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RESUMEN: 

El modelo de la Correlación Nolineal Dual (DNC), realizable mediante un correlador 
optoelectrónico de transformadas conjuntas (JTC) (Millán et al., Dual Nonlinear Correlation in 
Optical Pattern Recognition I, Óptica Pura y Aplicada 38, núm. 2, 75-83, 2005), proporciona un 
sistema de reconocimiento de patrones con capacidad de discriminación (DC) ajustable. Variando 
los valores de dos parámetros reales (L y M) en la DNC obtenemos bien un incremento de la DC, o 
bien una cierta tolerancia ante variaciones de forma y de nivel de gris respecto al objeto de 
referencia. Diversas aplicaciones del método se extienden al reconocimiento de objetos en color 
mediante la correlación multicanal. Limitando la región de soporte en el dominio de frecuencias de 
los espectros de transformadas conjuntas modificados, y variando los valores de L y M, se obtiene 
un sistema de reconocimiento con DC variable según la textura y la forma. Se presentan y analizan 
resultados de simulación y experimentales. 
 

Palabras clave: Reconocimiento de patrones, Capacidad de discriminación, Correlación 
óptica, Correlador de transformadas conjuntas (JTC), Procesado nolineal, cámara CCD, 
Modulador espacial de luz (SLM) 

 
ABSTRACT: 

The Dual Nonlinear Correlation (DNC) model implemented by an optoelectronic joint 
transform correlator (JTC) (Millán et al., Dual Nonlinear Correlation in Optical Pattern 
Recognition I, Óptica Pura y Aplicada 38, núm. 2, 75-83, 2005) provides a pattern recognition 
system with adjustable discrimination capability (DC). By varying the values of two real 
parameters (L and M) in the DNC we obtain either an increase or a relaxation of the DC for shape 
or grey level variations with respect to the reference object. Diverse applications of the method are 
extended to colour pattern recognition by multichannel correlation. By limiting the region of 
support in the frequency domain of the modified joint power spectra and varying the L and M 
values, we obtain pattern recognition with variable DC to texture and shape. Simulated and 
experimental results are presented and discussed. 
 

Keywords: Pattern recognition, discrimination capability, optical correlation, joint transform 
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1.- Introduction. 

An overview of the pattern recognition 
techniques based on the Dual Nonlinear Correlation 
(DNC) has been presented in two parts. In the first 
part of our review1 the DNC was introduced as a 
model that covers not only well-known linear and 
nonlinear filtering operations but it also realizes a 
variety of intermediate methods. The optoelectronic 
implementation of the DNC is based on a Joint 
Transform Correlator (JTC) architecture.2 Power-
law nonlinearities are separately introduced to the 
input and the reference channels and the power-law 
values play the role of parameters that control the 
processor performance. The DNC between an input 
signal s(x) and a reference object r(x) is expressed 
(we use one-dimensional notation for simplicity) by1 
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where S(ν) and R(ν) are the respective Fourier 
transforms of the scene and the reference, IFT 
denotes the inverse Fourier transform, L and M are 
two real coefficients that play the role of DNC 

control parameters and T(ν) is a real weighting 
function that modifies the region of support in the 
Fourier domain. 

The basic DNC performance and the 
comparison of various linear and nonlinear 
correlation methods within the model were analysed 
digitally according to the peak-to correlation energy 
measure in ref. [1]. In this second part of the review, 
we pay more attention to the discrimination 
capability (DC) of the DNC processor.  

The discrimination capability is a standard 
measure widely used to compare optical correlation 
filters to assess the pattern recognition system 
performance. The discrimination capability (DC) is 
defined by the expression3,4 

 1 ,CCDC
AC

= −  (2) 

where CC and AC are, respectively, the cross-
correlation and the autocorrelation intensity values. 
Let u be the threshold value applied to the 
correlation intensity results. In the following, we 
will take for u the common but arbitrary value of 
u = 0.5. The system is able to discriminate two 
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objects if their cross-correlation peak value differs 
by more than 50% of the autocorrelation peak value 
(DC > u). Conversely, it is able to recognise two 
objects as the same if their cross-correlation peak 
value differs by no more than 50% of the 
autocorrelation peak value (DC ≤ u). However, to 
make the interpretation of the results easier, we have 
established three intervals for our work: 

- the interval of clear recognition for which 
DC ≤ 0.35,  
- the interval of clear discrimination for which 
DC ≥ 0.65, and  
- the interval of certain ambiguity for which 
0.35 < DC < 0.65.  

