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Abstract:  To efficiently exploit the performance of single instruction multiple data (SIMD) architectures for video coding, a
parallel memory architecture with power-of-two memory modules is proposed. It employs two novel skewing schemes to provide
conflict-free access to adjacent elements (8-bit and 16-bit data types) or with power-of-two intervals in both horizontal and vertical
directions, which were not possible in previous parallel memory architectures. Area consumptions and delay estimations are given
respectively with 4, 8 and 16 memory modules. Under a 0.18-um CMOS technology, the synthesis results show that the proposed
system can achieve 230 MHz clock frequency with 16 memory modules at the cost of 19k gates when read and write latencies are
3 and 2 clock cycles, respectively. We implement the proposed parallel memory architecture on a video signal processor (VSP).

The results show that VSP enhanced with the proposed architecture achieves 1.28x speedups for H.264 real-time decoding.
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INTRODUCTION

During the last decade we have been witnessing
the high development pace of video coding algo-
rithms, which results in a large number of latest
standards, such as H.264/AVC, VC-1 and AVS. As
well as the advances in VLSI technology, modern
media processors, digital signal processors (DSPs)
and general-purpose processors (GPPs) with instruc-
tion extensions can provide a programmable envi-
ronment for challenging real-time video processing.
Single instruction multiple data (SIMD) architectures
exploit inherent data level parallelism and achieve
high performance with low hardware cost and control
complexity in video processing (Kozyrakis and Pat-
terson, 2002). They use partitionable function units to
operate on packed narrow subwords. As an example,
a 64-bit register can be treated as two 32-bit, four
16-bit, or eight 8-bit segments.

Traditional SIMD processors employ the word-
addressable memory architecture for simple imple-
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mentation and low cost. They straightforwardly ac-
cess data elements located next to each other in a
correct order according to word boundaries. When the
wanted data are not word aligned, two memory loads,
two shifts and one logic “or” operation are needed.
But motion estimation, the most computation inten-
sive part of video coding, demands unaligned mem-
ory access. Many other applications, such as discrete
cosine transform (DCT), matrix computation, require
stride memory access. Up to 41% of the total in-
structions of some processors are used for bringing
requested data in the amenable SIMD fashion (Talla
et al., 2003).

To decrease such overhead of rearrangement
operations, stride memory access is supported in
modern multimedia architectures, such as matrix
oriented multimedia (MOM) (Corbal et al., 1999),
complex streamed instruction (CSI) (Cheresiz et al.,
2005), Imagine (Khailany et al., 2001) and Vector
Intelligent RAM (VIRAM) (Kozyrakis and Patterson,
2003). For example, MOM allows arbitrary stride
between consecutive rows and the subwords in a row
have to be adjacent. However, none of them utilizes
the parallel memory architecture. They support stride
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and possibly some irregular accesses by collecting
data to dense groups in an additional buffer (Aho et
al., 2007). But parallel memories access only the
required data in parallel without extra buffering or
additional memory accesses. The parallel memory
architecture with versatile access formats provides a
high bandwidth of internal data memory for parallel
processors, which is especially useful for subword
SIMD parallel processing. Therefore, an efficient
parallel memory architecture is essential for SIMD
architectures in video processing.

In this paper, we propose a novel parallel mem-
ory architecture with power-of-two memory modules,
which provides required parallel access formats of
video coding. It supports conflict-free access with
power-of-two strides in 2D directions for 8-bit pixels
and 16-bit coefficients in video coding. The organi-
zation of the paper is as follows. Section 2 discusses
the related works of parallel memory. Demanded
access formats of video coding are presented in Sec-
tion 3. Proposed skewing schemes are described in
Section 4 whereas the proposed parallel memory
architecture is depicted in detail in Section 5. Section
6 gives the ASIC results of hardware implementation
with memory module numbers 4, 8 and 16, and
comparisons with some reference architectures. The
performance comparisons are shown in Section 7.
Finally, Section 8 concludes the paper.

RELATED WORKS

Parallel memory architectures have been under
active research for a long time (Sohi, 1993). The
essential components of a parallel memory architec-
ture are depicted in Fig.1. The address computation
unit is hardwired to utilize predetermined module
assignment function and address assignment function.
The module assignment function (or skewing scheme)
determines the distribution of data to the modules,
whereas the address assignment function allocates the
distribution of data to addresses within the memory
modules. Using control signals, such as the access
format and the position of the starting point, the ad-
dress computation unit calculates the physical ad-
dresses and aligns them with right memory modules
(So, S1, ..., Sm-1). The data permutation network
shuffles the requested data into a correct order ac-
cording to the module assignment function.
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Fig.1 Diagram of parallel memory architecture

Researchers have proposed many skewing
schemes to support versatile parallel access formats.
For example, Park (2004) employed a prime number
of memory modules to access data elements within a
block, a row, a column, and a forward or backward
diagonal subarray simultaneously. However, a prime
number of memory modules complicated the hard-
ware implementation and took redundant memory
storage space. Ideally, the number of memory mod-
ules equals that of elements inside access formats.
Processors usually employ parallel data path of
power-of-two bytes, so we restrict our discussions to
parallel memory schemes with power-of-two memory
modules (M=2").

