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Abstract:

The discrete wavelet transform is used
extensively in many applications, such as computer vision,
pattern recognition, sub band coding, speech analysis etc.
because of its capability of decomposing a signal at multiple
resolution levels. It is also used in the field of image
processing for texture discrimination, fractal analysis, and
image compression. This 2-D DWT requires massive
computations and hence there is a need for use of efficient
architectures for the implementation of 2-D DWT. This paper
focuses on comparing the performance of three types of
architectures that is intended to compute the discrete wavelet
transform of a 2-D signal at a faster rate. Here we present a
comparative study of the computation time for a high speed 2D discrete wavelet transform implementation using three
different architectures: single-processor architecture, parallelprocessor architecture and pipeline architecture.
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1. INTRODUCTION
During last few years a great amount of attention has been
given to signal processing applications. These applications
include multi-resolution signal processing, computer
vision, sub band coding, speech, image and video
compression, image recognition system and so on. Usually
the discrete cosine transform is used for realizing signal
compression. However, DCT is confined to poor subjective
and objective image quality at high compression rate to the
negative effects of blackness. The discrete wavelet
transform is a mathematical technique that provides a new
method for signal processing. The DWT decomposes a
signal in the time domain by using dilated / contracted and
translated versions of a single basis function, named the
prototype wavelet. The DWT decomposes data into several
components of different frequencies, such that we can have
arbitrarily good time resolution at high frequencies and
arbitrarily good frequency resolution at low frequencies. In
case of image coding, the DWT has an advantage over
other transforms in performing a multi-resolution analysis
of image. The basis functions of DWT match the human
visual profiles resulting in high compression ratios with
subjectively pleasing images at low bit rates. In the field of
image processing, the two-dimensional DWT has been
recently used as a powerful tool for texture discrimination,
fractal analysis, and image compression. Nevertheless, 2-D
DWT demands massive computations. As a consequence,
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in applications requiring real-time performances such as
on-line video and image coding, the use of either parallel
implementations or efficient VLSI application-specific
integrated circuits is strategic. Therefore, a large number
of VLSI architectures have been realized or proposed that
implement the 2-D DWT.

2. 2-D DISCRETE WAVELET TRANSFORM
Wavelet transform can be seen as a decomposition of the
signal f (x) into a number of resolution levels with j = 1, 2,
3, ・・・. In order to decompose a 2-D signal, the 1-D
scaling and wavelet functions have to be extended to two
dimensions. A 2-D function can be obtained simply by
multiplying two 1-D functions along x and y directions,
respectively. Thus, the 2-D scaling function can be
generated from the 1-D scaling functions, as
Φ (x, y) = Φ (x) Φ (y)
(1)
The 2-D scaling coefficients associated with the scale
index j for the 2-D DWT can be obtained as
c (j, kx, ky) =



h(my ─ 2ky) h(mx ─ 2kx)

mx my

c(j+1, mx, my)
(2)
Three types of 2-D wavelet functions, namely, vertical
wavelet ψ (v) (x), horizontal wavelet ψ (h) (x), and diagonal
wavelet ψ (d ) (x) , can be obtained using the 1-D scaling
and wavelet functions as
ψ (v) (x, y) = Φ (x) ψ (y)
(3)
ψ (h) (x, y) = ψ (x) Φ (y)
(4)
ψ (d) (x, y) = ψ (x) ψ (y)
(5)
This leads to three types of wavelet coefficients given by
w (v) (j, kx, ky) =



g(my ─ 2ky) h(mx ─ 2kx)

mx my

c(j+1, mx, my)

(6)

w (h) (j, kx, ky) =



h(my ─ 2ky) g(mx ─ 2kx)

mx my

c(j+1, mx, my)
w (d) (j, kx, ky) =

(7)



g(my ─ 2ky) g(mx ─ 2kx) c(j+1,

mx my

m x, m y)

(8)
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It is seen from (2) and (6) to (8) that, the four components
of the 2-D DWT at the resolution level with a scale index j
are produced using the scaling coefficients at the level with
a scale index (j+1).
2.1 Separable approach for the computation of 2-D
DWT
A straightforward way to perform the computation of the
2-D DWT is to use a separable approach. In the separable
approach, the impulse response G(z1, z2) of each 2-D filter
used for the DWT computation is product separable, i.e.,
G(z1, z2) = G1(z1)G2(z2), The filter G1(z1) is used to
process the 2-D data of successive rows (columns). Then,
the resulting 2-D data is processed successively along the
columns (rows) using the filter G2(z2). A binary tree
representation for a 2-level DWT computation of 2-D
signal s(n1, n2) based on the separable approach is shown
in Figure 1.

class of 2-D filters are not capable to approximate well all
the arbitrary frequency responses. In this regard, a nonseparable approach of the 2-D computation provides more
flexibility. In the non-separable approach depicted in
Figure 2, the DWT of a 2-D signal s(n1, n2) is computed
by carrying out four separate 2-D filtering operations using
four 2-D filters: a high pass-high pass (HH) filter GHH(z1,
z2), a high pass-low pass (HL) filter GHL(z1, z2), a low
pass-high pass (LH) filter GLH(z1, z2), and a low pass-low
pass (LL) filter GLL(z1, z2). The output signals of these
four filters are then decimated by a factor of two in the
horizontal and vertical directions producing, respectively,
the HH, HL, LH and LL components.

