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ABSTRACT 

In this work we use non linear composite filters in object recognition, even when they have rotation, scale and noise 
distortions. We generated 936 images of the letters E, F, H, P and B. The images consisted of these letters scaled from 
70% to 130% and rotated 360˚. The maximum number of images supported by these filters was determined by a 
numerical experiment. This was done by generating filters with different amount of images each. We have images at 13 
scales and each scale with 72 different angles, tests were done to two different kinds of filters, one where all the scales 
were present and we add more angles to increase the number of images, and another where all of the angles were present 
and more scales were added to increase the number of images. Considering a system confidence level of at least 80%, the 
maximum number of images allowed by the filter is around 216. In one type of filter we have the letter rotated 360˚. We 
found a “rotation problem”, since circles were introduced in the Fourier plane, in other words first order Bessel functions 
were introduced in the image spectrum, which creates complications when working with images that also have circles in 
their spectrum. Due to this we propose a segmented filter which breaks the circular symmetry. Non-linear composite 
filters can recognize the target in presence of distortions. 
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1. INTRODUCTION 

Digital correlation systems with linear filters, are an attractive solution in pattern recognition since they posses the 
inherent ability not only to establish if an object is present or not, but also determine its location within the input scene. 
Most of these types of filters do not work well with even small distortions of the target to be recognized, if an object 
varies in size, rotation, or illumination they will, in general, have a poor performance. Hence, in recent years there has 
been a lot of efforts in the study and development of invariant correlation systems using linear and non linear filters. 
Different contributions have been proposed for composite filters in order to be used for distortion-invariant systems in 
the field of pattern recognition and image analysis. One of the last techniques used are the adaptive synthetic 
discriminant functions (ASDF)1, also used in an optical system2. This kind of filter had a very good performance to 
identify the target when different kinds of noise were present in the input scene. More composite filters have been 
presented in different invariant digital systems3,4. In this paper we will focus on examining the capabilities of non-linear 
composite filters, as a method of achieving rotation, scale or/and noise invariance. A computer was used to run 
simulations of the performance of the filter with different amounts of distortions. This was done using rotated and scaled 
images of different letters. First we obtain the maximum number of images supported by the filter through a numerical 
experiment. When we consider rotated images around 360º a problem of rotation symmetry arises. A segmented filter is 
proposed in order to break this circular symmetry. Experiments with noise were also done in order to find out their 
tolerance to it and a non-linear rank correlation is used to improve noise tolerance. Finally we show examples of filter 
performance when the input image has mixed distortions present. 

 This paper is organized as follows: section 2 describes briefly some classical correlation filter as the classical 
matched filter, phase only filter and the inverse filter. In section 3 the k-law non-linear filtering technique is described. 
Section 4 shows the basic built of a composite non-linear filter. The metric used in this work is described in section 5. 
The computer simulations and results are shown in section 6 and finally our conclusions are given in section 7. 
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2. CLASSICAL CORRELATION FILTERS 

Ever since the classical matched filter (CMF) was introduced by Vander Lugt5 several filters have been proposed for 
pattern recognition. First, since the phase of the Fourier transform contains more significant information than the 
modulus, Horner and Gianino6 suggested the phase only filter (POF), which produces a correlation peak sharper than the 
CMF. Another type of spatial filter, is the inverse filter (IF), this type of filter has also been used in image restoration 
tasks7.

2.1 Classical matched filter 

The CMF or matched special filter (MSF) has the advantage of optimum signal to noise ratio at the filter’s output 
when an input signal is in presence of additive white noise. The disadvantages are that the CMF produces wide 
correlation peaks, big side lobes and relatively low discriminability. The transfer function of the conventional CMF is 
given by 
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where T*(u), Pn(u) and  a are  the Fourier’s transform complex conjugate, spectral noise density function and an arbitrary 
complex constant, respectively. 

