value ¢y, to a filtered
value Q01~

The parameters C, and C; represent the clip
variables, which are discussed in reference [2].

3.1.3. BS=4: Diagonal-based Filtering Mode.
Generally, H.264/AVC will meet the problem of edge
over-smoothing under serious blocking artifacts. Thus,

Register 1 for Left MB (32-bits x 32)

2
Edge

30
31

30
31

Register 2 for Upper MB (32-bits x 32)

in order to minimize the edge over-smoothing problem,
we used the diagonal-based filtering mode to preclude
edge pixels from deblocking filter by checking the
pixel difference with a given threshold. The diagonal-
based filtering mode is adopted when the diagonal
directions (45° and 135°) are considered. Restated, this
method removes blocking artifacts in the diagonal
direction, and avoids discontinuous edge blocks.
Figure 6a and b show the diagonal samples and two
blocks of sample values in sides of two neighboring
4x4 blocks, respectively. Additionally, the filtering
process may modify up to three pixel values on each

FDBS Based Edge Filter |

LOP input
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Figure 10. Block diagram of FDBS based edge filter circuit design.
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side of the edge. The filtering process of the diagonal-
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Block diagram of transpose unit circuit design.

based filtering mode is described as follows.

1:

[\

© 3

AR AR

If |po2 — poo| < B and |poo — qoo| <
(o> 2) then
Poo = (po2 + 2po1 + 2poo + 2900 + qo1 + 4)
> 3;

else

Py = (2po1 + poo + go1 +2) > 2;

end if;
If' |po> — poo| < B and |por — p12| < B and
[po1 —pio| < B

Por = (po2 + po1 + Poo + qoo +2) > 2;

else if |po> —poo| < B, [po1 —pi2| > Bor
|Po1 — p1o| > 8

9: Por = (poo + 2po1 + po> +2) > 2;
10: end if;
11: If Ipoz —p00| < ﬂand I_poz —p13| < ﬂand

|Po2 —pui| < B

16:
17:
18:

19:

20:
21:
22:
23:

24:
25:

26:
27:
28:

12: Py = (2po3 + 3poz2 + po1 + poo + qoo + 4) > 3;
13: else if |po2 — poo| < B and |pox — p13| > B and

Figure 12.

lpo2 — p11| < B

{q00,q01,q02,q03}

14:
15:

P> = (2p12 + po3 + 3po2 + por +pi1 +4) > 3;
else if |po2 — poo| < B and |po2 — p13| < B and

lpo2 — pu1| > B
Py = (2p12 + po3 + 3po2 + por +p13 +4) > 3;
end if;

If" 902 — qoo| < B and |poo — qoo| < (o> 2)
then

Ouw = (q01 + 2poo + 2900 + 2901 + go2 + 4)

> 3;

else

Qoo = (2901 + qoo + po1 +2) > 2;

end if

If |qo2 — qool < B and |qo1 — q10| < B and
lgo1 — q12| < B

Oo1 = (qo2 + qo1 + qoo + poo + 2) > 2;
else if" |qo2 — qoo| < B, |q01 — qro| > B or

lgo1 — q12| > B
Qo1 = (qoo + 2qo1 + qo2 +2) > 2;
end if;

If |qo2 — qoo| < B and |qo2 — qu1| < B and
lqo2 — qu3| < B

002 = (2903 + 3q02 + qo1 + qoo + poo +4) > 3;

{q10,q11,q12,q13}

{q20,q21,922,q23}

{q00,q10,q20,q30}
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{q30,q31,932,q33}

Data flow of transpose unit.
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30: else if |qo2 — qoo| < B and |qo2 — q11| > B and
g2 — q13] < B

31: Qo2 = (2q12 + qo3 + 3q02 + qo1 + q13 +4) > 3;

32: else if |qoa — qoo| < B and |qo2 — q11| < B and
|g02 — q13| > 8

33: Qo2 = (2q12 + qo3 + 3q02 + qo1 + q11 +4) > 3;
34: end if;

Lines 1-17: Update sample values pgg, po1 and poo.
Lines 18-34: Update sample values ¢qg, go1 and ggs.

