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ABSTRACT

In this paper, the design and development of a new fully parallel architecture for the computation of the three-
dimensional discrete cosine transform (3D DCT) is presented. It can be used for the computation of either the
forward or the inverse 3D DCT and is suitable for real-time processing of 2D or multi-view video codecs. The
computation of the 3D DCT is carried out using the row-column-frame (RCF) approach, where a 2D DCT is
computed first followed by a final 1D DCT. The proposed 3D DCT architecture comprises three identical 1D
DCT modules and two sets of transpose registers. .
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I. INTRODUCTION

The discrete cosine transform (DCT) has been applied in a wide range of applications, due to its
performance being very close to the statistically optimum Karhunen—Loeve transform [1]. These
applications are mainly in data, image/video, and multimedia applications [2, 3], and as a result it has
been adopted as part of several compression standards [4]. This has led to the development of a large
number of architectures and implementations to compute the one-dimensional (1-D) and two-
dimensional (2-D) DCTs.

Owing to the rapid growth in the 3-D applications based on the 3-D DCT, there is a greater need now
to develop fast algorithms and dedicated hardware solutions for the 3-D DCT for such applications.
Applications of 3D DCT have been widely reported in literature [5-15]. For example, it has been
applied for compression of multi-spectral scanner data based on 4x4x4 cubes composed of 4x4 blocks
from each of the four spectral bands [6]. It has also been previously used in face recognition [7] and
video watermarking [8]. Another well-known application is the 3D DCT of 3D blocks, displaced by
motion estimation, performed on each frame. These blocks are generated from non-interlaced, High
Definition Television (HDTV) frames. Also the 3D DCT has been used to exploit the high degree of
temporal correlation between successive frames in a video sequence [9-11]. In recent years, the 3D
DCT has found another very important application, namely compression of 3D images [12-15].

VLSI architectures for the 1D DCT and 2D DCT are very popular [16-18]. This is not the case for 3D
DCT. In the last few years, hardware architectures for the computation of the 3D DCT have been
proposed [19-25]. The architectures use the row-column-frame approach for the computation of the
3D DCT, hence requiring three stages of 1D DCT computation and two stages to perform matrix and
volume transpositions. Row-column approach has been extensively researched as it has been
fundamental to most 2D DCT architectures reported in literature. Hence the major obstacle that is
needed to be solved in 3D DCT computation is the design of the volume transposition to allow the
computation of the final 1D DCT. Most of the 3D DCT architectures reported in literature follow one
of the two methodologies reported by the author in [19] and [20]. The architecture proposed in [19]
uses three 1D DCTs which accept the input data in a serial fashion i.e. one pixel per clock cycle. The
outputs from the 2D DCT are fed into an N>xN memory, which is shuffled to allow the correct reading
for the final N-point 1D DCT. The transposition operation of the N><xN memory required prior to the
third 1D DCT cannot be performed in the conventional manner i.e. row-column transpose. This is due
to the fact that this matrix is not square and that each element of the N-point data fed to the final 1D
DCT are collected every N2 cycles. In [19], this memory is divided into N distinct NxN memories and
a switching network to enable a fast and simple read/write system. The advantage of the proposed
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solution is that all matrix transpose are similar and carried out using the row-column transpose.
However due to the serial nature of the architecture, its main disadvantage is that it is too slow for
certain applications. The architecture has a throughput performance of one 3D DCT coefficient per
clock cycle.

The architecture for the computation of the 3D DCT presented in [20] improves the area-time
performance and decrease the initial delay by a factor of N when compared to the architecture in [19].
This is achieved by using N 2D DCT modules, one for each of the NxN block and a final 1D DCT
architecture which performs parallel computation on the N 2D DCT coefficients. Although, the
architecture is fast, it requires two types of 1D DCT architecture.