The XOR-scheme was generalized by Frailong
et al.(1985), which computed a physical address
within a module as a dot product of a logical address
of a data element and a transformation matrix, de-
scribed as

P@, j)= Al ®BJ,when I =(i%2"),,J =(j%2"),, (1)

where the number of memory modules is M=2", A and
B are nxu and nxv binary matrices, respectively. Then
calculations are performed by simple bitwise “XOR”
and “AND” operations. An example of the XOR
scheme is shown in Fig.2a.

Another class of frequently used parallel
schemes is the linear skewing scheme, which was first
introduced by Budnik and Kuck (1971). Linear
schemes can be expressed as

P, j) = (ai +bj)%M, (2)

where a and b are constants. An example, when
a=b=1 and M=8, is presented in Fig.2b. Linear func-
tions have the important property—isotropic (Gossel
et al., 1994), which reduces the number of memory
module permutations inside the access formats and
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Fig.2 Previous skewing schemes. (a) XOR scheme; (b) Linear scheme; (c) Multi-skewing scheme;

(d) Multi-periodic diamond scheme

simplifies the address calculation circuit and the
permutation network. But, it has been proven that it is
not possible for a linear function to obtain conflict-
free access for rows, columns, and forward and
backward diagonals without redundant memory
modules. A multi-skewing method was proposed by
Deb (1996), which employed several linear module
assignment functions to provide conflict-free access
for various access formats of an MxM matrix, as
shown in Fig.2c.

The multi-periodic diamond scheme was pro-
posed in (Gossel et al., 1994) and described by

P(i, j) = P(i' +ka, j' +18) =2 7'P(i", j'), (3)

where P(i',j") determines the memory mapping of the
basic domain. The position (i,j) in other blocks is
permutated by the functions z* and 7' along the i- and
j-axis, respectively. For example, in Fig.2d, the basic

domain is the upper-left 8x8 block, and the other
blocks are permutations of that block. Well chosen
permutations enable the needed parallel access
formats.

It is well known that access format combinations
are quite limited for a single module assignment
function without data redundancy and extra memory
space (Gossel et al., 1994). However, solutions might
be found for specific applications, such as placement
restrictions and several module assignment functions.
Aho et al.(2004) presented the configurable parallel
memory architecture (CPMA) that allowed several
data access formats and skewing schemes to be im-
plemented by a single hardware when the number of
memory modules is arbitrary—But CPMA is too
complicated for a specific application, while our work
only concentrates on video coding. They proposed a
configurable parallel memory system with arbitrary
stride accessibility for multimedia processing (Aho et
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al., 2007). Parallel memory schemes for H.263 en-
coder are proposed in (Tanskanen et al., 2000), but
they did not give the implementation architecture.
Tanskanen et al.(2004; 2005) presented two parallel
memory architectures for video coding, which em-
ployed several XOR-schemes. But all the previous
designs only support parallel access formats of 8-bit
subword, and can not provide stride accessibility of
16-bit element, which is often demanded in video
processing. Moreover, they just support 1D stride
accesses, which are not suitable for 2D video coding.
Based on the analysis of access formats in video
coding, this paper presents a novel parallel memory
architecture allowing conflict-free stride accesses in
both horizontal and vertical directions.

ACCESS FORMATS OF VIDEO CODING

Video coding proceeds macroblock by macrob-
lock, and macroblocks are further constructed by
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(16-bit) for coefficients. Most pixel computation
processing: byte (8-bit) for pixels and half-word
kernels in video coding, including motion estimation,
compensation, padding, etc., need to access adjacent
M pixels in horizontal or vertical directions without
restricted start point placement. Meanwhile, alternate
pixels in a row or column are demanded to be ac-
cessed in fractional pixel interpolation (Tanskanen et
al., 2000). In the ‘in-place’ computations of 2D or-
thogonal transforms, conflict-free parallel accesses to
16-bit elements with power-of-two strides in both a
row and a column are required (Trenas et al., 1998).
Desired parallel access formats of video coding are
shown in Fig.3. The memory module is to be accessed
in a 2D scanning field. The pointed square presents
the starting point location. UN stands for placement
unrestricted. But shown as (5)~(8) in Fig.3, parallel
accesses with power-of-two strides (2', 1£0) from 2 to
M, need restrictions that the horizontal and vertical
coordinates in the local MxM matrix should be less