3.2, Deblocking Filter Architecture Design

Figure 7 shows the deblocking filter architecture
design corresponding to the proposed FDBS algo-

Coding information

4L

rithm. The proposed architecture is a parallel-in
parallel-out design, which can be reconfigured to
support different filtering strengths. Four functional
blocks, namely control unit, edge filter, transpose unit
and data storage, are provided to realize the function-
ality of the deblocking processes.

— The control unit determines the filtering parameters
based on the accepted code information, and controls
data input of edge filter and data storage.

— The edge filter is realized by the proposed FDBS
approach, which is the kernel block of the de-
blocking filter.

— The transpose unit is applied to support the filtering
process on vertical/horizontal edges.

— Data storage can store the sample of an MB and its
adjacent blocks around the deblocking filter.

Filtering Updated
parameters LOP; |
Control FDBS Based Transpose
Unit ‘ Edge Filter > Unit
Updated
LOP,, ,
! Intermediate
LOP, LOP,,, data
A 4
> SRAM
Coding information
@ Filtering Updated
parameters LOP; |
Control ‘ FDBS Based Transpose
Unit ‘ Edge Filter > Unit
Updated
LOP,
i+l Intermediate
LOP of Adjacent MB LOP; of Current MB v data
— Register 1 & 2
& SRAM

Figure 13. Data flow of horizontal filtering processes. a Horizontal filtering over the vertical edges VE2, VE3, VE4, VE6, and VES8. b

Horizontal filtering over the vertical edges VE1, VE5 and VE7.
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In general, the coding information from inverse
transform are loaded into the control unit to determine
the filter parameters «, 3 and BS. Based on these filtering
parameters, the unfiltered data from the data storage can
be filtered by the edge filter, which is designed with the
proposed FDBS approach. Furthermore, the 4%x4 hori-
zontal filtering pixels on the vertical edges are stored into
transpose units to transfer the horizontal filtering pixels to
intermediated data for executing the 4 x4 vertical filtering
process on the horizontal edges. Finally, the data storage
exports the filtering results to the entire architecture when
the filtering processes of vertical and horizontal edges are
both achieved. The details of the operation principles,
related circuit designs and overall working flow are
discussed as follows.

Coding information

4L

3.2.1. Data Storage Architecture Design. The data
storage design of the proposed architecture comprises
an SRAM and two registers. The SRAM stores the
deblocking samples of a current MB, which includes
one block of 16x16 luma data and two blocks of
8x8 chroma data. Figure 8 illustrates the corre-
sponding data structure, which stores each pixel in
8 bits. Each pixel is saturated in the range 0-255
following the inverse transform. Thus, four pixels of
a 4x4 block can be grouped into a 32-bit unit called
the line-of-pixel (LOP). In Fig. 8, VE1-VE8 (HEI1-
HES) represent the vertical (horizontal) edges to be
filtered. Each square denotes an LOP, and the number
in each LOP indicates the storage address of the
corresponding 32-bit datum in SRAM. The 16x16

Filtering
parameters
Control FDBS Based Filtered pixels R
Unit ‘ Edge Filter
LOP, LOP,,
> SRAM
(@)
Coding information
@ Coding
parameters
Control FDBS Based Filtered pixels R
Unit ‘ Edge Filter
LOP of Adjacent MB LOP,; of Current MB

] Register 1 & 2

A 4

SRAM

(b)

Figure 14. Data flow of vertical filtering processes. a Vertical filtering over the horizontal edges HE2, HE3, HE4, HE6, and HES8. b Vertical

filtering over the horizontal edges HE1, HES and HE7.
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luma datum in Fig. 8a is discussed as an example to
explain the proposed filtering process.

— Case 1: Horizontal filtering of vertical edges
In the horizontal filtering of vertical edges, the
vertical edge VE1 of the current MB is filtered first.