The work in [21] uses two architectures for the 3D DCT as those proposed in [19] and [20] except that
distributed arithmetic is used for the computation of the 1D DCT. A third architecture is also
proposed but it is much slower than the architecture in [19] as it uses a single 1D DCT plus a N*-word
transpose iteratively to compute the 3D DCT. The structure in [22] uses stored product to compute the
respective matrix multiplication for 4x4x4 cubes. However this will become too computationally
expensive when using higher sizes and no specific details about the architecture of the 3D DCT was
provided. A context aware 3D DCT/IDCT hardware solution has been discussed in [23-24]. The
architecture follows the same principle as that reported in [20]. Reduction in the computation is
achieved at the algorithmic level where before each 1D DCT a pre-processing function that analyzes
the statistics of the input samples to each computing stage and, based on heuristic rules that exploit
the energy compacting properties of the DCT transform, decides if the DCT or IDCT computation has
to be done or can be avoided. The drawback of this approach is that the 3D DCT/IDCT is specific the
video coding application. In [25] a hardware implementation of a 3D DCT is proposed, where the
architecture is very similar to that proposed in [19].

In this paper, a new fully parallel 3D DCT/IDCT architecture using the linear systolic matrix-vector
without the RAM based matrix transposition is presented. The main contribution of this paper is the
new volume matrix transpose for the computation of the 3D DCT using three 1D DCTs. It is shown
that the architecture is highly modular, parallel and can be used to compute both the forward and the
inverse 3D DCT. Finally, it is shown that the proposed architecture enables the realisation of the 3D
DCT/IDCT with a smaller area-time complexity when compared to the previously reported structures,
and it also results in an extremely regular structure such that its realisation is very simple.

The rest of the paper is organized as follows. The sequential 3D DCT algorithm is presented in
section 2. The overall architecture of the 3D DCT is discussed in section 3, where details of the 1D
DCT and 2D DCT are described. Section 4 presents detailed description of the architecture of volume
transposition including the experimental results.  The conclusions and future work are discussed in
section 5.

II. THE3D DCT ALGORITHM

For a given 3D spatial data sequence {Xix; i, j, k=0, 1, ..., N-1}, the 3D DCT data sequence {Ypqr; P,
g,r=0,1,...,N-1} is defined by

[g NN (2i+)pr @j+har | | (k+Drz
qur = Equ E, WZZZ Xijk COSI: 2N cos 2N cos 2N @

k=0 j=0 i=

where

1 X#0

The forward and inverse transforms are merely mappings from the spatial domain to the transform
domain and vice versa. The 3D DCT is a separable transform and as such, the row column frame (rcf)
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The column transform can be expressed as:

qur =

N-1
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and the row transform can be expressed as:

A =§X-- c., pjk=012..,N-1
pik ik~ pi
i (4)

In order to compute an NxNxN-point DCT (where N is even), N row transforms, N column transforms
and N frame transforms need to be performed. However, by exploiting the symmetries of the cosine
function, the number of multiplications can be reduced from N? to N%2. In this case, each row
transform given by equation (4) can be written as matrix-vector multipliers via,

N1
ijk = i;,[xijk + (_1)p X(N—l—i)jk ]Cpi

Q)
Using a matrix notation, for N=8, equation (5) can written as
Vo ik Coo Cor Coz Cozl||Xojk + X7k
Vaik | [C0 €1 Cp Coa|| X1k + Xej
Vaik Cao Car Cap Caz|| X2k + Xsik
[ Veik | [Ceo Ce1 Co2 Cos | Xajk + Xaj | ©)
Vigk | [Co C1 G2 Cal|Xok — X7k
Vajk | |C0 Ca1 Ca2 Caz|| Xik — Xejk
Vs Csp Cs1 Csp Csz| | Xojk — Xsik
V7ik] G0 11 G2 Cra | Xsjk — Xajk )

Equations (6) and (7) describe the computation of the even and odd coefficients, for the row transform
for N=8, respectively. The computation for the second and third 1D DCTs i.e. the column and frame
transforms described by equations (2) and (3) can also be computed using matrix-vector multipliers
similar to that described by equation (5). Hence the row, column and frame transforms can be
performed using the same architecture.