2.2 Phase only filter 

This type of filter maximizes light efficiency. A downside of the POF is its poor discrimination capability when a 
low-contrast target is set in a complicated background scene8. The transfer function of the conventional POF is given by 
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where T(u), T*(u) and are  the Fourier transform of the image, Fourier’s transform complex conjugate and the phase of 
the image, respectively. 

2.3 Inverse filter 

The IF minimizes the peak to correlation energy (PCE) criteria. If the scene and the reference image match, then at 
the correlation plane a sharp peak is produced. A drawback is that it produces high levels of background noise in the 
correlation plane. The IF filter is given by 
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where T(u) and  T*(u) are  the Fourier transform of the image and Fourier’s transform complex conjugate, respectively. 

3. K-LAW NON-LINEAR CORRELATION FILTERS 

The system presented in this work is based on a non-linear processor, which performs several non-linear correlations 
between an input scene and different reference targets. In general, we can express a non-linear filter (NF) like9:

),(, vuik evuFNF , 0<k<1,                                                             (4) 
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where F(u,v) is the Fourier transform of the object we wish to recognize, |•| is the modulus of F(u,v) and k is the non-
linearity strength, by changing the value of k  to 1 we get a CMF filter, 0 for a POF filter and -1 for a IF. When a 
nonlinear operator modifies the Fourier transforms of both, the scene and the target, then we consider the processor to be 
a nonlinear correlator8. Intermediate values of k permit to vary the features of the processor, such as its discrimination 
capabilities or its illumination-invariance. In figure 1 we show, in a diagram, the operations necessary to obtain the 
output plane of the non-linear recognition system. 

4. NON-LINEAR COMPOSITE FILTERS 

As it was mentioned, matched filters are not distortion intolerant, if a problem image presents different distortions, 
as in most real life cases, we must look for a different approach. An alternative is to use non-linear composite filters that 
can be optimized in order to make them less sensible to scale, rotation and/or illumination variations10-11. Composite 
filters are created from representative images of the object which are called training images. The proper selection and 
grouping of these training images is of the highest importance in composite filter design. In general the training images 
considered in the filter design are variations in scale, rotation or/and illumination of the target to recognize. Figure 2 
shows a diagram of the operations necessary to synthesize a non-linear composite filter and its application to an input 
scene. In particular, since the training images consist of possible angular positions of the object, the synthesis of a 
rotation invariant filter for the letter E is shown.  
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Figure 2 .- Diagram of  the operations necessary to synthesize a non-linear composite filter and its application to an input scene.
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Figure 1 .- Diagram of the operations necessary to obtain the output plane of the non-linear recognition system. 
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5. METRIC USED IN PERFORMANCE EVALUATION 

There are several metrics for correlation filters performance evaluation. In this work the discrimination coefficient 
(also known as discrimination capability) was used, which is formally defined12 as the ability of a filter, to distinguish a 
target among other different objects. If we consider that an object is embedded in a noise background, the discrimination 
coefficient would be given by 
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where the correlation peak produced by the object, would be COBJ and the highest peak of just the noise background, 
would be CN.

 In this work we refer to the confidence level of a given filter, as the probability of confidence to recognize the target 
in the input scene.  

6. COMPUTER SIMULATIONS AND RESULTS 

To determine the maximum number of supported images by a non-linear composite filter, first, 936 images of the 
letters E, F, H, P and B in Arial style were generated. These images consisted of each of the letters at 13 different scales, 
which range from 70 to 130 % in increments of 5 %, and 72 different angles, which range the full 360 degrees in 
increments of 5 degrees. Then a numerical experiment was done, which consisted of generating different composite non-
linear filters with diverse amounts of images contained within them, computing the correlation for each of the images 
contained in the filters, as well as the equivalent images of the other letters, and obtaining the confidence level of each of 
these composite non-linear filters.  A non-linearity value k of 0.1 has been considered as optimum, since it offers the best 
performance for this type of filters8. Because we have 936 images of each letter in 13 and 72 different scales and angles 
respectively, tests were done with two types of non-linear composite filters. One where all the different scales were 
present, and we added more images of the letter at different angles to increase the number of images, which we will call 
type A, and another where all of the angles were present, and more scales were added to increase the number of images, 
which we will call type B. In figure 3 we show the result of these experiments for the first case, type A filter, and in 
figure 4 the results for the second case, type B filter. 

