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ABSTRACT 

In this paper, we present a VLSI architecture for 
separable 2-D Discrete Wavelet Transform (DWT). 
Based on 1-D DWT Recursive Pyramid Algorithm 
(RPA), a complete 2-D DWT output scheduling scheme 
is derived. The U0 between memory which stores the 
intermediate results and DWT core is simplified by 
“circular coefficients arrangement”. And the concept to 
store the “partial accmulation sum” of convolution 
operation in column direction is frst  proposed in this 
paper. For the computations of NxN 2-D DWT with 
filter length L, our architecture spends N2 clock cycles 
and requires 2NL words in memory size, 4L multipliers, 
as well as 4L-2 adders. And the number of multipliers 
and adders can be further reduced to 2L and 2L-1 
respectively by sharing positive and negative clock edge. 
The architecture is suitable for VLSI implementation and 
various real-time videohmage applications. 

1. INTRODUCTION 

In recent years, the Discrete Wavelet Transform (DWT) 
[l] has become a powerful tool in many areas, such as 
image compression, analysis, texture discrimination, 
fractal analysis, pattern recognition and so on. Wavelets 
decompose the signal at one level of approximation and 
detail signals at the next level. Thus subsequent levels 
can add more details to the information content. This 
transform is very efficient for multiresolution subband 
decomposition of signals. The Wavelet Transform, based 
on time-scale representation, provides an alternative to 
time-frequency representation based signal processing. 
In addition, due to the perfect reconstruction property of 
the analysis and synthesis wavelets and the absence of 
perceptual degradation at the block boundaries favor use 
of the wavelets in videohage coding applications. 
The large application-domain of wavelets makes the 

study of their implementation in VLSI very important. In 

general, DWT is a computationally very intensive process 
and hence very slow when using general purpose 
computing system. To make it suitable for real-time 
application, it is essential to develop special purpose 
custom VLSI chips for DWT. The frst  architecture for 
computing the DWT was designed by Knowles [2]. This 
architecture was not well suited for VLSI since it used 
large multiplexers for routing the intermediate results. 
Later, an architecture for computing the 2-D Daubenchies 
DWT was proposed by Lewis and Knowles[3]. The major 
drawback of this architecture is that it is heavily 
dependent on the properties of the wavelet coefficients. 
Recently, Parhi[4] and Nishitani[S] proposed folded 
architecture and digital-serial architecture for the 1-D 
DWT. Their architecture found out the minimum number 
of registers by using lifetime analysis, but it is not scaled 
easily with the filter size and the number of octaves. 
M.Vishwanth, based on the Recursive Pyramid Algorithm 
(RPA), proposed the systolic-parallel architecture for 2-D 
DWT computation [6][7]. But the linear systolic array 
used in the systolic-parallel architecture is not 
conventional linear systolic array and needs complex 
control signal to load the data from Routing Network [7] 
and feeds the data into the systolic array according to the 
RPA timing. The systolic-parallel architecture will shift 
its memory contents by two simultaneously for every 2N 
clock cycles. It is not easy to perform such operations if 
we use an off-chip memory so that we can have high 
flexibility in image size and high chip yields. Various 
architectures were proposed and discussed in [S][9]. 
In this paper, we only consider the separable 2-D DWT. 

We applied the RPA proposed by M.Vishwanth[7] to the 
scheduling scheme of 2D-DWT computation and 
proposed the Circular-Parallel Architecture (CPA), 
which has simpler control circuit and less number of 
multipliers and adders. The CPA is highly flexible and 
can be easily scaled to handle filters of any size. Also, 
the CPA can process DWT in running manner without 
any stall. By arranging the coefficients properly, we can 
perform “Write after Read” operation at the same 
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memory location and no memory shift operations are 
needed. 

2.1-D RPA & 2-D DWT outputs scheduling 

The 1-D Recursive Pyramid Algorithm (RPA) was first 
proposed by M.Vishwanth [6]. It is a reformulation of 
the classical pyramid algorithm developed by S.Mallat 
[l] and allows the computation of 1-D DWT in real-time 
fashion. Fig 1 shows the 1-D pyramid algorithm. The 
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Fig. 1 1-D DWT Pyramid Algorithm 
basic idea of RPA is to schedule a DWT output at the 
“earliest” instance that it can be scheduled. Hence, we 
will get the DWT outputs with different octaves 
interleaved. The main advantage of 1-D RPA is to keep 
the storage size be independent of input size and real- 
time performance. In the 2-D case, the dependence on 
the input size (the smaller of the two dimensions) can 
not be eliminated because of the row scan or column 
scan input format. However, the concept of 1-D RPA 
can still be applied to 2-D DWT scheduling scheme. 