Start

In this case, the rightmost LOPs of the left MB and
the leftmost LOPs of the current MB are needed for
filtering. Notably, at most three pixels of each LOP
(Poo—Po> and goo—qop) must be updated by the
proposed FDBS algorithm. Conversely, the pixels
of LOP 0 and LOP 1 are captured to update when

= D

N
| l
QP & Sample of Sample of
motion vector adjacent blocks macroblock
Control
! l } > Unit
Calculate parameters
of filtering
N\
No
Yes
¢ ol Edge
Filter
Yes
Offset-based Standard-based Diagonal-based
filtering mode filtering mode filtering mode
J
Vertical filtering Horizontal filtering Horizontal filtering
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Vertical filtering
N\
The update pixels after filtering process
Data
St SRAM access Zx4 block Transpose
orage AT Unit
finished 2 m
Yes
Vertical filteri Transpose the update pixels
ertical filtering . .
Control finished on an MB? for the next vertical filtering )
Unit l
Yes SRAM access Data
Storage
N\
Horizontal filtering
finished on an MB?
Control
1 Unit
Output to system
J

End

Figure 15.

Overall working flow of proposed deblocking filter architecture.
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the vertical edge VE2 in the current MB is con-
sidered to be filtered. All vertical edges in the
current MB can be filtered using the same filtering
process.
— Case 2: Vertical filtering of the horizontal edges

If the horizontal edge HEI is regarded as fil-
tered, then the lowest LOPs in the upper MB, and
the highest LOPs in the current MB, are both
needed for deblocking. Similarly, the other hori-
zontal edges can be captured for vertical filtering
using the same working principles. Restated, the
LOPs are stored in the registers for the vertical
filtering if the corresponding horizontal edge is
considered as filtered (see Fig. 9). Additionally, the
edge filter obtains the LOPs from the SRAM and
registers by the proposed FDBS algorithm to
replace the filtered pixels.

Furthermore, the filtering process of the chroma
block edges (VES-VE8 and HE5-HES) of the current
MB (see Fig. 8b) can be completed with the same
method as described in cases 1 and 2.
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Figure 16.

3.2.2. Edge Filter Architecture Design. Figure 10
shows the block diagram of the edge filter circuit
design based on the FDBS algorithm. The working
processes of this design are briefly described as
follows. First, two LOPs (poo—po3 and goo—qo3) on
either side of the filtered edge from SRAM and/or
registers are input to the mode selector. Meanwhile,
the boundary strength parameter, BS, is also sent to
the mode selector to determine the appropriate filter
mode. Notably three filtering modes, i.e. offset-based,
standard-based and diagonal-based, are adopted the
proposed FDBS algorithm. The threshold parameters
«a and (3 are then delivered to the filter mode for
filtering. Finally, the updated LOPs are sent to the
transpose unit if the updated LOPs are horizontally
filtered over the vertical edges. However, if the pro-
cess in the edge filter is vertical filtering over the
horizontal edges, then the updated LOPs are the
filtered pixels, i.e., the filter process is completed.

3.2.3. Transpose Unit Architecture Design. The
transpose unit is designed to temporarily store and

44 |
4 r
a 40
= L
% 38
L 36
34t /;
*
32 | ---¢-- Standard JM
—=— Proposed
30 1 1 1 1 -
0 10 20 30 40 50 60
Bit-rate (K bit/s)
44 |
0t
2 40
= L
% 38
236
34 |/
.
32 b -~ - Standard JM
—=*— Proposed
30 1 1 1 1 _

0 10 20 30 40 50 60
Bit-rate (K bit/s)

Container

Simulation results of “Foreman”, “Silent”, “NEWS”, and “Container” 10 Hz QCIF chroma.
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transpose the pixels of the filtering 4x4 block from
the edge filter. Thus, the functionality of the transpose
unit in Fig. 7 is like a register. Restated, the 4x4
horizontal filtering pixels of the vertical edges are
stored in the transpose unit in turn during four clock
cycles, and then transposed to intermediate data
between the next four clock cycles. The transpose
unit thus needs eight clock cycles to complete the
operations. Figures 11 and 12 show the corre-
sponding block diagram and the data flow of the
transpose unit circuit design, respectively.