Figure 1 Binary tree representation of the computation of a
2-level 2-D DWT based on separable approach
It is seen from this figure that the computation for the
decomposition of a given level j consists of two
decomposition steps: row-wise decomposition of the 2-D
input data and column-wise decomposition of the 2-D data
resulting from the row-wise decomposition. In the rowwise decomposition, each row of the 2-D input data is
filtered using the two-channel horizontal filter bank
(G1H(z1) or G1L(z1)) and then down sampled by a factor
of two, to produce horizontal high pass and low pass
components, each component having one-half of the
numbers of samples in the rows of the 2-D input data. In
the column-wise decomposition, each column of the two
resulting components is filtered by using the two-channel
vertical filter bank (G2H(z2) or G2L(z2)) and down
sampled by a factor of two so that in total four components,
specified as the HH component wj (HH)(n1, n2), LH
component wj (LH)(n1, n2), HL component wj (HL)(n1,
n2) and LL component cj (LL)(n1, n2), are obtained as
outputs of the given level j. Among the four outputs, only
the LL component cj (LL)(n1, n2) is used for the
computation of the next resolution level, which is an
iteration of the above two steps.
2.2 Non-Separable approach for the computation of 2D DWT
Obviously, separable approach is a simple way to compute
the 2-D DWT. However, separable filters being a special
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Figure 2 Representation of the computation of a 2-level 2D DWT based on non-separable approach

3. THREE TYPES OF ARCHITECTURES
In recent years, much architecture has been proposed for
the DWT computation. These architectures aim at
providing high performances, in terms of their speed, area,
throughput, latency and power consumption. The filtering
operation involved in the DWT computation is usually the
convolution operation, that is, FIR filtering. The structure
of the filter could be a direct realization, or it could be a
systolic, lattice, bitwise or lifting based realization,
depending on the way that the basic convolution operation
is manipulated or formulated. The lifting-scheme based
filtering operation requires a cascade of lifting steps, and
thus, leads to a large latency and a long critical path of the
resulting lifting architecture. The filtering operation is
carried out by using a processor that employs a certain type
of filter structure. The architecture may use one or multiple
such processors to perform the DWT computation. For the
purpose of reviewing these existing architectures, we
categorize them as single-processor architectures, parallelprocessor architectures and pipeline architectures,
depending on their configuration and the number of
processors used by them. In a single-processor
architecture, only one processor carries out the filtering
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operation by computing the samples of the DWT in a
recursive manner. This is illustrated in Figure 3.

Figure 3 Block diagram of single-processor
architecture
In a parallel-processor architecture, multiple processors are
used to carry out the filtering operations so that more than
one sample is computed at a time. In this type of
architecture, the filtering operations to decompose the
input signal into various components are carried out in
parallel, whereas the computations of various resolution
levels are still performed recursively by the parallel
processors. Figure 4 shows the block diagram of parallelprocessor architecture.In a pipeline architecture, a certain
number of stages, each consisting of one or more
processors, are pipelined so that the computation of each
decomposition level as well as that of the multiple
resolution levels are performed in parallel. Figure 5 depicts
the block diagram for the pipeline architecture. In each of
these three broad categories, architectures may differ
considerably because of the internal structures of
processors employed for the filtering operation.

independent and can be used to determine the computation
time T is the number of clock cycles (NCLK) elapsed
between the first and the last samples inputted to the
architecture. Assuming that one clock period is Tc, the
total computation time can then be obtained as T=NCLKTc.
In order to compare the computation time of the three
types of architectures, the clock period for three levels
decomposition of an image are given in Table 1. It is seen
from this table that the single processor architecture and
the parallel processor architecture require, respectively,
24.4ns and 17.8ns, where as the pipeline architecture is
found to perform well with a clock period as short as
17.346 ns (i.e. a maximum clock frequency of 57.651
MHz). When compared to single processing and parallel
processing architecture the pipeline scheme computes the
2-D DWT of a 2-D signal at a higher speed. This is also
illustrated through a graph as shown in Figure 6.
Table 1: Comparison of computation time for three types
of architectures

Figure 6 Graph illustrating the computation time for three
types of architectures.
Figure 4 Block diagram of parallel-processor
architecture

Figure 5 Block diagram of pipeline architecture

4. RESULTS AND ANALYSIS
For the purpose of evaluating the performance of a
computational architecture, one needs to make use of
certain metrics that characterize the architecture in terms
of the hardware resources used and the computation time.
The computation time, in general, is technology
dependent. However, a metric that is technology
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5. CONCLUSION
In this paper we presented a comparative study of the
computation time for a high speed 2-D discrete wavelet
transform
implementation
using three different
architectures: single-processor architecture, parallelprocessor architecture and pipeline architecture. It is seen
that the single processor architecture requires a clock
period of 24.4ns for the three level decomposition of an
image. The same task is accomplished with a clock period
of 17.8ns by using parallel-processor architecture, where as
the pipeline architecture uses a clock period as short as
17.346ns. Hence comparatively the pipeline architecture is
preferred to be the best for the implementation of 2-D
discrete wavelet transform in real time applications.
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