tree-based blocks of different sizes, such as 16x8, 8x8, than 2! respectively for row and column
8x4, and 4x4. There are two data types of video  accesses.
M Desired access formats for image and video applications
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Fig.3 Desired parallel access formats of video coding (M=4, 8 and 16). The memory module is to be accessed in a
2D scanning field. The pointed square presents the starting point location. UN stands for placement unrestricted
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SKEWING SCHEMES FOR VIDEO CODING

Since all the stream data of video coding are
stored in the single data memory, traditional 2D ad-
dressing mode just using the coordinates (i,j) to locate
a position is not appropriate. A new 2D parallel
memory access pattern is proposed in Fig.4. Two

parameters determine the position of the starting point:

(1) base, the base address of a data block, which is
restricted to multiples of M; (2) 2D offsets in hori-
zontal and vertical directions (ox,0y) between the base
address and the starting point. Other definitions are
given as follows:

xstride: the horizontal stride in bytes between
neighbor elements. It should be power-of-two.

base=0 0x=2,_xstride=4 ES=2 Row mode
«——>le it VA >
('I\IAA i
~ rza So ] RN e
&3y g % L
S
g .y
>
[} 0
]
g
p K 4
£
=
8 [ 1+
Yy

Fig.4 Proposed 2D parallel memory access pattern
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ystride: the stride in bytes between consecutive
rows. For hardware simplicity, it is restricted to be
multiples of M and be power of two.

ES: element size, 1 for 8-bit pixels and 2 for
16-bit coefficients.

AJS: 0 for accessing adjacent elements, when
I=0; 1 for accessing sparse elements with power-of-
two strides 2.

column: O for row access and 1 for column
access.

As one single module assignment function
cannot support all parallel access formats shown in
Fig.3, we propose two parallel schemes (named
A-scheme and S-scheme) based on the popular linear
shift/rotate scheme (Li et al., 2005) to meet the re-
quirements of video coding. As shown in Fig.5, pixels
(ES=1) within an 8x8 block and coefficients (ES=2)
within a 4x4 block are mapped in the shift/rotate
manner, in which the ith row of data is sifted/rotated
by ixES bytes, respectively. The memory module
assignment function for the position (x, y) based on
byte in an MxM matrix (ES=1) or an M/2xM/2 matrix
(ES=2) is

m(x,y) = (x+y-ES)%M. (4)

Module 0 1 2 3 4 5 6 7

©00) | 10) | 20) | 30) | 40) | 5.0 | 6.0 | 7.0) ©00) | 10) | 20) | 30 | @0 | 60 | 60 | 7.0
o] ay|ey|ey|ey|ey|ey | anlon|ay|ey|ey|ey|en |6y
02| 12| @266 |62 |62 |02 62 |72|02]| 2|2 |ca | |62
03) | 13) | 23| 63| @3] 63|63 |73 63|63 |73 03] @) | @3] 63| e
08| 1| @y | 6| ey | 6|6 | @n |6l 6a| 09| @y | el ce
©05) | 15 | 25 | 35 | @5 | 65 | 65 | 75 @5 | @5 | 65| 65|75 |08 | @ | @5
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onlan|en|en|en|en|en|an anlen|en|en|en|en|an| o

@

Module © 1 2 3 4 5 6 7
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Fig.5 Linear shift/rotate scheme with M=8. (a) 8x8 pixel block; (b) 4x4 coefficient block
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By using this scheme, each data element be-
longing to a row or a column in the matrix is stored in
the distinct modules. As a result, parallel memory
accesses in horizontal and vertical directions can be
supported.

Proposed A-scheme for adjacent access

To provide parallel access to adjacent both 8-bit
and 16-bit elements in a row or a column of a UxV
image matrix, as shown by (1)~(4) in Fig.3, the
A-scheme is proposed. A-scheme partitions the image
matrix into size MxM (ES=1) or M/2xM/2 (ES=2)
sub-matrices, and all sub-matrices employ the linear
shift/rotate scheme, which is described as Eq.(4).
Then the module assignment function for position (x,y)
is given as

P(X.y) = (% + KM, y, + M)

®)
= m(Xo’ yo) = (Xo + YO)%M )

where (Xo,Yo) is the new coordinates in a local
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is periodic, as @(x,y)=g(x+kM,y+jM), for k, j=..., =2,
-1,0,1, 2, .... As an example, when M=8, the mem-
ory module distributions of a 16x16 pixel block
(ES=1) and an 8x8 coefficient block (ES=2) using
A-scheme are shown in Figs.6a and 6c, respectively.