Figure 3 .- Confidence level  of different type A filters.  Figure 4 .- Confidence level  of different type B filters.
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According to a study of Culverhouse et. al. (2003)13, taxonomists can vary their characterization performance 
depending on several factors, but on average their accuracy is around 80%. Since the final objective of this work is to 
apply this method to microorganisms, we consider every filter with a performance above 80% to be a “good” filter. In 
figure 3 we can see that the maximum number of images supported by the non-linear composite filter, type A, is around 
430, which is the worst case scenario (which in this case is the letter E). In figure 4 (type B filter) we can see that this 
number is reduced to around 216 images.  

Some tests were done using a non-linear composite filter of the letter E, with the maximum amount of images, 
determined by the worst case scenario of both cases (figure 4), which was 216. The tests consisted of input scenes 
containing two letters, one true object and one false. Figure 5 shows the input scene and the results of the correlation, 
between them and the filter mentioned above.  

Figure 5 .- Input scenes (left) and correlation between them and a 216 image composite filter type B of the letter E (right). Figure 5 .- Input scenes (left) and correlation between them and a 216 image composite filter type B of the letter E (right). 
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We can clearly appreciate that the non-linear composite filter works perfectly when trying to discriminate between 
the letter E (contained in the filter) and the letter F (not contained in the filter, but very similar to E). However it does 
not perform well for the letter B, as we can see, there is a lot of noise in the correlation plane where the letter B was 
located, and a small peak at the letter E’s location. Nevertheless, this behavior occurred for any other letter with curves 
on it (P, J, U, D, G, etc., results not shown).  

So why does this happen? It is comprehensible that the filter could mistake B with E, after all they are similar, but 
letters like J, U or Q should not be a problem. We are going to remember how we build our non-linear composite filter. 
216 images of the letter E, at 3 different scales and 72 different angles that go around 360º, so by including images of the 
letter rotated 360º, we are artificially introducing circles in our non-linear composite filter, this would introduce first 
order Bessel functions in its spectrum, similar to what we would expect to see in the spectrum of letters with curves on 
them. Figure 6 further illustrates this. 

In order to analyze the problem, in figure 7, we plot the correlations between the non-linear composite filter and the 
letter E at 70% and all of its rotations.  As we can see in figure 7, every 45 degrees, starting from zero, there is a 
minimum in the correlation. So in order to break up that “circular symmetry” artificially created, a segmented filter is 

Figure 6 .- Letter E’s spectrum (a), composite  filter’s spectrum (b), letter B’s spectrum (c) and letter P’s spectrum.

a b c d

Figure 7 .- Correlations between the non-linear composite filter and the letter E at 70% and all of its rotations 
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proposed, which consist of two parts, one containing the target at every 45º ±5º (72 images) and another containing the 
rest of them (144 images), which we will respectively call, segmented filter B1 (SFB1) and segmented filter B2 (SFB2). 

In figure 8, the results of using the segmented filter (SFB1 and SFB2) on the same image that caused problems 
before, are shown. The results were significantly improved. Similar results can be produced with other letters (results not 
shown). A threshold to figures 8b and 8c was applied, and the results were binarized and summed in order to obtain the 
final result in figure 8d. 

Experiments where carried out in order to find out the limitations of the filters, type A, when the input scene had 
additive Gaussian or salt and pepper (S&PP) noise. Figure 9 shows the average discrimination coefficient for different 
filters, with an upper and lower limit indicating 95% level of confidence, with 49 statistical samples. The noise added 
had a mean zero and a variance or density as shown in the graph. In equation 5 we can see that the discrimination 
coefficient (DC), will be above zero only if the correlation peak of the target is bigger than the correlation peak of the 
noise. Which means that with a positive value of DC, the target is recognized in the input scene. A 13 image filter can 
support a noise variance of around 0.14, and a noise density of around 0.15, for additive Gaussian and S&PP noise, 
respectively. While a 104 image filter can only support a noise variance and density, of around 0.02 and 0.01, 
respectively. It is evident, that with higher amounts of images in the filter its performance is drastically reduced. 