Each 1D DCT unit uses N fully parallel vector inner product (VIP) which exploits the symmetries of
the cosine function, to reduce the number of multiplications from N2 to N%/2 as described by equations
(6) and (7), for N = 8. The architecture for computing an 8-point DCT is depicted in figure 1 and has
been reported in [15]. It consists of N/2 adder/subtractor cells for summing and subtracting the inputs
to the 1D DCT block as required by equation (4). The pair of inputs Xix and Xn-1-ix enters the (i+1)"
adder/subtractor cell. All the pairs of input data enter the adder/subtractor cells at the same time.

The design of the VIP units is based on a systematic design methodology using radix-2" arithmetic
which allows partitioning of the operands to n-bit digits each and hence providing the designer with
more flexibility between throughput rate and hardware cost, by varying the digit-size n, the pipelining
level and also the type of architecture [18].
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I11. 3D DCT ARCHITECTURE

The new fully parallel architecture for the computation of the 3D DCT is based on the row-column-
frame decomposition technique and is shown in figure 1. The architecture uses the same 1D DCT
module for all three dimensions and is divided into three main stages. Stages one and three compute
the 2D DCT and 1D DCT, respectively.

Input Vector

/—/ﬁ

LA
NI
T,

Figure 1. Block diagram of the 3D DCT/IDCT architecture

3.1. 1D DCT Architecture

The architecture for computing the 1D DCT, for N = 8, is depicted in figure 2. It is based on Step 1 of
the systolic array implementation proposed by Chang and Wang [17]. It consists of N/2
adder/subtractor cells for summing and subtracting the inputs to the 1D DCT block as required by
equation (5). The pair of inputs Xix and X-1-yjx enters the (i+1)™ adder/subtractor cell.
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Figure 2. (a) 1D DCT architecture for N=8. (b) basic cell [18].

In the proposed architecture, all the pairs of input data enter the adder/subtractor cells at the same
time. Figure 2 shows that the architecture also consists of N vector inner products, where half are
used for the added pairs as described by equation (6) and the other half for the subtracted pairs as
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described by equation (7). Each vector inner product consists of N/2 multiplier/accumulator cells.
Each cell stores one coefficient cpi in a register and evaluates one specific term over the summation in
(5). The multiplications of the terms cpi with the corresponding data are performed simultaneously
and then the resulting products are added together in parallel. This addition is carried out using carry
save arithmetic modules incorporated within the multipliers structure as reported in [18].

3.2. 2D DCT Architecture:

Stage one is achieved using the parallel 2D DCT architecture reported in [18] and shown in figure 3
for N=8. It consists of two 1D DCT modules (shown in figure 2) and a transposition matrix which is
implemented using two sets of (N?+ N)/2 skewed registers and the data is fed from one set to the other
via N (N:1) multiplexers (see figure 3). This allows the reading of N output coefficients from the 1*
1D DCT and the feeding of N coefficients to the 2" 1D DCT in a pipelined fashion [18].

The 1D DCT unit accepts input vectors in parallel and produces the N DCT coefficients in parallel.
The N outputs from the row transform are fed into an array of skewed shift registers as shown in
figure 3 to enable the reading of only one coefficient from the same output vector at any one time.
This achieves the appropriate reordering of the data into the second array of skewed registers. The
skewed registers are made of N shift registers with lengths varying from 1 to N, respectively.

For N=8, a 3-bit control signal is required to enable the 8:1 multiplexers to select one of the eight
input words. During the first cycle of the transfer of data from the first array of skewed register to
second array, the first multiplexer from the right will select its port 1 as its output. In the second
cycle, the second multiplexer on the right will select port 1 as its output while the first multiplexer
from the right will select port 2 as its output and so on. Hence, the control signal is connected to all
multiplexers through delay elements as shown in figure 3.