In our defined 2D access pattern, the new coor-
dinates in local sub-matrix of i-byte (0<i<M) element
from the starting position base and (ox,oy) is repre-
sented as followings:

X, = (0x +1)%M,
row:
Yy, =0y%M,

6
X, = (0X +1%ES)%M, ©
column: )
y, =(oy +i/ES)%M.

So the module assignment function of A-scheme can
be deduced by combining Egs.(5) and (6) as:

m(i) = [(ox+1)%M + (0y%M)-ES]%M, row,
 |[(ox+i%ES)%M + (oy +i/ES)- ES]%M, column.

sub-matrix of the original position (x,y). A-scheme ¢ (7)
X X
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of1]2]3]4[s]e[7]o]1]2]3]4]5]6]7 of1]2]3]4[s[6[7]1]2]3]4]5]6]7]0
1]2]3]4a]s]6|7|of1]2]3]4]5]6]7]0 1]2]3]4]s5]6|7]of2]3]4]5]6]7]0]2
2|3lal5]|6[7]|0]1|2]3]4]|5]6]7[0]1 2|3lals]6|7]o]1|3]4]5]6]7]0]1]2
3lals|e]|7]of1]2|3]4]5|6]7]0]1]2 3lals|e]|7]of1]|2]4]5]6|7]0]2]2]3
4|sle|7]of1]2]3]4]5]6|7]0]2]2]3 4lslef7]ol1]|2]3]5]6]7|0]1]2]3]4
s|e|7]o]1]2]3]4[5]6]7]0]1]2]3]4 sle|7]o]1]2]3]4]6]7]0]1]2]3]4]5
6|7]o]1]2]3]4a]5]6]7]0]1]2]3]4]s 6|7]of1]2]3]4|5]7]0]1]2]3]4]5]6
7]o]1]2]|3]4]s]6][7]0]1]2]3]4]5]6 7]o]1]2]|3]4|s|e[o]1]2]3]4]5]6]7
of1]2]3]4[s]e[7]o]1[2]3]4]5]6]7 1]2]3f4]s]e|7]o[2]3]4]5]6][7]0]1
1]2]3]4]s]|6|7|ofz]2]3]4]5]6]7]0 2|3]a]s|e[7]of1]3]4]5]6]7]0]1]2
2|3]4]s|e[7]o]1]2]3]4]5]6] 7|01 3|a]s]|e|7[of1]2]4]5]6]7]0]2]2]3
3lals|e]|7]of1]2|3]4]5|6]7]0]1]2 4lsle|7]ol1]|2]3]5]6]7|0]1]2]3]4
4|sle|7]of1]2]3]4]5]6|7]0]2]2]3 s5|6[7]0]1]2]3]4|e6][7]0]1]2]3]4]5
s5|6[7]0]1]2]3]4s]6]7[0]1]2]3]4 6|7[of1]2]3]4]s5[7][o]1]2]3]4]5]6
6|7[of1]2]3]4]s5|e][7]o|1]2]3]4]5 7]ol1]2]3]4]5]|6|0][1]2]3]4]5]6]7
y7012345670123456 y0123456712345670
vy (a) \/ (b)
o > O >
01]23]45]67[01]23][45]67 01]23]45]67[23]45][67]01
23456 7]|01[23]4a5[67]01 23[45]67]01[4a5]67]01]23
456 7]/01|23[45]67]01]23 456 7]01]23[67]01][23]45
6 7|0 1]23|4a5[67]01][23]45 6 7|0 1]23|45]01][23]45]67
01|23[45[67]01[23[45]67 23[4a5]67]01[4a5]67][01]23
23|4a5]67|01[238]a5]67]01 45|66 7]01|23[67]01]23]45
45|67]/01|23[a5]67]01]23 6 7|0 1]23|4a5[01]23]a5]67
yl6 7]o1]23[45]67]01[23[45 ylo1]23]4a5]67]23]a5]67][01
A\ (c) \/ (d)

Fig.6 Module distributions of A- and S-schemes (M=8). (a) 16x16 pixel block using A-scheme; (b) 16x16 pixel block
using S-scheme; (c) 8x8 coefficient block using A-scheme; (d) 8x8 coefficient block using S-scheme
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Proposed S-scheme for sparse access