Table 1. Average PNSR improvement and bit rate saving of the
proposed FDBS algorithm

Sequence PNSR improving (%) Bit rate saving (%)
Foreman 0.34 4.1
Silent 0.35 3.6
NEWS 0.22 43
Container 0.24 3.0
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Simulation results of “Foreman”, Silent”, “NEWS”, and “Container” 15 Hz QCIF luma.

Figures 13 and 14 illustrate the data flow to
describe in detail the further operation of the
proposed architecture design. Notably, the filtering
process is horizontal filtering over the vertical edges,
followed by vertical filtering over the horizontal
edges. Figure 13a demonstrates that the coding infor-
mation is loaded into the control unit to determine the
filtering parameters, and transmit it to the FDBS-
based edge filter. According to the filtering parame-
ters, the FDBS-based edge filter determines the
appropriate filtering mode, and grabs the unfiltered
pixels (LOP; and LOP,;,) from the on-chip SRAM
for horizontal filtering of the vertical edges VE2,
VE3, VE4, VE6 and VES (see Fig. 9). The updated
LOPs are then transposed to the intermediate data,
and stored in the on-chip SRAM to prepare to execute
the vertical filtering of horizontal edges. However, the
FDBS-based edge filter also has to obtain the
adjacent MB LOPs from the registers for filtering
edges VEI1, VES5 and VE7, since these edges are the
fringe edges of the current MB. Figure 13b depicts
this case. The filtering processes of the wvertical
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filtering of the horizontal edges are performed with a
similar approach. Figure 14a and b show the data
flow of the vertical filtering of horizontal edges HE2,
HE3, HE4, HE6 and HES, and HE1, HE5 and HE7,
respectively. Notably, the transpose unit is not
necessary in the vertical filtering processes, because
the output of the FDBS-based edge filter are the
filtered pixels.

Based on the discussion of each sub-circuit and the
data flow analysis, the overall working flow of the
proposed deblocking filter architecture design is sum-
marized in Fig. 15, and is briefly described as follows.

Step 1: Obtaining the coding information from
global bus.

The parameter QP, motion vectors, sam-
ples of current MB and adjacent MB from
inverse transform are loaded into the control
unit for calculation.

Step 2: Using the control unit to calculate the filtering
parameters.

The accepted code information (QP and
motion vectors) is applied to derive the
filtering parameters «, (5 and BS.

Step 3: Filtering the vertical and horizontal edges.
The FDBS-based edge filter can obtain the
unfiltered data from memory and register for
filtering according to the filter parameters.
For each MB, horizontal filtering of the
vertical edges is performed first, followed
by vertical filtering of the horizontal edges.
Notably, both filtering directions must be
performed on each MB before moving on to
the next MB.

Step 4: Transposing filtering pixels to intermediated
data.

The filtering processes of the proposed
architecture is to filter the vertical 4 x4 block

With standard JM9.3 deblocking

(QP =25, PSNR =37.91)

With proposed deblocking processing
(QP =25, PSNR = 37.98)

With standard JM9.3 deblocking

(QP =25, PSNR = 38.35)

With proposed deblocking processing
(QP =25, PSNR = 38.43)

Figure 18.  Deblocking result of “Foreman” and “Silent” video sequences.
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Figure 19.
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(QP =30, PSNR = 35.85)

With standard JM9.3 deblocking
(QP =30, PSNR = 35.59)

MPEE

WORLD

With proposed deblocking processing
(QP =30, PSNR = 35.93)

With proposed deblocking processing
(QP =30, PSNR = 35.67)

Deblocking result of “NEWS” and “Container” video sequences.

edges from left to right first, and then
deblock the horizontal 4 x4 block edges from
top to bottom. Thus, the 4x4 horizontal
filtering pixels on the vertical edges are
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Figure 20.

Physical implementation of the proposed architecture.

stored in the transpose unit in turn during
four clocks, and these pixels are then
transposed into intermediate data at the other
four clocks in preparation for execution of
the 4x4 vertical filtering on the horizontal
edges.

Step 5: Checking that the filtering process are
finished.

The filtering results are exported to the
entire architecture when the filtering pro-
cesses of the vertical and horizontal edges
are both accomplished.