Input
Vector

1D DCT

AA 4

Row

Transform \ 4

\ 4
3-bit IEZI [N} ] SZZI
Control L

Signal

Skewed Registers

Output
Vector 1D DCT

Column
Transform

Figure 3. 2D DCT/IDCT architecture for N=8 [18]

IV. ARCHITECTURE FOR THE VOLUME TRANSPOSITION

Stage two of the proposed 3D DCT performs the volume transpaosition, i.e. the transposition of the 2D
DCT coefficients, required to rearrange the coefficients in the correct sequence for the computation of
the final 1D DCT in order to yield the desired 3D DCT coefficients. This is achieved using registers
and multiplexers. Stage three computes the final 1D DCT and is based on the 1D DCT module used in
the 2D DCT architecture and shown in figure 1. It accepts N samples of the 2D DCT coefficients in
parallel and produces N 3D DCT coefficients in parallel in one clock cycle. The 3D DCT architecture
can be used for the computation of either the forward or the inverse DCT and it possesses features of
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regularity and modularity.

The transposition module acts as storage for the 3D DCT coefficients and also achieves volume
transposition. However, this transposition unit is more complicated than that of the 2D DCT
architecture as it handles a lot more data. This is due to the fact that the N parallel inputs into the final
1D DCT should consist of corresponding points in the volume data. In order to rearrange the 2D DCT
coefficients to accomplish this, all the NxNxN coefficients needs to be processed and stored
appropriately. The transposition is achieved using 3N?(N-1)/2 registers and N (N:1) multiplexers as
shown in figure 4. The 3N?(N-1)/2 registers are divided into two sets. The first set contains N(N-1)/2
skewed registers each made of N shift registers. The second set of registers is made up of N arrays of
line delays.

Each array of line delays, shown in figure 5, consists of N line delays, each containing N registers
except for the 1% one which contains one register only. Each of the registers in the first set (array of
skewed registers) is connected to a corresponding array of line delay in the second set of registers as
shown in figure 4. The outputs from the N arrays of line delays are connected to the final 1D DCT
module via the N (N:1) multiplexers

For convenience, the shift registers in the array of skewed registers are termed R, Rz, ..., Rn.1, Where
the index specifies the length of the register (in terms of the number of N word registers). Also the

LO, Ll, LN—l, where the lower index specifies the line delay
within the array of line delays, with Lo representing the bottom line delay and Loy the top line
delay. The upper index, i, specifies the arrays of line delays for i = 0,1, 2, ..., N-1, where i = 0
represents the topmost array of line delays and i = N-1 the bottom. For N=8, the subimages which
form the input data to the 3D DCT architecture are termed Sy to Sy, after the first transpose the 1D

arrays of line delays are termed

DCT coefficient matrices achieved are termed So to S7. After the second transpose the 2D DCT

"
S 7

coefficient matrices are termed Soto . Figure 6 shows the pixel sequence of the 2D DCT

coefficient matrices S0 to 57 after the 2D DCT computation. The top 2D DCT coefficients are fed
directly into the top array of line delays. The remaining 2D DCT coefficients are fed into their
corresponding skewed shift registers R; to Ry.1 as they leave the 2D DCT module. As the skewed shift
registers overflows, the data is clocked into the corresponding array of line delays. The transposition

module has an initial delay of (N>-N+1) cycles. After this delay, the data from the first row of the So
matrix will be in 7, the data from the first row of the St will be in %, the data from the first row of

the SZ matrix will be in 5 and so on. Thus all the data in position ‘00’ of each of the 2D DCT
matrices will be clocked into their corresponding multiplexers at the same time, enabling the final 1D
DCT to be computed on corresponding points of the volume data as required.
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Figure 4. Architecture for the 3D DCT/IDCT (N=8).

Figure 7 shows a snhapshot at that particular instant, of the coefficient sequence of the arrays of line
delays, for the first, second and last arrays of line delays. As the data is outputted, they are also
shifted into the next shift register, creating a chain-like movement and enabling the next data to be
clocked out. The next set of data to be clocked into the multiplexers will be the data in position ‘01’ of
each of the 2D DCT matrices and so on.