We propose another parallel scheme, S-scheme,
to support accesses with power-of-two intervals from
2 to M between two neighbor elements in a row or a
column, as depicted by (5)~(8) in Fig.3. The image
matrix is also divided into blocks of size MxM (ES=1)
or M/2xM/2 (ES=2). The top left block (x,y<M when
ES=1; x<M, y<M/2 when ES=2) applies the basic
linear shift/rotate scheme as Eq.(4). The skewing
scheme for other sub-matrices at position (s,t) is de-
fined as

o(X,y) =[m(x, +Y,) + (s+t)%M -ES]%M, (8)

where (xo,Yo) are the new coordinates in a local
sub-matrix of the original position (X,y), S=Sk-1+Sk2
+...+51 (k=] UIM)), t=tio+t o+ .+t (= VIM T, ES=1;
j=l 2vIMT, ES=2).

S-scheme is not periodic, but local skewing is
linear and periodic. It permits simultaneous access to
M-byte elements in a row or a column with
power-of-two intervals from 2 to M. The initial posi-
tion (x,y) must satisfy the following requirement:

row: (x%M)/2' =0,

| )
column: (y%M)/2' =0.

The memory module distributions of a 16x16
pixel block (ES=1) and an 8x8 coefficient block
(ES=2) by S-scheme are given in Figs.6b and 6d,
respectively. For example, in Fig.6b, we can access
elements in a column, with initial position (0,3) and
strides equal to 2. The coordinates of accessed ele-
ments are {(0,3), (2,3), (4,3), (6,3), (8,3), (10,3),
(12,3), (14,3)}, which are assigned to the memory 3, 5,
7,1,4,6,0and 2 respectively.

In the S-scheme, the new coordinates in the local
sub-matrix of i-byte (0<i<M) element from the start-
ing position base and (ox,0y) are represented as

[ % =[ox+1%ES + (i/ ES) - xstride]%M,
. {yi =0y%M,

X = (0X +1%ES)%M,

y. =(oy +i/ES)%M.

(10)
column: {

And the positions of the sub-matrix are
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t =oy/M,
s, = (0X+i%ES)/ M,
t =(oy+i/ES)/M.

ow: {si =[ox +i%ES + (i/ ES) - xstride]/ M,

(11)
column: {

Therefore the module assignment function of
S-scheme based on our defined 2D access pattern is

m(@i) =[x +(y, +s, +t)%M -ES]%M.  (12)

PROPOSED HARDWARE ARCHITECTURE

The block diagram of the proposed parallel
memory architecture is shown in Fig.7. The input
parameters including base, (ox,0y), xstride, ystride,
ES, A/S and column. Instead of the bi-directional
crosshar in Fig.1l, two data permutation networks
(DPNs) are employed to permute the written or read
data according to the control signals from the address
generation unit (AGU).

Write control signals

Write enable o < y -
base / Module 0 ! \write DPN [
T : | —
(ox,0y) Address >
- Reg.
_:’ generation |: Module 115 \/ Data filgs
column * | unit (AGU) | .
| AXdresses : »
Module »| Read DPN [
A

Read control signals

Fig.7 Block diagram of the proposed architecture

Fig.8 depicts a block diagram of AGU. The
outputs of the unit are the physical addresses for each
memory module and read and write control signals for
the two DPNs. Inside AGU, the effective address unit
(EAU) computes the effective addresses EA; of each
accessed data. The low n (n=log,M) bits of EA; de-
termine the index of the assigned memory module for
element i, and the remaining bits determine the real
inside address within the assigned module. The per-
mutation control unit (PCU) reorders the memory
module numbers. According to these values, the ad-
dress permutation network (APN) directs the physical
addresses to the proper memory modules.
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base

— 5 |y
(M?»Eﬁective address| EAM Address .
colunin | Unit (EAU) M neqsxcgqulit?g\grlll) ‘Addresses
—> addresses —»
EA%M| Permutation
M > control unit M re?jrdlered
modules (PCU) modutes
\)

Read control signals Write control signals

Fig.8 Block diagram of AGU

The detailed circuit of the EAU is shown in Fig.9.

According to above discussion in Section 4, the ef-
fective address of each element EA; (0<i<M) is de-
scribed as Eq.(13). EA, is obtained by the addition of a
pre-skewed base-stride (BS), the sum of strides in
horizontal and vertical directions (S;) and the
memory-bank offsets (OF;).
EA =BS +S, +OF.. (13)
Fig.9a computes the first addendum term BS
using the following relation: BS=base+oyxystride.
Fig.9b shows the computation of S;, described as

14)

OX +1%ES + (i / ES) - xstride, row,
oX +1%ES + (i / ES) - ystride, column.

