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ABSTRACT 
 
 
The most commonly used smoothing algorithms for complex data processing are blurring functions (i.e., Hanning, 
Taylor weighting, Gaussian, etc.). Unfortunately, the filters so designed blur the edges in a Synthetic Aperture Radar 
(SAR) scene, reduce the accuracy of features, and blur the fringe lines in an interferogram. For the Digital Surface Map 
(DSM) extraction, the blurring of these fringe lines causes inaccuracies in the height of the unwrapped terrain surface. 
Our goal here is to perform spatially non-uniform smoothing to overcome the above mentioned disadvantages. This is 
achieved by using a Complex Anisotropic Non-Linear Diffuser (CANDI) filter that is a spatially varying. In particular, 
an appropriate choice of the convection function in the CANDI filter is able to accomplish the non-uniform smoothing. 
This boundary sharpening intra-region smoothing filter acts on interferometric SAR (IFSAR) data with noise to produce 
an interferogram with significantly reduced noise contents and desirable local smoothing. Results of CANDI filtering 
will be discussed and compared with those obtained by using the standard filters on simulated data. 
 
Keywords: SAR Interferogram, Diffusion Tensor Matrix, Non-Linear, Anisotropic Diffusion 
 

1. INTRODUCTION 
 
Urban 3-D Site-Modeling is very important in the business of geo-spatial imaging. Most of these models are done with 
real-valued imagery such as Electro-Optical (EO). We now show that our Complex Anisotropic Nonlinear Diffusion 
processed interferograms provide Digital Surface Maps (DSM) with high resolution comparable to Site-Models obtained 
from Electro-Optical or LiDAR derived data. In order for an IFSAR derived DSM to be a successful candidate, a new 
type of pre-processing filtering is required. This type of filtering must be able to deal properly with urban scenery (i.e., 
highly-discontinuous data) so that an interferometric SAR DSM can be seamlessly integrated with a traditional urban 3D 
Site-Model. 
 
This paper describes a novel way of pre-processing interferometric SAR data so that we can create better urban models 
from the phase image of IFSAR. This technique is complex anisotropic nonlinear diffusion. This partial differential 
equation (PDE) based technique is able to simultaneously smooth and sharpen IFSAR imagery where appropriate. To put 
things in perspective, a typical interferometric processing chain is shown in Fig. 1. 
 
In general, we need the capability to selectively smooth complex SAR data so that it is more useful for various image 
processing problems. Current methods of interferometric SAR pre-processing use a low pass smoothing filter to mitigate 
noise. Unfortunately, this causes resolution loss in scene content. These changes are even more pronounced when we go 
from processing a rural scene to an urban scene. As a result, smoothing artifacts are introduced into the final elevation 
model at the completion of the interferometric processing chain (Fig. 1). 
 
We propose CANDI, a new complex spatially varying nonlinear boundary sharpening/smoothing filter that works on 
IFSAR and complex image data. CANDI filtering preserves edges while smoothing intra-region areas. 

Algorithms for Synthetic Aperture Radar Imagery XIV, edited by Edmund G. Zelnio, Frederick D. Garber,
Proc. of SPIE Vol. 6568, 65680T, (2007) · 0277-786X/07/$18 · doi: 10.1117/12.719806

Proc. of SPIE Vol. 6568  65680T-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/21/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Raw
SAR
image Image H Filter Common

Spectrum H Registrationpairs Processing
Bands in

SmoothForm
Inteflerogram Inteerogram H Coherence

Measure

Unwrap Phase
Parameters Phase to Height

Elevation

Estimate

H
Geometry Unwrapped

Model

— vn._ — Nflt. - —

I if A I U: I c1III III IIII1ii II I UF I I t 1 U I £IJ'MiLII(!P iiaa I U
.11 I I I' I ' IL LtIMtTh L t.1 I I I II L 'PUl?I4PSIIJ Liir I I S 1 El .1 'i roUtt D.IIILL EiIAI ir20t I I S I I i I 0% III llIh:,. .1RlIilt hitiawws.i • "' :"..a.n. asa.. •

1 .! Ii1 II '1 10 .11 4
eIerI

meters

 

 

 
Fig. 1.  Interferometric processing chain 

 
Our work here is based on the anisotropic nonlinear diffusion (ANDI) introduced by Perona-Malik10and the noise 
mitigating ANDI by Weickert12. 
 
