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Abstract 

In this paper, we present a VLSI architecture for the 
separable two-dimensional Discrete Wavelet Transform 
(DWT) decomposition. Using a computation-schedule 
table, we showed how the proposed separable architecture 
uses only a minimal number of filters to generate all 
levels of DWT computations in real time. For the 
computation of an N x N 2-D DWT with a filter length L,  
this architecture spends around N 2  clock cycles, and 
requires 2NL-2N storage unit, 3L multipliers, as well as 
3(L-1) adders. 

1. Introduction 

The wavelet transform (WT) provides an alternative 
approach to signal processing, especially suited for the 
analysis of spatial and spectral locality. In recent years, 
there has been a number of studies on wavelet transforms 
for signal analysis and synthesis [ 11-[3]. Generally, the 2- 
D DWT is frequently applied in image [4]-[7] and video 
[8]-[9] processing. However, as other 2-D transforms, 
DWT still needs a large amount of computation; in order to 
meet the requirements of fast computation in real-time 
applications, dedicated hardware implementations are 
required. 

Several VLSI architectures [lo]-[ 181 have been 
proposed for 2-D DWT’s. For instance, Lewis and 
Knowles [lo] firstly proposed a multiplierless 2-D 
architecture for the 4-tap Daubechies wavelet 
transform. Vishwanath et al. [ l l ]  presented a 2-D 
systolic-parallel DWT architecture that uses a 
combination of systolic and parallel filters. 

Chakrabarti et al. [ 121-[ 131 devised many efficient 
architectures, such as parallel filters (in 1-D and 2- 
D), SIMD linear array, and SIMD multigrid 
architectures, which utilize parallel structures to 
implement the existing pyramid [ 11 and “ a  trous” 
[ 141 algorithms for the DWT and the continuous WT, 
respectively. A parallel pipelined VLSI array 
architecture for the 2-D DWT has also been proposed 
by Chuang and Chen [15]. Moreover, many other 
hardware implementations of the 2-D DWT have been 
presented in [16]-[ 181. 

In this paper, we design a VLSI architecture for 
the separable 2-D DWT decomposition. The 
computations of the architecture are accomplished 
according to a computation-schedule table generated 
by the data dependence analysis of the separable 2-D 
DWT. Form this table, we observe that the proposed 
architecture eliminates the intermediate hardware 
requirements between resolution levels and 
minimizes the filters used in the architecture. Since 
the architecture spends lower hardware cost and has 
a regular hardware structure, i t  is suited for single- 
chip VLSI implementation. 

2. 2-D DWT Architecture 

A.  Preliminaries 

The input signals in 1-D DWT are transformed into a 
high (H) and a low ( L )  component signals by a 1-D filter 
bank. Similar to the 1-D case, 2-D DWT separates an array 
of input signals into four signal bands, i.e., the high-high 
(HH), high-low (HL),  low-low (LL),  and low-high ( L H )  
component signals by using a 2-D filter bank. Figure 1 
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Fig. 2. (a) Three-level 2-D DWT decomposition of an image. (b) Lena image decomposition. 

illustrates one level of separable 2-D WT decomposition, 
and Fig. 2 shows a three-level 2-D DWT decomposition of 
the Lena image. 
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Fig. 1. One-level of separable 2-D WT decomposition 

For an N x N input image processed through m levels 
of 2-D DWT decompositions, the total number of filtering 
computations iterating on the lowpass (or highpass) filter 
only is given by: 

According to the above equation, the upper bound on 

the number of lowpass (or highpass) computations is 4 .  
This implies that the separable approach needs two 
lowpass and two highpass filters for ali the computations 
of an m-level2-D DWT. 

Next, consider that an N x N image is fed into the 
separable architecture using the direct implementation as 
described in [ l l ] .  An amount of 2N2 clock cycles is 
needed to compute the N row DWT's. Similarly, 
2N2 cycles are required to compute the N column DWT's. 
Thus, the computation time of this separable architecture 
in total is 4N2 clock cycles. Also, since the first output 
value is generated after computing all the row DWT's, the 
architecture latency is N clock cycles. Moreover, it needs 
N2memory space to store all the filtering output 
coefficients. 

B. Proposed Separable 2-0 D WT Architecture 

The direct implementation [ 111 which makes use of 
1-D DWT modules is a straightforward realization of the 
2-D DWT. Clearly, its advantage is easy to realize, but the 
latency is too long and the needed memory space is large. 
Owing to these shortcomings, the direct approach is not 
widely used in practice. Moreover, the above shortcomings 
can be improved by the systolic-parallel architecture 
proposed in [ 111, which uses only two systolic and four 
parallel filters to generate all levels of the 2-D DWT 
computations in N 2  + N clock cycles. But, this architecture 
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Fig. 3, Proposed VLSI architecture 

the computation time and the hardware cost, we propose a 
VLSI architecture in Fig. 3 for the implementation of a 
separable 2-D DWT. 
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Fig. 4. Parallel filter structure 