The logic for computing the offset value OF; is
presented in Fig.9c. The computations of OF; are
different for A-scheme and S-scheme, represented by
Egs.(15) and (16), respectively:

OF, =

ES, X +Y. <M,
{yl I—’_yl< (15)

_(M_Yi)‘ES: Xi+yi2M'

(y,+s +t)-ES, x+Vy, +s +t <M,
{—(M -y, —S —t)-ES, X +y, +s +t>M,
(16)

OF, =

where (x;,yi) and (s;,tj) are defined and calculated by
Eq.(6), Eq.(10) and Eq.(11), respectively. Finally, the
additions of effective addresses for M memory mod-
ules are shown in Fig.9d. Since the value of ES is only
1 or 2, the logic for pre-processing in Fig.9 is imple-
mented just by multiplexers. Due to the restrictions of
base and ystride value, sS(EA;))=EA;%M is equivalent to
the module assignment functions described as Eq.(7)
and Eq.(12) for A- and S-scheme, respectively. And
their address assignment function is a(EA;))=EAI/M.

oy i/ES n
ystride $n <<xstride/ES
[ 8

base
$16 # ! A column
colum 0 MUX J OMUX 1<
YS\16 XS\ 8
16
BS
16
(@ s (b
oy-ES (oy+i/ES)-ES
#8 8
i
i
I
i
i
i
i
[}
1
i i
i i
i i
i i
| |
i Cout v |
! | Sign concatenation | !
: (Cou i the sign bit) :
S tﬁ:l ..............
OF;
(©
Eis sf o¢F0 BS S OF; BS si,1 OF, .
2 adders 2 adders 2 adders
EA, EA, EAuL
(d)

Fig.9 Circuits of EAU. (a) Adder for BS computing;
(b) Logic for S; computing; (c) Logic for OF; comput-
ing; (d) Addition of EA; computing

The logic of PCU is shown in Fig.10. PCU
changes the order of the module numbers according to
the low n bits of EA;. The comparators are used to find
the memory module number EA{%M that equals the
constant ¢, ce[0, M—1]. The corresponding data
element of index i is forwarded to the output Idx.. For
example, with four memory module numbers {s(EA),
S(EAL), s(EA,), s(EA3)}={1, 2, 3, 0}, the reordered
numbers are {ldxo, Idxy, 1dx,, 1dxs}={3, 0, 1, 2}.
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i S(EAo) i S(EA1) iS(EAMq)

1
y

MUX

[-— O

A/

ldx,
Fig.10 Logic of permutation control unit (PCU) (1/M part)

The parallel memory system employs three full
crosshar permutation networks. One of them is pre-
sented in Fig.11. Memory module numbers in the
original way {s(EAy), s(EA1), ..., S(EAu-1)} are used
as control signals {Ctrly, Ctrly, ..., Ctrly-1} in the
read DPN, while the reordered numbers {ldxo,
ldxy, ..., ldxu-1} are utilized as control signals in
write DPN and APN.

Ino Ing  Inmr Ing Ing Iny, Ing Iny  INua

S 2 TR SR S O N

Cﬂi\ I\tUX /SN Mux /...C”'M*; MUX /

Out, Outy Outy-1

Fig.11 One of the three full crossbar permutation
networks used in the parallel memory system

HARDWARE RESULTS AND COMPARISON

The proposed parallel memory architecture has
been implemented in a synthesizable register transfer
level Verilog-HDL. The area and timing results are
obtained by logic synthesis using SYNOPSYS De-
sign Complier. The estimates are performed for ar-
chitectures with 4, 8 and 16 memory modules. Total
memory capacity maintains 8 KB. The memory cir-
cuits are generated by Artisan Memory Compiler and
the cost is not taken into account in this paper.

Results of hardware implementation

The proposed architecture (excluding memory
modules) was synthesized using a 0.18-um CMOS
standard-cell library. Table 1 tabulates the area con-
sumptions in gate count of the proposed parallel
memory system. As shown in Table 1, the gate count
of EAU increases almost linearly as M increases,
while that of PCU and three full crossbar permutation
networks increases more significantly. With M=186,
the three permutation networks take 55% of the total
area. The address widths of each memory module are

11-, 10- and 9-bit for M=4, 8 and 16 respectively, and
the data widths are restricted to 8-bit. So the area is
different between the APN and two DPNs.

