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Abstract
Noise removal is an essential element of image processing. 
Depending on the noise types, the noisy image can be generally 
modeled as one of the two models: additive model and 
multiplicative model. Speckle is a form of multiplicative noise 
which is more difficult to suppress than additive noise. Non 
linear partial differential equations (PDE) and wavelets which 
are local in nature are the emerging techniques for speckle 
reduction. This paper compares and analyzes the behavior 
of these two techniques. Through experimental results both 
qualitative and quantitative it is shown that orthogonal un-
decimated wavelet transform gives much improved results than 
non linear PDE method and the traditional techniques.

Keywords
wavelets, discrete wavelet transform, un-decimated wavelet 
transform, bi-orthogonal wavelet, de-noising signals.

I. Introduction
Noise removal is an essential element of image processing. 
One reason for this is that many images are acquired under 
less than ideal conditions and consequently are contaminated 
by significant amounts of noise. Due to noise in the images, 
their segmentation, classification and detection become 
difficult. It is important for noise suppression algorithms to 
reduce the noise while preserving the important features in the 
images.  Depending on the noise types, the noisy image can be 
generally modeled as one of the two models: additive model 
and multiplicative model. Speckle is a form of multiplicative, 
locally correlated noise, which is present in medical ultrasound 
image interpretation, remote sensing images and synthetic 
aperture radar (SAR).
One major characteristic of images is their non-stationary 
nature and have many local features which are not very well 
described by using global features. Therefore performance of 
linear algorithms used for image processing is limited. Adaptive 
nonlinear techniques are required for better performance. Non 
linear partial differential equations and wavelets which are 
local in nature are fast emerging area for low and high level 
image processing and analysis. 
A number of methods have been proposed to address the 
problem of removing speckle noise based on linear techniques 
(Wiener filter [1]) and nonlinear techniques (Median filtering 
[1], Lee [2], Frost [3], and Kuan [4]). Linear techniques can 
cause blurring of edges whereas nonlinear techniques are 
edge preserving but still most of these techniques suffer from 
drawbacks like the filters are sensitive to the size and shape 
of the filter window, most of these techniques do not enhance 
edges, the filters are not directional, and may not suppress noise 
near the edges. The hard thresholds used in these techniques 
may result in artifacts in the smoothed output image.
In 2002, Yu and Acton [6] have proposed a speckle filtering 
scheme based on Lee and Frost and the anisotropic diffusion 
(AD) [5] called speckle reducing anisotropic diffusion (SRAD). 

This filter has shown very good performance with different levels 
of speckle. This PDE-based speckle removal approach allows 
the generation of a set of filtered images that vary from fine to 
coarse. The filter is not sensitive to filter window size and shape. 
SRAD not only preserves edges but also enhances edges by 
inhibiting diffusion across edges and allowing diffusion on either 
side of the edge. This filter is adaptive in nature and does not 
utilize hard thresholds to alter performance in homogeneous 
regions or in regions near edges and small features. 
Another set of promising methods which have emerged during 
the last decade for speckle noise reduction are based on 
wavelet transform techniques [8-14]. A major breakthrough 
in denoising was achieved with the now-classic methods of 
wavelet shrinkage [8-9] referred as visushrink and sureshrink 
respectively. Visushrink uses a single threshold for coefficients 
at different levels which may lead to loss of some wavelet 
coefficients needed for producing sharp edges in the 
reconstructed image and thus may lead to over smoothing.  
Sureshrink uses independently chosen thresholds for different 
wavelet coefficients at each level. By using different shrinkage 
thresholds for each level, sureshrink is able to include more 
significant wavelet coefficients—thus alleviating the blurring 
problem of visushrink, producing more detailed images.  
Decimation of the wavelet coefficients in discrete wavelet 
transform (DWT removes every other of the coefficients of 
the current level. This decimation causes shift variance of 
the wavelet transform. In noise suppression this leads to 
introduction of artifacts in the reconstructed image. Cycle-spin 
thresholding was first described [10] to address this problem. 
Cycle-spin thresholding achieves shift-invariance by averaging 
all shifts of the noisy image. Also it uses simple thresholding 
instead of using shrinkage for de-noising because it yields 
higher SNRs and perceptually sharper de-noisings. 
Two categories of speckle noise reduction methods are 
compared in this paper. The first is speckle reducing anisotropic 
diffusion method based on non linear PDE and coefficients 
of variance and the second is wavelet based methods using 
decimated and un-decimated wavelets and also compares the 
performance based on orthogonal and bi-orthogonal nature 
of wavelets. 