In the 2-D separable DWT, each level of signal will go 
through row processing and column processing. 
Therefore, the signal is decomposed into four frequency 
banks. Fig. 2 shows the 2-D separable DWT 
decomposition scheme derived by S.Mallat [l]. Since 

Fig. 2 2-D separable DWT decomposition 
decimation by two operation is performed in row and 
column directions, the data rate of each level is different 

from another. For example, the data rate of Level 1 is 
four times of Level 2 and the data rate of Level 2 is four 
times of Level 3. In the 2-D DWT computations, the 
input format is assumed to be row scan or column scan. 
If the row scan is assumed, the 1-D RPA DWT is applied 
for each input row but additional column parameter is 
added to the 1-D RPA operation due to different data 
rates of different Levels in column direction. The 
Column parameter gives the number of Levels needed to 
be scheduled in the row 1-D RPA DWT. Fig. 3 shows 
the 2-D DWT outputs schedule for 8x8 input samples 
with 3 decomposition levels. The “Row 1-D DWT RPA I Row I-D DWT RPA 

Schedule 
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Fig. 3 2-D DWT outputs schedule for 8x8 input 
samples with 3 decomposition Levels 

Schedule” is generated according to the Col-Parameter. 
In Fig. 3, Level n (1-3) is marked with 1 if the Level is 
scheduled in the current row and marked with 0 if the 
Level is not scheduled. For example, all the Levels (1-3) 
are scheduled in the Row 1 and only Level 1 is 
scheduled in Row 2. The Colgarameter, giving the 
number of levels need to be scheduled in a row, is the 
sum of Level n where n goes from 1 to 3. Due to 
decimation by two in column direction, Level 1 is 
scheduled for every row, Level 2 is scheduled for every 
two rows and Level 3 is scheduled for every four rows. 
The “Row 1-D DWT RPA Schedule” shown in Fig. 3 
goes from left to right and the block marked with a 
number which indicates the level scheduled in the 1-D 
DWT RPA. Zero means that no output is scheduled. 
Some blocks marked with number n and filled by certain 
kind of texture patterns means that Level n outputs are 
scheduled. And the blocks not filled by any texture 
patterns indicate that the intermediate results needed to 
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store in the memory are scheduled. Since decimation by 
2 operation is performed in column direction, 
intermediate results of Level 1 are computed for every 
two rows and Level2 for every four rows and so forth. 
These intermediate results are loaded from memory to 
compute the outputs later. Eq( 1) is a generalized form of 
Col-Parameter. The “MAX-Level” represents the 
maximum number of levels needed to schedule in the 2- 
D DWT. And the “Row #,, indicates the row index 
which counts from 1 to the HEIGHT of the input image. 
According to the 2-D DWT outputs schedule, the latency 
for the first output is one clock cycle after the first input 
is feed and the computation period for an NxN image is 
Nz clock cycles. 

Rod-1  LevehU4X-Level 

col - Parameter= C int(- ). .. . .Eq(l) 2Level-l 
Levetl 

Where int(x)=l ifx is integer else int(x)=O 

3.2-D DWT Circular-Parallel Architecture 

This Circular-Parallel Architecture (CPA) uses parallel 
filters in both row and column units to do convolution 
and an off-chip or on-chip memory to store the 
intermediate results. Fig. 6 shows the block diagram of 
CPA that will be described later. Unlike those 
architectures proposed before, the memory in the CPA is 
used to store the “partial accumulation sum” of 
convolution in column direction instead of storing the 
row filtering intermediate results. Therefore, the memory 
is put in the last stage. Fig. 4 shows the convolution 
process in column direction and decimation by two is 
considered. Yn shown in Fig. 4 is the output of certain 
Level after row filtering. The concept of “partial 
I IHO IH1 IH2 IH3 IH4 IH5 I 

I + Column Direction 
Fig. 4 convolution process in column direction with Filter 

Length=6 
accumulation sum” is to store the partial convolution 
products that will be used in the later convolution 
process. For example in Fig. 4., YO is used to compute 
Out(O), Out(1) and Out(2), therefore, the partial 
products,YOHO YOH2 YOH4, are computed. As Y1 is 
ready, the partial products YlHl Y1H3 and Y1H5 are 
computed. In order to sum and store these related partial 