Our goal is to apply our diffusion technology to urban 3D models. Therefore, we want to simulate a 3-D urban scene. For 
this reason, we model two buildings on a hill to simulate the discontinuities that one would encounter in an urban scene 
(Fig. 2). We need our complex anisotropic filter because our data contains these buildings (i.e., discontinuous data). In 
Fig. 3, we show the wrapped phase values of the noiseless urban interferogram. 
 

2a 2b  
Fig. 2.  Two buildings on a hill. Nadir view of reference scene (2a),  3-D view of reference scene(2b). 

 

3a 3b  
Fig. 3  Simulated urban scene interferogram of two buildings and a hill.  2-D rendering of wrapped phase (3a), 

3-D rendering of wrapped phase (3b). 
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This paper is organized as follows. In Section 2, we cover the current smoothing techniques used in interferometric SAR 
from a continuous and discrete perspective. In Section 3, we explain CANDI filtering which is an extension of the 
current ANDI filtering techniques. In Section 4, we show results of using CANDI filtering on simulated data sets and 
dramatic results on noisy data. 
 
 

2. CURRENT SMOOTHING TECHNIQUES 
 
We begin with a description of various PDE based techniques used to accomplish smoothing of IFSAR data. Isotropic 
smoothing, non-homogeneous isotropic, non-linear isotropic (anisotropic), and diffusion tensor based smoothing are a 
few of the PDE-based techniques in SAR interferometry analysis. 
 
We consider the following generalized heat equation in our analysis: 
 

( ) ( ) ( )),,,,(,, tyxItyxcdiv
t

tyxI
∇=

∂
∂

 (1) 

 

If the function ),,( tyxc  is smooth then (Equation 1) is same as: 

 

( ) ( ) ( ) ( )( )tyxItyxctyxItyxc
t

tyxI ,,),,,,,,),, 2 ∇•∇+∇=
∂

∂
. (2) 

 

Here, ( )tyxI ,,  is the interferogram that we are attempting to non-uniformly smooth at a given time t  where t  is 

related to the element of the scale space and the iteration of the PDE. The convection function, ( )tyxc ,, governs the 
behavior of the smoothing. 
 
2.1. A Continuum of filtering solutions 
 
We adopt the filtering framework, proposed by Agrawal, Raskar, and Chellapa1, in which the various filtering techniques 
are seen as a yielding a continuum of solutions. At one end of the continuum is the Poisson solver which gives equal 
weight to all the gradients; this results in a spatially invariant isotropic Laplacian kernel 2∇ . 
 
Individual scaling of the gradients results in the weighted Laplacian kernel 2

w∇ . This filter is located in the middle of the 
continuum. Convolving this filter with the interferogram is equivalent to using Perona-Malik’s ANDI filter. 
 
In Weickert’s tensor-based ANDI filtering, the x and y gradients are scaled and linearly combined, resulting in an affine 
transformation of gradients. This results in a another weighted Laplacian kernel called 2

D∇ . This approach causes the 
greatest amount of anisotropic diffusion (i.e. greatest amount of anisotropy in the weights) in the IFSAR processing. 
 
In summary, this unification results in a continuum of solutions (Fig. 4) based on the degree of anisotropy in assigning 
weights to the gradients. The following sections discuss the details of these kernels. 
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Fig. 4.  Continuum of filtering solutions 

 
2.2. Isotropic smoothing 
An example of an isotropic filter is the Laplacian kernel: 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
−=∇

010
141
010

2  (3) 

 
We know that the Laplacian of a function in two dimensions is defined as: 
 

( ) 2

2

2

2
2 ,

y
f

x
fyxf

∂
∂

+
∂
∂

=∇ . (4) 

 
Since the Laplacian is a linear operator, we can represent the Laplacian operation (Equation 4) on an image as 
convolution with the image, as shown in Equation 5, using the kernel 2∇ . This results in an approximation to the linear 
second order derivative of brightness in directions x and y which is invariant to rotation, and hence insensitive to the 
direction in which the discontinuity runs11. When applied to an image, the Laplacian edge enhancement operation 
extracts all of the edges in an image, regardless of direction. Constant brightness regions become black (pixel value of 0) 
while changing brightness regions become highlighted (non-zero pixel value)3. For more details on the Laplacian see 
Two-Dimensional Signal and Image Processing8. 
 