Table 1 Area consumption of the proposed design

_ Area consumption (gate
Unit ption (gate)

M=4 M=8 M=16

EAU 1098 2436 5188

AGU PCU 29 191 1015
APN 249 1088 3840

Write DPN 203 869 3472
Read DPN 203 869 3472
Total 1782 5453 16987

The delay evaluations of each unit are shown in
Table 2. The delay of the proposed parallel memory
architecture consists mainly of AGU (especially the
EAU) and memory module access. However, the
delay of EAU almost maintains constant as M in-
creases. The delay of the PCU and three permutation
networks increases remarkably as M increases.

Table 2 Delay estimations of each unit

Delay estimation (ns)

Unit

M=4 M=8 M=16

EAU 2.56 2.65 2.90

AGU PCU 0.29 0.45 0.60
APN 0.24 0.38 0.41

Memory module 2.05 2.01 2.00
Write DPN 0.22 0.37 0.41
Read DPN 0.22 0.37 0.41

Comparison

Table 3 lists the implementations and properties
of reference parallel memory architectures with the
proposed. The area consumptions of these architec-
tures (excluding memory modules) are shown in Ta-
ble 4. The given transistor counts in (Tanskanen et al.,
2004; 2005) are converted into gate counts by sup-
posing four transistors per single 2-input NAND gate.
CPMA (Aho et al., 2004) offers very wide con-
figurability and can support a multitude of data pat-
terns demanded in several applications. The results
shown in Table 4 contain only the equivalent imple-
mentation of (Aho et al., 2007) and our design. Three
full crossbars are employed as permutation networks
in (Aho et al., 2004; 2007) and the proposed archi-
tecture. Their circuits of PCU, APN and two DPNs
are similar to those depicted in Section 5.
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Table 3 Comparison with existing parallel memory architectures

Source Technology Capacity Skewing scheme Data-type Access format
Lietal., 2005 0.35 um 80 B/module Linear Byte Row, column
Tanskanen etal., 2004 0.35um  Total 8 KB Linear Byte Row
Tanskanen etal., 2005 0.35um  Total 8 KB XOR Byte Row, column, rectangle
Aho et al., 2004 0.25um 2 KB/module Linear, XOR, diamond  Byte Nearly arbitrary
Aho et al., 2007 0.18 um 512 B/module XOR Byte 1D arbitrary
This work 0.18 um  Total 8 KB Linear shift/rotate Byte Row, column, power-of-two

Half-word  strides in two directions

Table 4 Comparison of gate counts with reference ar-
chitectures

Table 5 Critical path time of (Aho et al., 2007) and this
work

Area consumption (gate)

Critical path time (ns)

Source Source
M=4 M=8 M=16 M=4 M=8 M=16

Li et al., 2005 1350 Aho et al., 2007 2.68 3.91 5.02

Tanskanen et al., 2004 862 1753 This work 3.14 3.77 4.33

Tanskanen et al., 2005 883 3286 13535

Aho et al., 2004 11169 29952 79639 2nd cycle| _ 3rd cycle
|<71 t cycl 4>|<—>|<—>|

Aho et al., 2007 1042 4069 14882 ey

) »  Address _’LT/Iemory/ Read data

This work 1782 5453 16987 Read Effective |, [Permutation] 4| PErmutation _lwpermutation

address unit| | control unit network /jmodules ™ hetwork
Delay ¥

As shown in Table 4, the parallel memory ar-
chitectures with fewer access formats and fixed
memory modules, like (Li et al., 2005) and (Tan-
skanen et al., 2004), require noticeable less area than
configurable architectures. For example, Li et
al.(2005)’s system consumes only 20% gate counts
of the proposed architecture with 8 memory modules.
However, the architecture of (Aho et al., 2007) and
the proposed architecture demand 18% and 23% re-
spectively of the CPMA gate count with M from 4 to
16. Although architectures in (Aho et al., 2007) and
(Tanskanen et al., 2005) have a little advantage in
area consumption over the presented architecture,
they do not support stride access of 16-bit element
and 2D stride access patterns. Therefore, the proposed
system makes a tradeoff between flexibility and
area-efficiency for video coding.

For further comparison with Aho et al.(2007)’s
architecture, the proposed architecture is also divided
into 3 and 2 pipeline stages for read and write re-
spectively, depicted as Fig.12. Table 5 shows the
critical path timing of Aho’s and the proposed archi-
tecture with pipelining. The critical path of the pro-
posed system is from EAU to APN, which has a
longer delay than Aho’s by a factor of 1.17, when
M=4. But when M=8 and 16, the delay of Aho’s ex-
ceeds our design, because the delay of EAU in the
proposed architecture almost maintains constant as M

|<715t cycle gnd oycle

» Address 7 N
Write | Effective | _[Permutation] 4 permutation mgg:ﬁg §
address unit] ™ control unit network §
Write data §
permutation o .

network Pipeline registers

Fig.12 Pipeline architecture for read and write operations

increases. Hence, the proposed architecture is more
extensible for a wider bus width. The synthesis results
show that the proposed system can achieve 318, 265,
and 230 MHz clock frequency with 4, 8, and 16
memory modules, respectively.