Mem A1 

Mem A2 

Mem A3 

Fig. 5 Circular permutation scheme of Filter 
Coefficients 

products, the “circular coefficients permutation scheme” 
is proposed and shown in Fig. 5. The filter length is 
assumed to be 6 to illustrate the “circular coefficients 
permutation scheme”. In Fig. 5, we have four columns 
and three row blocks. Each row in Fig. 3 is mapped to the 
same memory address, that is MEM Al ,  MEM A2 and 
MEM A3 from top to bottom respectively. As YO is 
output from “Row filters” shown in Fig. 4, YOHO, YOH2 
and YOH4 will be computed. YOHO is the output and the 
other two terms would be stored in the memory (MEM 
A2 and MEM A3) and will be loaded from memory later. 
After Y1 is ready, YOH2 and YOH4 will f rs t  be loaded 
from memory with address MEM A2 and MEM A3. And 
then these terms, (H5Y1), (HlYl+H2YO) and 
(H3Yl+H4YO) will be computed and stored in the 
memory with memory address MEM A1 MEM A2 and 
MEM A3 respectively. The other outputs can be obtained 
following the step shown in Fig. 5. As we can see in Fig. 
5, the permutation of even numbered coefficient is HO, 

Fig. 6 Block Diagram of Circular-Parallel 
Architecture 
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H2 and H4 from top to bottom order and next time the 
permutation of even numbered coefficient is H4, H2 and 
HO. The permutation of odd numbered coefficient also 
has the same circular characteristic. That is why it is 
named “circular coefficients arrangement”. Since each 
level has different data rate and different levels are 
scheduled in interleave manner. For each level, some 
registers are needed to save the status of the permutation 
order of filter coefficients and these registers are updated 
after finishing the transform of one input row. For 
example, in Fig. 3 described in section 11, the permutation 
order of Level 1 coeficients in Row 5 is H2 H4 HO (from 
top to bottom as described in Fig. 3) and Level 2 is H4 
HO H2 and Level 3 is H5 H1 H3. The even and odd 
numbered coefficients are chosen interleaved. That is 
when the even numbered coefficients are selected for 
certain level in current row then the odd numbered 
coefficients will be chosen in the next row. As the 
permutation order of filter coefficients of certain level is 
selected, it will apply to both G and H filters in the “Col 
Filters” shown in Fig. 6. By such circular coefficient 
permutation scheme, “Write after Read” memory 
operation can be performed at the same memory address 
and no memory contents shifting are needed. In the block 
diagram of Circular-Parallel architecture, input format is 
assumed to be row scan. The input of “Row Filters” is 
determined by the “RPA Row schedule” module. It could 
be Input samples or the latest L (where L is the filter 
length) outputs of lower level stored in the register banks. 
The size of the register banks is (Max-Level-l)*L words. 
And outputs of each HH bank are stored in the register 
banks. The latest L outputs of level n are kept for the 
convolution process of level n+l. The outputs of highest 
level are not needed to keep. The “Circular Decoder” is 
responsible for the arrangement of filter coefficients. In 
principle, rL/21 multipliers and adders are needed for 
each filter in the “Col Filters” shown in Fig.4 to compute 
the partial accumulation sum. The number rL/21 is the 
minimum integer larger than L/2 when L is an odd 
number. Synthesizable RTL Verilog code and C++ 
program have been used to verify the CPA and Fig. 7 
shows the simulation results with image Lenna as input 
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4. Performance Comparison 

- I I I 

Multipliers 1- I4UNA PLnL 

The performance comparisons of our architecture and 
other similar architectures are listed in Table I. A NxN 
image is used as the input of these architectures. The 
number of functional units in data path can be reduced 
by sharing the positive edge and negative edge clock, 
therefore, we list the number of functional units with 
these two circumstances. From the Table I, fewer 
functional units are needed in our architecture. The CPA 
proposed in this paper is attractive in hardware cost and 
computation period. 

ZL LnII  .2-. - 
) I  

LTL(WIJ 

Adders 4UNA 6(L-ly3(L-i) 4 Ln PZ&-1 

Period 4” Nr+N NL N’ 

2rUZFL-I 
MEMsize N’ ZNL+4N ZNL-ZN ZNL 

A / B : A is the number of multiplien or idden without &iring the 
poaitive and negative clock edge. 
B is the number of multiplien or adden ahiring the poritive and 
negative dock edga 

5. Conclusion and Summarize 

The Circular-Parallel architecture (CPA) has been 
proposed in this paper. Based on the 1D-RPA DWT, the 
2-D DWT outputs scheduling scheme is described in the 
paper with an 8x8 image as an example. The concept of 
“partial accumulation sum” of convolution operation in 
column direction is proposed and applied in the CPA. 
And the VO between memory which stores the 
intermediate results and the 2-D DWT core is simplified 
by using the circular coefficients permutation scheme. 
Since the CPA has low latency, low hardware cost and 
the ability to process the image in “running manner”, it 
is suitable for various real time videohmage applications 
such as PEG-2000 and MPEG 4. 

Fig. 7 2-D DWT of Lenna 
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