For interferometric SAR applications, isostropic smoothing is usually implemented with a low pass filter such as a 
Gaussian window. It has been shown that the solution to the heat equation is a member of the Gaussian scale space2. The 
Gaussian scale space is a family of images obtained by convolving the original image ( )yxI ,0  with a Gaussian kernel 

( )tyxG ,,  with a variance dependent on t . 
 
( ) ( ) ( )tyxGyxItyxI ;,,,, 0 ∗= .  (5) 

 
Let us now return to the PDE framework as embodied in Equation 1. In Gaussian isotropic smoothing, the interferogram 
gets smoothed equally in all directions because the convection function is a constant value. 
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Although Gaussian isotropic filtering techniques reduce noise, it also blurs important features such as edges. To 
illustrate, we add complex Gaussian noise to the image in Fig. 3 to arrive at Fig. 5. 
 

5a 5b
 

Fig. 5.  Noisy interferogram of  simulated urban scene of two buildings and a hill.  2-D rendering of wrapped 
phase (5a),  3-D rendering of wrapped phase (5b). 

 
When applying the smoothing filter to this noisy interferogram, we see that the noise is reduced. The reduction in the 
building edge sharpness is a manifestation of the resolution loss. (Fig. 6) 
 

6a 6b
 

Fig. 6.  Smoothed interferogram of  simulated urban scene of two buildings and a hill.  2-D rendering of 
wrapped phase (6a),  3-D rendering of wrapped phase (6b). 

 
2.3. Non-homogeneous isotropic smoothing 
Non-homogeneous isotropic smoothing is image independent but spatially dependent. So it depends strictly on a given 
pixel location within an image. With non-homogenous isotropic smoothing, the generalized convection function 
( )tyxc ,,  is not dependent on the image from the scale space but only on the pixel locations. Since this image scale 

space is the set of interferograms convolved with a different filter at a given time t , the non-homogeneous isotropic 
convection function is dependent on ( )yx,  but not t . 
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For this type of smoothing the convection function is usually some monotonically decreasing function of ( )yx,  such as: 
 

( )( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∇
−=∇

yxI
yxIc

,
1exp,

0
0  (6) 

or 

        ( )( ) ( )yxI
yxIc

,1
1,
0

0 ∇+
=∇  (7) 

 
2.4. ANDI filter 
ANDI smoothing, as shown in Fig. 7, is both spatially and image dependent. Therefore, the convection function used in 
the heat equation is dependent on pixel location ( )yx,  and time t . 
 

( )( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∇
−=∇

tyxI
tyxIc

,,
1exp,,

0
0  (8) 

or 

                ( )( ) ( )tyxI
tyxIc

,,1
1,,
0

0 ∇+
=∇  (9) 

 
The solution ),,( tyxI for a given iteration t of ( )yx,  is a member of the scale space. 
 

7a 7b
 

Fig. 7.  Application of anisotropic diffusion to interferogram of simulated urban scene.  2-D rendering of 
wrapped phase (7a),   3-D rendering of wrapped phase (7b). 
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If we convert the ANDI PDE to a discrete framework, we have the following kernel which we convolve with the digital 
interferogram image: 
 

( )
( ) ( )

( ) ⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

+
+Σ−−

−
=∇

0,10
1,1,

0,10
2

xyw
xywxyw

xyw

y

xx

y

w  (10) 

 

where Σ denotes the sum of neighboring pixel values and ( )xy,  denote the image pixel locations in the grid1. 
 
2.5. Noise mitigating ANDI filter 
Finally, we use a PDE smoothing based on a diffusion tensor.1, 12  This technique applies an affine transformation to the 
pixels. It allows smoothing along the edges but not perpendicular to it. It is also called a scatter matrix and second 
moment matrix. Here, the convection function ( )0Ic ∇  is replaced by a diffusion tensor ( )σID ∇ , 

where σI  is a smoothed version of the initial image 0I . 
 