PERFORMANCE COMPARISONS

According to the 2D access pattern in Fig.4, the
vector data load and store instructions are defined as

vLD Base, Ox, Oy, Mode, VR

/lload VR from memory
vST VR, Base, Ox, Oy, Mode

/Istore VR into memory

where VR is an M-byte vector register. Base, Ox, Oy
are 16-bit registers, which contain the base address,
the horizontal offset and the wvertical offset,
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respectively. Mode is the 16-bit configuration register,
in which parameters, including xstride, ystride, ES,
AJS and column, are specified before memory access.

Three typical kernels of video coding, including
16x16 SAD (full pixel), 8x8 OMBC (overlapped
block motion compensation) and 8x8 IDCT, are im-
plemented for performance comparisons. Table 6
shows the memory instruction counts (permutation
overheads are included) of different memory archi-
tectures. In the 16x16 SAD, current block data are
correctly word-aligned, but the matched reference
data in the search area are unaligned. The
word-addressable memory needs extra memory ac-
cess and “align” operations for reference data access.
In the 8x8 OMBC, accessing every other pixel is
required in the interpolated area. One extra memory
access and one “mix” operation are needed per row
for word- and byte-addressable memories. The word-
and byte-addressable memories need matrix transpo-
sition between the row and column transforms in the
8x8 IDCT. According to (Lee, 2000), 32, 32 and 24
“mix” instructions are used for the 8x8 transposition,
in the cases M=4, 8 and 16, respectively. Tanskanen et
al.(2005) do not support parallel access to coefficients
with power-of-two strides for 2D orthogonal trans-
forms. Then it requires extra “mix” instructions to
permute subwords for in-place computation of the
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8x8 IDCT. As can be seen from Table 6, the proposed
architecture obtains 1.95x speedups in the 8x8 IDCT
function compared to (Tanskanen et al., 2005).

Furthermore, the proposed architecture has been
implemented on VSP (Liu et al., 2006), which has a
dual-pipeline 64-bit SIMD architecture with 8
byte-addressable memory modules. We develop a
cycle-accurate simulator for performance evaluation.
Fig.13 shows the cycle counts of H.264 decoding
(excluding entropy decoding) at 30 fps (QCIF,
QP=28), for both VVSP with and without the proposed
architecture. It can be seen that VSP enhanced with
the proposed architecture achieves 1.28x speedups
for H.264 real-time decoding, compared to VSP in
(Liu et al., 2006).

20r  @vsp
B \/SP enhanced with proposed architecture

o 15}
c
3
o 10}
(&}
>
O

1 |_'

O 1 1

News Foreman Mobile

Fig.13 Performance comparison on VSP with and with-
out proposed architecture for H.264 decoding

Table 6 Instruction counts of memory access with M=4, 8, and 16

. 16x16 SAD 8x8 OMBC 8x8 IDCT
Memory architecture

4 8 16 4 8 16 4 8 16
Word-addressable 208 112 64 256 168 84 292 162 90
Byte-addressable 128 64 32 256 168 84 292 162 90
Tanskanen et al., 2005 128 64 32 176 88 44 260 130 66
Proposed 128 64 32 176 88 44 132 66 34

CONCLUSION memory architecture for video coding with

SIMD architectures provide a cost-effective so-
lution to exploit inherent data-level parallelism of
video coding. But the performance is quite limited by
the overheads of providing operands in a format
amenable to SIMD processing. Therefore, an optimal
parallel memory architecture is required for accessing
subwords simultaneously, so as to eliminate the ex-
cessive memory operations and explicit data rear-
rangements. In this paper, we propose a parallel

power-of-two memory modules. It employs two novel
skewing schemes to provide conflict-free parallel
access to adjacent elements or with power-of-two
intervals in both horizontal and vertical directions.
They support stride data access of both 8-bit and
16-bit data types in video processing. The proposed
system with 4, 8 and 16 memory modules have been
implemented under a 0.18-um COMS technology,
and the costs vary from 2.4k to 19k gates excluding
memory cells. Furthermore, the results show that the
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proposed parallel memory architecture can efficiently
reduce the memory instructions and improve the
performance of video coding.
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