4. Results Discussion

To evaluate the accuracy and efficiency of the
proposed deblocking filter, the architecture was
designed by Verilog HDL and implemented with the
TSMC 0.18 um 1P6M CMOS technology. The
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Table 2. Comparison results

Proposed [10] [15] [19]
Technology 0.18 pm 0.25 pum n/a 0.25 pum
Gate count (100 MHz) (without SRAM) 18.53 K 24 K n/a 20.66 K
Cycle/MB 366 446 >600 614
Memory size (bits) 32x96 32x64x1 Frame size 32x160

32x96x2
Processing rate (100 MHz) 1,280 % 1,280x720 1,280 % 1,280x
720@30 Hz @60 Hz 720@30 Hz 720@30 Hz
Memory architecture Two port Dual port x1 Two port Two pot
Two port x2

detailed simulation results, physical implementation
and performance comparisons are discussed as
follows.

4.1.  Simulation Results

The proposed FDBS algorithm was implemented into
H.264/AVC reference software, JM9.3 to demonstrate
the compatibility of the standard JM code, and to
measure the performance improvement in PSNR, bit-
rate and subjective quality. The visual test was
performed on the JM9.3 coded sequences, such as
“Foreman”, “Silent”, “NEWS”, and “Container”.
Figures 16 and 17 show the simulation results of
QCIF chroma and luma, respectively. The simulation
results clearly reveal that the performance of the
proposed FDBS algorithm is better than standard JM
code in both PSNR improvement and bit-rate reduc-
tion. The average PSNR improvement and bit rate
saving of the proposed FDBS algorithm are listed in
Table 1.

State

On the other hand, the subjective quality is another
criterion for deblocking filter design. Using the
standard JM and proposed FDBS algorithms, the
subjective quality observation of sequences “Forman”,
“Silent” with QP=25 and “NEWS”, “Container” with
QP=30 are illustrated in Figs. 18 and 19, which
demonstrate that the proposed FDBS algorithm
obviously enhance the subjective views and PSNR
values.

4.2.  Implementation and Comparisons

The validated Verilog HDL code was also synthe-
sized with the TSMC 0.18 um CMOS cell library
by the Synopsys Design Compiler. Figure 20 illus-
trates the chip layout of the proposed architecture
design. The core size is about 736x 573 um?. Table 2
lists the comparisons of synthesized results between
previous works and the proposed architecture, and
clearly demonstrates that the proposed architecture can
support 1,280x720@30 Hz processing throughput

clocks

Read coding
Information &
BS analysis

366 _—

Transpose unit
& SRAM access

Horizontal filtering [« 28 - ::

Vertical filtering

Figure 21.  Processing scheduling chart of the proposed architecture.
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while clocking at 100 MHz. Additionally, the
proposed architecture possesses good characteristics
in gate count, memory size and clock-cycle/MB.
Figure 21 depicts the required processing clocks of
the proposed architecture to describe the clock-cycle/
MB further. According to Fig. 21, the proposed
architecture takes 52 clock cycles to read the coding
information and perform the BS analysis. Moreover,
338 [186 (Luma) + 152 (Chroma)] clocks are needed
for both horizontal and vertical filtering. Thus, the
proposed architecture performs deblocking filtering
for all MBs in 366 cycles, which is adequate to
realize the real-time deblocking filter of a HDTV
(1,280%720 30fps) H.264/AVC bitstream.

5. Conclusions

This work develops a hardware architecture design of
a deblocking filter based on a novel FDBS algorithm.
The FDBS algorithm adopts offset-based, standard-
based and diagonal-based filtering modes to eliminate
annoying blocking artifacts and improve subjective
video quality. The Verilog HDL coding and TSMC
0.18 um CMOS technology are adopted herein to
realize and verify the proposed FDBS approach and
the corresponding architecture design. Simulation
results, physical implementation and performance
comparisons demonstrate that the proposed deblock-
ing filter architecture design can effectively achieve
PSNR improvement and bit-rate saving with a small
number of gate counts and clock cycles. Thus, the
processing capability of the proposed architecture can
operate quite efficiently for real-time applications,
and are highly promising for integration into an
H.264/AVC codec.
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