After N clock cycles, all the data in L?, i.e. the first row of each 2D DCT matrix, would have been

processed, at the same time, the data in L will be ready, with each line delay L b holding the
second row of each of the 2D DCT matrix. The same process of moving data to the 1D DCT module

via the multiplexers will now initiate in L' This process continues until all the data from all the arrays
of line delays are processed. After N? cycles the process starts all over again by processing data from
L

t

{

{
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Figure 5. Array of delay lines for N=8 (R).
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Figure 6. Data sequence of the eight 2D DCT coefficient matrices.

It can be seen from figure 7 that the data continues to flow through the arrays of line delays as data is
outputted. The processing of the data from the array of line delays, i, starts N cycle after the beginning
of the processing of data from the array of line delays, i-1. Hence the data entering the array of line
delays, i, is delayed by N cycles when compared to the data entering the array of line delays, i-1. This
delay is achieved by the array of skewed registers.
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Figure 7. 2D DCT coefficient sequence through the array line delays for N=8.a) L°.b) L;.c) L.

To allow the reading of the data from the different arrays of line delays in successive manner, an array
of N (N:1) multiplexers is used. The switching between the arrays of line delays is carried out every N
cycle. Hence, the N multiplexers are switched simultaneously every N cycles and controlled by a
control line with logz(N) bits. For N=8, a 3-bit control signal is required to enable the 8:1 multiplexers
to select one of the eight input words. During the first N cycles, the multiplexers will select port 1 as
their output. At the (N+1)™ cycle, the multiplexer will switch to port 2 as their outputs and so on.
Hence, the control signal is broadcasted to all multiplexers as shown in figure 4.

The 3D DCT has been implemented using the Virtex V400 device of the Xilinx Field Programmable
Gate Arrays (FPGAs). From the timing verification results of the fully parallel 3D DCT the
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processing frequency achieved is 50MHz. Since this architecture computes N 3D DCT coefficients
per clock cycle, the processing frequency per pixel is 400 MHz (for N=8).

Similarly, for the 3D DCT architectures reported in [19] and [20] have been implemented on the same
device for comparison and processing frequency of 360MHz has been achieved. Table 1 shows the
hardware cost in terms of the number of gates and the processing frequency for the three architectures.
From table 1, it can be seen the proposed 3D DCT architecture outperforms previously reported
architectures in terms of area-time complexity. The area-time complexity is reduced by at least 80%
and 43% when compared to the architectures reported in [19] and [20], respectively.

Table 1. Comparisons of hardware requirements and processing frequency (n=8).

Proposed 3D DCT NxSerial Architecture Fully Parallel 3D DCT
Architecture [19] Architecture [20]
Processing 400MHz 360MHz 360MHz
Frequency
No. of gates 103497 464248 163912
AT (Gates X ns) 259 1290 456

V. CONCLUSIONS AND FUTURE WORK

In this paper the design of a novel fully parallel architecture based on the row-column-frame
decomposition, without RAM based memory transposition, for the computation of the 3D DCT is
presented. The proposed 3D DCT architecture is suitable for real-time applications such the 2D or
multi-view video coding. The architecture utilises highly parallel structures to achieve high-speed
performance. Due to the highly regular and modular structure, design time is minimised, the
architecture is relatively easy to implement and highly suitable for VLSI implementation. It can be
seen that the new architecture not only achieves lower communication complexities, but it also
achieves a much lower area-time complexity.

It is worth noting that the proposed 3D DCT architecture can be implemented using different 1D DCT
blocks to the one proposed in this paper. 1D DCT architectures using techniques such as distribute
arithmetic or stored product have been widely reported and most can be used as an alternative 1D
DCT block in the proposed 3D DCT. An interesting investigation is to look into the power
consumption of the proposed architecture in comparison to a distributed arithmetic based architecture.
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