( ) [ ] ( ) ( )( ) [ ]TvvIIdiagvvID  

21221   ,  σσσ λλ ∇∇=∇  (11) 

 
Here, ( )σID ∇ is a symmetric positive definite matrix; 1v  & 2v  are the eigenvectors of this matrix; and 1λ  & 2λ  are 
the eigenvalues of this matrix. The eigenvectors are determined by the local characteristics of the dataset such as the 
gradient while the eigenvalues can be chosen to be functions of σI∇ . From the eigenvalues, we can also measure 
coherence in the image data.12 
 
In short, this type of PDE-based filtering smoothes in the direction of the noise and behaves the same as the standard 
Perona–Malik PDE in the direction orthogonal to the boundary. The smoothing function is now a two dimensional 
Gaussian kernel related to the eigenvectors of the diffusion tensor. This Gaussian function changes based on the local 
image characteristics of the pixel that the filter is processing. So, each pixel across each image can potentially have a 
unique diffusion kernel operation via convolution or alternately the solution of the heat equation. 
 
Converting to a discrete formulation, we can view this diffusion tensor based smoothing as the convolution of the 
interferogram with the following diffusion 3x3 nonlinear filter kernel: 
 

( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

+−
+Σ−−+−
−−−+−

=∇
0,,1,

,,)1,1,
,1,1,10

122212

21211211

212122
2

xydxydxyd
xydxydxydxyd

xydxydxyd

D  (12) 

 
where ( ) ( ) ( ),,,,,, 122111 xydxydxyd and ( )xyd ,22  denote the elements from the diffusion tensor1: 
 

              ( ) ( )
( ) ( )⎥⎦

⎤
⎢
⎣

⎡
=

xydxyd
xydxyd

xyD
,,
,),(

,
2221

1211  (13) 
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3. COMPLEX ANISOTROPIC NON-LINEAR DIFFUSION (CANDI) 
 
In this section, we propose a new approach to anisotropic diffusion that is based on a complex formulation of the 
anisotropic diffusion problem. In this formulation, CANDI operates on the complex interferogram pixels whereas ANDI 
operates on the real and imaginary pixels separately. Generally speaking, CANDI is defined as the application of ANDI 
filtering techniques to complex pixels. 
 
Secondly, we are tailoring the convection function that we use to the specific kinds of datasets that we are interested in 
processing. Therefore, each convection function gives us, in essence, a new type of anisotropic diffusion. When choosing 
a convection function, the user must understand the characteristics of the SAR data being operated on. For this reason, 
CANDI is a family of filters. 
 
Finally, these filtering techniques enable the extraction of scene content from extremely noisy data and improve the 
quality of complex imagery. 
 
3.1. “Linear” approach to filtering 
Before we proceed, let us do a review on how filtering is done with current electronic systems. The block diagram in Fig. 
8 shows a typical system configuration that processes complex data. 
 

 
Fig. 8.  Typical complex electronic system 

 
Using the definition of linearity, we can filter the complex signal ( )ts by separately filtering the individual real and 
imaginary components as show below: 
 

( )( ) ( )( ) ( )( )tsftsfitsf =⋅+ 21  (14) 

 
After obtaining the filtered results of the real and imaginary components, we then combine the results to get the filtered 
value for the complete complex signal. 
 
3.2. Non-linear approach to filtering 
However, suppose we say that f is a nonlinear operator. 
 

( )( ) ( )( ) ( )( )tsftsftsf ≠+ 21  (15) 
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The application of the nonlinear operator to the real and imaginary components separately is not equivalent to 
application of the nonlinear operator to the single complex signal. In the literature, the current approach uses a pseudo-
linear approach of (Equation 16) when performing nonlinear operations on complex signals. By pseudo-linear, we mean 
that the result obtained by applying ANDI to the real and imaginary components of the signal separately may or may not 
be approximately equal to the result obtained by applying CANDI to the complex signal. That is: 

( )( ) ( )( ) ( )( ) ( )( )tsftsgtsfitsf
?

21 ≈=⋅+  (16) 

 
Although this pseudo linear approach may return results that are visually pleasing, our desire is to use the mathematically 
rigorous approach of CANDI. 
 
The complex interferogram contains all of the scene height variations and terrain displacement but not in a format that a 
human eye can detect. We wish to operate on the complex signal directly by adapting ANDI filtering for the complex 
case. Since the data is given to us is in the space of complex functions, the CANDI filter operates on the complex data 
and not on a multi-channel version of that complex data. 
 
