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Abstract By studying the core algorithm of a three-
dimensional discrete wavelet transform (3-D DWT) in depth,
this paper divides it into three one-dimensional discrete wave-
let transforms (1-D DWTs). Based on the implementation of
a 3-D DWT software, a parallel architecture design of a very
large-scale integration (VLSI) is produced. It needs three
dual-port random-access memory (RAM) to store the tempo-
rary results and transpose the matrix, then builds up a pipeline
model composed of the three 1-D DWTs. In the design, the
finite state machine (FSM) is used well to control the flow.
Compared with the serial mode, the experimental results of
the post synthesized simulation show that the design method
is correct and effective. It can increase the processing speed
by about 66%, work at 59 MHz, and meet the real-time needs
of the video encoder.

Keywords 3-D DWT, parallel design, transpose the matrix,
FSM
1 Introduction

The software implementation of the discrete wavelet trans-
form (DWT) has been used widely since the fast MALLAT
convolution algorithm and the second generation of the lifting
scheme of the wavelet was put forward [1,2]. On the other
hand, though the very large-scale integration (VLSI) of the
DWT, especially the hardware design of the 3-D DWT, has
just been studied in recent years [3] and has also been applied
widely into video encoding fields.

When the 3-D DWT is used in video encoding, which can
reduce the redundancy of the special and time domain, we can
realize video compression without motion compensation
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(MC) very fast. Nowadays, people usually adopt the lifting
scheme of the DWT, which uses a small amount of memory,
has high speed and needs no multipliers. The lifting scheme
of the 3-D DWT is used for hardware design in this paper.

In the existing reference of the 3-D DWT VLSI design
[4-6] they adopt the MALLAT algorithm with multiplier and
at a high cost. But the 3-D DWT based on the lifting scheme
occupies little chip resource. This paper presents an efficient
hardware architecture using parallel technology based on the
deep research of the 3-D DWT software algorithm. We use
very-high-speed integrated hardware description language
(VHDL) to specify the structure of the system. Then, it is
synthesized and the post simulated verification for field
programmable gate array (FPGA) is given by using the
SPARTAN-2E series, which can be a core module embedded
into the video coder.

2 3-D DWT core algorithm description

2.1 1-D DWT lifting scheme algorithm [7]

The lifting scheme algorithm is a parsimonious and effective
construction method of the biorthogonal wavelet. The basic
idea is that the wavelet filter can be decomposed into basic
modules. The implementation procedure of the wavelet
transform is composed of three key steps: split, predict, and
update, which are shown in Fig. 1. Take X, as an input signal,
then the predict and update procedures may be iterated many
times. As the last step, a rescaling procedure is run to gain the
approximation coefficients and detail coefficients.
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Fig. 1 Diagram of lifting scheme DWT



On account of the real-time requirement, we use a revers-
ible lifting scheme algorithm of the integer wavelet. The com-
puting difficulty is relatively simple and the processing is
decomposed into two steps, such as
Predict

YQn+l)= X, (2n+1)— {X L@+ X, (2n+ 2)J

2

Update

Y(2n) = X, (2n)+ {Y Qn—1)+Y(Q2n+1)+4 J

4

Boundary treatment: we use the two-pixel symmetry
extension method to dispose the boundary.

2.2 The core algorithm of 3-D DWT

The 3-D DWT is based on the video coding requirement,
aimed at processing the image sequence with the time-space
and 3-D transform. We employ a 3-D separable wavelet trans-
form. We take a 1-D wavelet transform along a row, a column
and a time axis, to accomplish the 3-D wavelet transform. The
transform diagrammatic sketch is shown in Fig. 2.

The 3-D wavelet core algorithm is implemented by using
three 1-D wavelet transforms. A multilevel transform is the
same with every level decomposed algorithm and only the
size is different. Therefore, we emphasize every level core
algorithm, which is uniform with the regularity. A multilevel
decomposition can be realized by calling this module. The
detail is expounded in Ref. [8].

Original image group
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First, we take a 1-D transform on the time axis. Second, we
take a 2-D transform in the intra-frame.

3 Hardware design model of 3-D DWT
algorithm
3.1 Hardware architecture of 1-D DWT [9]
Because the hardware architecture of a 3-D wavelet transform
is based on the 1-D wavelet, it is important to establish the
VLSI architecture of a 1-D wavelet. This is the foundation of
the whole hardware architecture. We apply two finite state
machines (FSM) to finish the architecture, in which one of the
FSM controls the reading data from the RAM and implements
boundary expansion of the wavelet transform, and the other
FSM is used to call the data channels, predicting and updating
data and putting the intermediate result into the succeeding
double-port RAM to be stored.