The proposed architecture consists mainly of three 
parallel filters and a storage unit. The parallel filter 
structure is similar to the one described in [ 131, as shown 
in Fig. 4. First, the horizontal filter HF is used to 
generate a highpass filtering output (H) at a positive 
clock cycle and a lowpass filtering output (L) at a 
negative clock cycle, respectively, as shown by the 
dash-line block HF in Fig. 1. These two resultant 
filtering outputs will be stored in the corresponding 
lowpass (LR) and highpass (HR) register banks. Then, 
the two horizontal filtering outputs ( H  and L) stored 
in the above register banks can be further 

VF2 
respectively, to generate the four vertical filtering 
outputs. Similar to the case of horizontal filter HF, 
the highpass filtering outputs, HH from VF2 and L H  
from VF1, are generated at a positive clock cycle and 
the lowpass filtering outputs, HL from VF2 and L L  
from VF1, are generated at a negative clock cycle. 
These two filters correspond to the dash-line blocks 
VF1 and VF2 in Fig. 1. Finally, all the resolution 
levels of DWT's  can be iteratively generated by the 
filters HF, VFI, and VF2, where a current level of 
filtering data is computed in the exact idle cycles of 
a previous level. The storage unit as shown in Fig. 3 
is composed of m register banks. Each register bank, 
similar to the structure described in [17], is used to 
temporarily store the filtering data that have been 
output from HF and will serve as the input for the 
vertical filtering computations. 

To explore how our proposed architecture works, we 
use a computation-schedule table to illustrate three levels 
of separable 2-D DWT computations for an N x N image 
as shown in Table 1, where H i and Vi are respectively the 
horizontal and vertical filtering computations at a 
resolution level i. For simplicity, only computations V i  of 
single vertical filter (may be VFl  or VF2) are shown in this 
table. This schedule table is generated by the data 
dependence analysis of a separable 2-D DWT. A 
horizontal filtering computation is shown in the upper side 
of a grid in the table and a vertical filtering computation is 
shown in the lower side. An upper- or a lower-sided blank 
grid represents no filtering computation there. All the 
resolution levels of computations are scheduled in this 
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Table 1 : Computation-Schedule Table for a Three-Level Separable 2-D DWT 

0 1 2 3 4 5 6 7 8 9 10 I I  12  1 3  14 1 5  . . .  

table. Form the table, assume that a raster scan is used, 
three levels of horizontal computation cycles occur at a 
grid (x, y )  that represents x column and y row as follows: 

N 
2 H I (2k+l,  I )  

H ' (4k+6, I )  

H '  (8k+12,I) 

for k 0 ,  I ,  2, .,., - - 1 and I=O, I ,  2, ..., N - I ,  

for k O ,  I ,  2, ..., - 1 and [ = I ,  3, 5, ..., N - I ,  

fork=O,1 ,2  ,,.., N - l a n d I = 3 , 7 , 1 1  , . . ,  N - I ,  
8 

Similarly, three levels of vertical computation cycles occur 
at: 

V (2k+2, I )  

V' (4k+7,I)  

V'  : (8k+l3,  I )  

for k O ,  I ,  2, ..., 

f o r k O , 1 , 2  , . . . ,  N - l a n d I = 3 , 7 , 1 1  , . . . ,  N - I ,  

for k O ,  1 ,  2, ..., 

- 1 and I=1, 3, 5, ..., N - I ,  
2 

4 

8 
- 1 and 1=7, 15, 23, ..., N - I .  

Note that each of the last computation points of all levels 
will be wrapped to its next row except for H ' .  For instance, 
the horizontal computation H 2  is wrapped to grids (2, I ) ,  

for 1 = 2, 4, . . ., N; and the vertical computation V '  appear 
at grids (0, I ) ,  for 1 = 2, 4, ..., N. Therefore, all the 
resolution levels of computations shown in this schedule 
table are interleaved within spacing of the first-level. 
Computations without causing any computation collisions 
from the above equations. 

3. Performance Comparison of DWT 
Arc hit ec ture s 

The performance comparison of our architecture and 
other similar architectures ([ 113 and [13]) is summarized in 
Table 2. For an N x N image, the proposed architecture 
needs around N * clock cycles to compute all the resolution 
levels of DWT's. Also, this architecture requires only three 
programmable parallel filters, a storage unit, and a control 
unit. Compared with other separable 2-D DWT approaches 
as shown in Table 2, our architecture is attractive in terms 
of both its hardware cost and computation time (period). 
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Architectures 

TABLE 2: Comparisons of Various 2-D DWT Architectures 

Direct Systolic- 
Parallel 

Approach Parallel Ours 

MAC’S 

Multipliers 3L - I  L 2L 

4L 4L 
I I I I II 

Registers 

Period 

Adders 1 - I 4L I 4(L-1) I 3(L-1) I/ 
N 2  2NL+4N 2 N L + N  2NL-2N 

4N2 N ’ + N  N ’ + N  - N 2  

4. Conclusion 

A fast and efficient 2-D DWT architecture has been 
described in this paper. The architecture utilized a 
computation-schedule table to accomplish all the 
resolution levels of computations. Since this architecture 
has a low latency, a low hardware cost, and ability to 
process 2-D digital signals in real-time, it can be applied 
very well to the codec implementation for various 
videohmage processing standards, such as MPEG-4 and 
JPEG-2000. For a video signal processing, the 
computation time of the architecture per picture spends 
about N 2  only, which meets the real-time requirement 
of many 2-D signal-processing applications. 
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