3.3. Family of CANDI filters 
The filters used for this work are based on the user’s knowledge of the scene content. Choosing the correct convection 
for a class of SAR images is still an active area of research. For this effort, we came up with novel ANDI and CANDI 
smoothing filters based on varying convection functions, PDE iterations, and step sizes. Though the ANDI filters are not 
mathematically designed to work with complex data, there were cases in our testing that visually pleasing results were 
obtained using this filtering method. This means that Equation 16 gave us a good enough approximation for the complex 
interferometric data that we processed with ANDI filters (Fig. 7). 
 
 

4. RESULTS 
4.1. Complex anisotropic non-linear filter 
When the CANDI filter was applied to the noisy interferogram (Fig. 5), there appeared to be no serious resolution loss 
and the building edges remained sharp. However, there appeared to be unsatisfactory amounts of noise after the diffusion 
process was over, as shown in Fig. 9.  For this reason, CANDI filter was updated to create the noise mitigating CANDI 
filter. 
 

9a 9b  
Fig. 9.  Complex anisotropic diffusion applied to interferogram of simulated urban scene of two buildings and a 

hill.  2-D rendering of wrapped phase (9a),  3-D rendering of wrapped phase (9b). 
 
The filtering techniques discussed above are summarized in Fig. 10. 

Proc. of SPIE Vol. 6568  65680T-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/21/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

10a 10c10b 10e10d  
Fig. 10.  Summary of the filtering techniques. Going from left to right is original interferogram (10a), added 

complex Gaussian noise (10b), complex Gaussian filtered (10c), non-linear isotropically filtered (10d), 
complex anisotropic non-linearly filtered (10e). 

 
4.2. Noise Mitigating CANDI Filter 
Next, we demonstrate how the performance of the noise mitigating CANDI filter is superior to the standard smoothing 
technique when it comes to retrieving urban scene content from noisy data. In Fig. 11, the noisy interferogram is 
processed with the CANDI filter. Observe how the filter in able to pull out the building content (Fig. 11c), even though 
to the human eye there appears to be no building (Fig. 11b). This filter could be very useful when system noise is 
extremely high. The noise mitigating CANDI filter allows you to see buildings in an urban interferogram with noise. The 
standard smooth filter was not able to retrieve the scene content from the image with the large amount of noise. 
 

11a 11c11b 11d
 

Fig. 11.  Summary of the filtering techniques.  Going from left to right is original interferogram (11a), added 
excessive multiplicative noise (11b), noise mitigating complex anisotropic diffusion filtered (11c) complex 
anisotropic non-linearly filtered (11d) complex anisotropic non-linearly filtered, close-up of west building. 

 
In addition, building edges are preserved, fringe lines are sharper, and noise is reduced. For cases when there are large 
amounts of noise present in the complex interferogram, we feel that the noise mitigating CANDI filter would be the 
better processing choice. 
 
We measured the accuracy of the results analytically by taking the standard deviation between the diffused interferogram 
and original interferogram difference. Because there were cases where this metric did not correspond to the desired 
visual result, more research can be done in determining what the optimal metrics should be. Imagery analysts would be 
interested in such a metric. Image interpretability and quality, one the primary challenges in the field of image analysis, 
was not the focus of this paper so we made conclusions on image quality based on our professional experience with SAR 
imagery. 
 

Proc. of SPIE Vol. 6568  65680T-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/21/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

5. SUMMARY 
 
In summary, we demonstrated that the CANDI filters are very useful for processing urban scenery. Ultimately, we want 
to be able to seamlessly integrate SAR DSMs with traditional 3D models. The CANDI filter is more suitable than the 
standard smoothing filters when it comes to these tasks. 
 
The currently used method of anisotropic nonlinear diffusion (ANDI) can sharpen the real, imaginary, magnitude, or 
phase channels separately. In addition, ANDI performs operations on complex data using the pseudo linear approach 
discussed in the paper. Finally, ANDI is able to simultaneously smooth the interferogram while maintaining edges. 
 
Our complex anisotropic nonlinear diffusion (CANDI) smoothes and sharpens in the complex domain, gives a unique 
adaptive method of smoothing the undesired noise, and provides pre-processed data suitable for unwrapping the phase 
properly. 
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