The first FSM is shown in Fig. 3 and has fourteen states.
The front eight states have the function of copying and
extending. S8 finishes the continuous data input, S9-S12

Inputing data is
over or not

Fig.3 FSM diagram for reading data
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Fig.2 3-D DWT diagram (three levels)
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have the function of border copying and extending. The
operation of the FSM is as follows.

SO state: initialize RAM control and address signal, turn to
S1.

S1 state: input the length of DWT and start up it, turn to
S2.

S2 state: place X(0) into the register and calculate the next
data address, turn to S3.

S3 state: place X(1) into the register and calculate the next
data address, turn to S4.

S4 state: place X(2) into the register and calculate the next
data address, turn to S5.

S5 state: place X(2) into the calculation data path of DWT,
turn to S6.

S6 state: Place X(1) into the calculation data path of DWT,
turn to S7.

S7 state: Place X(1) into the calculation data path of DWT,
turn to S8.

S8 state: repeat to put one row data into the calculation
data path of DWT until finish the input of the last third data
and turn to S9, otherwise turn to S8.

S9 state: put X(n—2) into the register and the data path
simultaneously, and calculate the next data address, turn to
S10.

S10 state: put X(n—1) into the register and the data path
simultaneously, and calculate the next data address, turn to
S11.

S11 state: put X(n) into the register and the data path
simultaneously, and calculate the next data address, turn to
S12.

S12 state: put X(n — 1) into the data path and calculate the
next data address, turn to S13.

S13 state: put X(n —2) into the data path, and it becomes
the address of the second frame, turn to S1, otherwise ends to
input data.

The second FSM is shown in Fig. 4. First, we initialize the
data and the state, then input the three data in the three clocks
continuously (SO, S1 and S2 states), and output the result at
S3. At S4 we get the high frequency sub-band coefficients
Y(3) (odd DWT coefficients) by predicting. Finally, export
the low-frequency coefficients of ¥(2) at S5 by updating. At
S6, we assign values to X(2), X(3) and Y(1) by using an itera-
tive program. The program then decides whether 1-D DWT
is over. When it is over, the state will be ended, otherwise turn
to S4 and continue. We do the same process to finish 1-D
DWT.

Output Y(1)

Output Y(3)

) Output Y(2)
One row is over or not

Fig. 4 FSM diagram for controlling 1-D DWT

Since the multiplier only includes —1/2 or 1/4 in the filter,
the multiply operation actually executes the multiplicand
shifting right and extension of the sign. Calculation delay is
small and needs no pipeline. The filter for the video coding
can process two sample values every two clocks. The original
data can then be processed and put in its original place, which
needs a dual-port RAM where it can be read and written at the
same time.

3.2 General hardware architecture of the core algorithm

After realizing 1-D DWT and two FSM, we make a general
hardware architecture model of the core algorithm, including
three 1-D DWT, two dual-port RAMs and three multiplexers,
two demultiplexers and one static RAM (SRAM), as shown
in Fig. 5.
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Fig. 5 Whole structure model diagram of core algorithm

When the system runs, we complete one level of the DWT
by five steps in the major control module, which includes the
following steps:

Step 1 Input the data from the first multiplexer. If it is
a first level DWT, input the original image data, otherwise
input the low-frequency data ((LLL) module) from the last.

Step 2 Control the data input according to the FSM clock,
and send the data to the first [-D DWT accurately, and do
the DWT in time axis and simultaneously output the tempo-
rary results to the first double-port RAMs by the first
demultiplexer.

Step 3 Similar to the operation in Step 2, after the
second multiplexer, the second 1-D DWT and the second
demultiplexer, we put the temporary results into the second
double-port RAMs to finish the DWT in every row
direction.

Step 4 Similar to the operation in Step 3, after the third
multiplexer, the second 1-D DWT, to finish the DWT in every
column direction, we put the data into the SRAM.

Step 5 When doing the next level DWT, we should
decompose the low frequency (LLL module) to execute the
subsequent operation by selecting the address and data under
the major control module.

3.3 Implementation of linear address

While working on the hardware design for the existing 3-D
DWT algorithm, we found that the address of the original data



and the temporary results are in three dimensions, but for the
hardware implementation, the cube address must be changed
into linear addresses, which is very important.

Assume that the row number is i, and j represents the
column number and £ is the frame number, so the original 3-D
address (i, j, k) can be mapped into a linear address as
64i+8j +k, where i € (0, M), j € (0, N), ke (0, L), M is the
row number, N is the column number and L is the frame
number. Their values are eight in experiments. While access-
ing the data, according to the sequence number of the DWT,
first we do 1-D DWT for all the pixels in the time axis, where
we set the addresses and the data flow (for example 8 x 8 x 8
cube) as follows.