II. Speckle reducing filters
Diffusion algorithms via partial differential equation (PDE) 
like heat equation or linear isotropic diffusion and nonlinear 
anisotropic diffusion are used for noise removal in image. 
Nonlinear anisotropic diffusion is adaptive in nature and can 
be seen as a robust estimation procedure that estimates a 
piecewise smooth image from noisy input image. Thus it has 
become a framework to provide a theoretical foundation of 
adaptive smoothing [7]. 
Conventional anisotropic diffusion is the edge sensitive 
diffusion for image corrupted with additive noise. Also these 
filters do not enhance edges but only inhibit smoothing near 
the edges. Therefore noise in the neighborhood of an edge 
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remains after filtering also. These filters are not directional as 
in the vicinity of an edge all smoothing is precluded, instead 
of inhibiting smoothing in directions perpendicular to the edge 
and encouraging smoothing in direction parallel to the edge. 
For multiplicative noise (speckle) Lee and Frost filters are the 
most cited and applied. 
The Lee filter and other related adaptive filters essentially smooth 
homogeneous regions by averaging and avoid smoothing where 
edges may exist. The presence or absence of edges is based 
upon local coefficient of variation – higher values in the regional 
coefficient of variation indicate the location of edges. These 
filters tend to blur the image and do not enhance the edges. 
They are also sensitive to window size and threshold values 
and leave noise in the vicinity of edges. 
Yu and Action [6] have proposed a filtering scheme based on Lee 
& Frost. They have developed a speckle removing filter called 
speckle reducing anisotropic diffusion (SRAD). The authors of 
SRAD attempt parallel technique for diffusion equation and 
estimation of statistics involved.   Speckle reducing anisotropic 
diffusion algorithm preserves edges and also allows diffusion 
on either sides of edges and small features. SRAD improve 
performance in terms of edge response width, edge localization, 
probability of detection and probability of false detection over 
competing adaptive filter algorithms.      

A. Anisotropic diffusion
Perona and Malik [15] proposed the following nonlinear PDE 
for smoothing image:
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Where ∇ is the gradient operator div  the divergence operator, 

)(xc  diffusion coefficient and 0I the initial image. They 
suggested two diffusion coefficients:
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B. Lee Filter
The basic equation of Lee Filter is given below:
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Where sÎ  is the enhanced data, sI value of the intensity within 
the filter window sh , sI is the noise corrupted data and sk  is the 
adaptive filter coefficients derived from coefficient of variation 
of noise uC and image sC .
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Where )(zVar ′ and z′  are the intensity variance and mean 
in homogeneous areas of the image respectively.

C. Speckle reducing anisotropic diffusion filter
Based on the above two concepts, the equation for SRAD is 
given below: 
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Where )( ,,1 tjiCc  is the decreasing function like anisotropic 
diffusion coefficient given by 
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uC and jiC , are the coefficient of variation of noise and image 

respectively. 

III. Wavelets for Noise Suppression
The wavelet transform provides a multi resolution representation 
using a set of analyzing functions that are dilations and 
translations of wavelets mother wavelet function. The 
simplest wavelet transform for multi-dimensional digital data 
is the decimated wavelet transform. One way to improve the 
performance of wavelet-based image processing is to use 
specialized wavelet transforms in place of the conventional 
wavelet transform like the un-decimated wavelet transform 
[9-15]. The performance specific to application is also affected 
by the wavelet family used.
In this paper we have analyzed the behavior of decimated and 
un-decimated wavelets transforms using both orthogonal and 
bi-orthogonal wavelet families. Soft threshold as suggested 
in [9] is used. In this paper for orthogonal wavelets we have 
used Daubechies family. Daubechies constructed the first 
wavelet family of scale functions that are orthogonal and 
have finite vanishing moments, i.e., compact support [8]. This 
property insures that the number of non-zero coefficients 
in the associated filter is finite. This is very useful for local 
analysis. Also this family has balanced a frequency response 
which is useful for noise suppression. In case of bi-orthogonal 
wavelets we used B-spline wavelets as this wavelet family has 
the properties like compact support, smoothness, symmetry, 
good localization [8]. 