Figure 8 .- Input scene (a), correlation between input scene and SBF1 (b), correlation between input scene and SBF2 
(c), binarized and summed correlations (8b) and (8c)  (d). 

(c)

(a) (b)

(d)
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 Another way to calculate the correlation between two images with non-linear methods, is using rank statistics. 
Substituting the value of each pixel for its corresponding rank, in the normalized correlation expression, a non-linear 
correlation expression is obtained (Spearman’s rank correlation). Taking this into consideration, the 2-D Spearman’s 
rank correlation (SRC) can be expressed as: 
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where rt is the filter image, rs is the problem or scene image, W is the total number of pixels, R is the spearman’s rank 
correlation and m, n, k, l are space coordinates. The SRC was performed in the spatial domain. The operations used in 
order to create a non-linear composite filter, and correlate it with an input scene using the SRC, are shown in figure 10. 
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Figure 10 .- Diagram of operations to do a SRC with a non-linear composite filter. 
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Figure 9 .- Performance of type A filters in the presence of noise Gaussian (a) and S&PP (b) noise. 
(a) (b) 
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 We carried out experiments, using the filters type A and different amounts of additive Gaussian noise (no S&PP 
tests were made). The results are shown in figures 11. It is evident that the use of the SRC significantly improves the 
filters performance, since larger amounts of noise (and images) are tolerated. Figure 12 shows the input scene, with 
different amounts of additive Gaussian noise. 

We also made experiments when there were different distortions present in the input scene at the same time. In 
figure 13a we show a scene with multiple true targets of different size (letter E), additive Gaussian noise of variance 0.1 
and mean 0, as well as multiple false objects, the result of using a 13 image filter type A (of the letter E at 13 different 
scales) is shown in figure 13b. Three large peaks in the correlation plane at the position of the true targets are seen, 

a b c d

Figure 12 .- Target with additive Gaussian noise of mean zero and variance of 1 (a), 2 (b), 3 (c) and 4 (d). 

(b) 

Figure 11 .- Performance of filters type A using the SRC of 13 (a), 52 (b) and 104 (c) images. 

(a)

(c)
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therefore the 13 image filter, has provided scale invariance. Another test was done, similar to the previous, except that 
this time we considered a multiobject filter of the letters E and H at 13 different scales (26 images). The input scene 
figure 14a is the same as 13a except that the noise has a variance of 0.025. The results are shown in figure 14b, and show 
4 peaks in the correlation plane at the position of the true targets. 

7. CONCLUSIONS 

 In this work we present a deep analysis of composite non-linear filter limitations. Knowing the limitations of such 
type of filter would help us better design systems for pattern recognition. The system was tested using 5 alphabet letters 
thought to be very similar in Arial style as targets. We found that a maximum of around 216 images for our so called 
type B filter was possible. It was shown that the proposed segmented filter improves the filters’ performance when 
dealing with images rotated around 360º. We also found that the filters’ tolerance to noise quickly decreases along with 
the increase of images contained in the filter, and the use of the SRC was proven as an effective method for better noise 
tolerance.  

Figure 14 .- Input scene with multiple true and false objects, as well as additive Gaussian noise of variance 0.025 and mean 0 (a),  
                   and correlation plane  using a 26 image multiobject type A filter of the letters E and H (b). 

(a) (b) 

Figure 13 .- Input scene with multiple true and false objects, as well as additive Gaussian noise of variance 0.1 and mean 0 (a),
                   and correlation plane  using a 13 image type A filter of the letter E (b). 

(a)
(b) 
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