For every frame of 1-8 image, the addresses of the pixel
(0, 0) in row 1 and column 1 are ordered as 0—7.

For every frame of 1-8 image, the addresses of pixel (0, 7)
in row 1 and column 8 are ordered as 56-73.
For every frame of 1-8 image, the addresses of pixel (1, 0)
in row 2 and column 1 are ordered as 64—71.
Addressed in the same way

For every frame of 1-8 image, the addresses of pixel (7, 7)
in row 8 and column 8 are ordered as 504-511.

The second turn is the same as the first turn, it does 1-D
DWT for all pixels in every row.

The third turn does 1-D DWT for all pixels in every
column, the sequence for the access of addresses and data
flow.

The address sequence for the first column coefficients are:
0,64, 128,..., 448.

The address sequence for the eighth column coefficients in
the eighth frame are: 63, 127, 191,..., 511.

3.4 Parallel design

In order to improve the efficiency of the core algorithm, we
use a pipeline to carry out the parallel calculation in the hard-
ware design. In Fig. 5, the temporary results are put into the
buffer of the two dual-port RAMs. When the DWT in the first
time axis is over, it changes the output direction from writing
data into the A4 port to writing data into the B port, while ini-
tiating the next DWT in the row direction, which gets data
from the B port. This way, while the last DWT is going on, we
can execute the next DWT to form a parallel operation. The
second and third DWT can be done in a similar manner. When
the DWT in the row direction is finished, the data can be writ-
ten into the RAM port, and start the column direction DWT
to finish the whole 3-D DWT core algorithm.

By the pipeline design of the three phases, we let the three
1-D DWT be done in time overlay, to improve the calculation
efficiency. The time consumption of 3-D DWT is equal to 1-D
DWT.
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4 Experimental results and analysis

On the platform of the ISE6.2 and the Modelsim5.7 tool soft-
ware, we synthesized the hardware design based on the SPAR-
TAN-2E series, about 60 000 gates (xc2s600e). The result is
as follows.

The design modules occupy 1296 slices (18%), 1 019
slices, flipflop (7%), 2263 input LUTs (16%), 68 IOBs
(13%), 64 BRAMSs (34%), one GCLKs (25%), it can work at
59.03 MHz.

At the same time, we have done the simulation of a post-
placing and routing for the eight frame sample image data
block (8 x 8), the results are shown below in Table 1. Here we
choose the front 40 data.

Table 1 The result data of the design

Data type Value
Original 145 144 144 146 149 151 153 151
image data 136 133 138 142 148 148 148 145

127 123 124 129 140 147 144 142
121 121 119 120 128 136 137 129
117 118 118 119 125 130 130 121
Simulated results 143 -6 116 -1 127 7 131 73

of post -1 0 -1 5 1 5 -1 21
synthesized 127 -1 117 11 127 -2 153 93
-2 -5 2 0 4 -6 -1 0

120 2 131 3 110 =50 206 1

C program 143 -6 116 -1 127 7 131 73
results data -1 0 -1 5 1 5 -1 21

127 -1 117 11 127 -2 153 93
-2 -5 2 0 4 -6 -1 0
120 2 131 3 110 =50 206 1

From the experimental results, we find that the post syn-
thesized simulation results are the same as the C program-
ming, which proves that the circuit can work correctly.
Because of adopting the integer DWT (IDWT) algorithm, in
which the integer is represented by sixteen bits, we can intro-
duce calculation error as small as possible during implement-
ing the IDWT with the C program and hardware.

The waveform diagram model simulation is shown in
Fig. 6, which corresponds to the second row results in Table 1.

5 Conclusions

We have done the hardware design research deeply on the
lifting scheme of a 3-D DWT, and put forward our own circuit
structure. In other studies, because the 3-D DWT design
method accomplishes DWT by mainly using convolution
algorithm and needs many multipliers with high cost, the
speed becomes slower than that of the lifting scheme of the
DWT used in this paper.

In the process of the VLSI design for the 3-D DWT core
algorithm, the FSM and the data path are used to finish the
system control, data input and lifting. We present a method to
translate the 3-D addresses to linear addresses, and transpose
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Fig. 6 The post synthesized simulation diagram of the core algorithm

the matrix. The parallel design of the hardware structure is
made to make the three 1-D DWT execute a pipeline, with the
throughput increased by about 2/3.

By means of comparing the simulated results of the post
synthesized circuit with the C programming, it can be proven
that the design is correct and efficient. In order to implement
the complete VLSI design of the 3-D DWT, we need to fur-
ther extend the hardware model of the core algorithm, which
forms the 3-D DWT chip decomposed by many levels.
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