A. Noise Suppression Method 
Decompose image into approximation and detailed 1. 
coefficient using decimated or un-decimated wavelets 
and appropriate wavelet family either orthogonal or bi-
orthogonal.
Threshold the wavelet coefficients using soft threshold to 2. 
suppress the noise.
Apply inverse wavelet transform to get the enhanced 3. 
image.

For finding the noise suppression behavior of wavelets both 
decimated transform and un-decimated transform along with 
both orthogonal and bi-orthogonal  wavelets were explored. 
Four combinations as specified below are used:
decimated orthogonal (db4) wavelet (DOW) 
decimated bi-orthogonal (bior4.4) wavelet (DBOW) 
un-decimated orthogonal (db4) wavelet (UDBOW) 
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un-decimated bi-orthogonal (bior4.4) wavelet (UDBOW) 

IV. Results and Discussions
Here we present the result using a set of ten test images to 
which speckle noise is added.  Experimentation results are 
measured in terms of visual perception, signal to noise ratio 
(PSNR) and edge preservation and localization (Pratt’s FOM) 
and the performances of the SRAD and different wavelet based 
methods and also two traditional methods median and wiener 
filters is presented and analyzed.  Two MATLAB toolboxes 
(WAVELAB and Rice Wavelet Toolbox) for wavelet design and 
denoising were obtained from [18-19].
Fig. 1(a) shows the result of applying decimated wavelet 
transform and it becomes evident that it suffers from artifacts 
because of shift variance. Fig 1 b) shows the improved result 
of decimated  
wavelets after applying the technique suggested in [11] which 
achieves shift invariance. Thus for decimated wavelets Cycle-
spin thresholding is used. 

         (a)    (b)
Fig. 1: Result of Decimated Transform a) without cycle spin b) 
with cycle spin 

As seen in fig. 2 above visually the wavelet results are the best 
in terms of smoothing and at the same time edge preservation. 
Results of un-decimated orthogonal (db4) wavelet transform 
fig. 2 (e) give the best results without any blurring or distortions 
near the edges. Quantitatively also it gives the highest value 
for FOM 0.8633 refer Table 1 which confirms that it is best 
in terms of edge preservation and localization. Bi-orthogonal 
wavelets though has the property of linear phase but gives 
lower edge localization than orthogonal wavelets both in case 
of shift invariant decimated and un-decimated transform. SRAD 
gives comparative results to decimated wavelet transform and 
wiener gives the minimum value. SRAD edges are blurred as 
compared to other techniques.

Table 1: Pratt’s Figure of Merit for test image Lena after smoothing using different methods
Method DOW DBOW UDOW UDBOW SRAD Wiener Median
PSNR 0.7949 0.6626 0.8633 0.8184 0.7949 0.5184 0.6804
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Fig. 2(a): Noise free Image b) Image after adding speckle noise 
c) result of applying DOW d) result of applying DBOW e) result 
of applying UDOW f) result of applying UDBOW g) result of 
applying SRAD h) result of applying Weiner filter i) result of 
applying median filter.

Comparing the PSNR wiener gives the highest average PSNR 
as shown in Fig 3, with un-decimated bi-orthogonal transform 
and SRAD giving nearly the same PSNR which is higher than 
decimated transform values and minimum value is given by 
median filter. Thus it is clear from the results that PSNR value 
alone cannot be considered as a parameter to judge the 
performance of the noise suppression algorithm.   

Fig. 3: Average PSNR for different noise suppression 
algorithms

V. Conclusions
Speckle noise is multiplicative in nature and is difficult to 
remove. This paper compares the performance of two powerful 
techniques. The non linear anisotropic diffusion based SRAD 
gives comparable results to decimated orthogonal wavelet 
transform. Un-decimated orthogonal wavelet transform gives 
the best overall results best visual perception, edge preservation 
and localization with comparable PSNR to other techniques. 
Both the methods SRAD and Wavelet based techniques give 
much improved results than traditional techniques like median 
and wiener. The performance of orthogonal wavelets with un-
decimated transform gives the best result.  
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