Despite the thresholds are chosen arbitrarily, 
these three intervals allow us to remark that the 
proposed recognition system can be smoothly 
adjusted in terms of its discrimination capability. 

 
 

2.- Control of the discrimination 
capability. 

The discrimination capability requirements of 
pattern recognition systems may vary depending on 
the application and the characteristics of the objects 
to analyse. Optoelectronic processors involving 
nonlinear joint power spectrum based optical 
correlators have been proposed to achieve pattern 
recognition with variable discrimination.5-11 A 
mathematical analysis of the symmetrical nonlinear 
correlator performance providing variable 
discrimination sensitivity can be found in ref. [5]. In 
this symmetrical nonlinear processor, the same level 
of nonlinearity is applied to both the reference and 
the input scene transformations. The discrimination 
sensitivity of the processor can vary simply by 
changing the severity of the nonlinearity. 

Our goal is to obtain a single pattern 
recognition system with an adjustable sensitivity and 
a smooth control of its DC in two senses:  

-A DC selective to different aspects of the target 
(for example, shape, intensity, colour, and texture); 
-A DC with variable level of sensitivity –or 
tolerance– to the target distortions in the aspect 
selected.  

This purpose leads us to consider higher levels 
of complexity in the sensitivity of the recognition 
system. Thus, for instance, the DC of such a system 
could be adapted to obtain pattern recognition with 
high discrimination capability to a given aspect 
along with certain tolerance to another aspect, or 
vice versa. 

Using DNC we can introduce a variable 
sensitivity in the recognition process. Tolerances to 
changes in shape, intensity, colour and texture of the 
objects are specifically analysed in the following 
sections. Ranges of the two control parameters L and 
M of DNC are sought in order to achieve either an 
increase or a relaxation in the system’s DC. The 
application is firstly developed for changes in shape 

(contour) and intensity and then, is extended to 
colour pattern recognition7,8 by multichannel 
correlation.12,13 In the last case, further applications 
with selective DC are developed: pattern recognition 
with high DC for shape distortions and some 
tolerance to colour variations and, vice versa, pattern 
recognition with high DC for colour variations and 
some tolerance to slight shape distortions; pattern 
recognition with high DC for both shape and colour, 
and, finally, a tolerance to slight variations in both 
shape and colour.  

In addition to the two nonlinear operators 
applied to both the reference and input channels of 
the DNC processor, a filtering function that limits 
the region of support in the Fourier plane can be 
additionally introduced. We will obtain a variable 
DC to changes in texture by varying this region of 
support and the values of L and M parameters.7,10,11  

In this work, we build an optoelectronic system 
for pattern recognition with selective and adjustable 
discrimination capability by applying a DNC model 
to a two-step JTC. In the first step,1 three power 
spectra are sequentially captured by the CCD 
camera: the reference object power spectrum 
IR(ν)=R(ν)2, the input scene power spectrum 
IS(ν)=S(ν)2, and the joint power spectrum 
I(ν)=FT{r(x+d)+s(x-d)}2. The first two spectra 
are obtained by successively displaying the reference 
r(x) and the input scene s(x) on the electronically 
addressed spatial light modulator. The joint power 
spectrum I(ν) is captured when displaying both the 
reference and the input scene, symmetrically shifted 
a distance d from the centre of the spatial light 
modulator, as usually for a joint transform 
correlator. Once the three power spectra I(ν), IS(ν) 
and IR(ν) are stored, the modified joint power 
spectrum I'(ν) is computed according to the formula1 
 ( ) ( ) ( )( ) ( )( )1 / 2 1 / 2' ,L M

S RI I I Iν ν ν ν− −
=  (3) 

where the simplest case of T(ν) = 1 has been 
assumed. Taking the inverse Fourier transform of 
the modified joint power spectrum I'(ν), we obtain 
the DNC between the input and the reference 
images. As we already know from ref. [1], the 
eventual capabilities of the real system strongly 
depend on some experimental conditions such as 
quantization, grey-level dynamic range, saturation 
and other technical characteristics of both the 
camera and the spatial light modulator used in the 
joint-transform correlator. We explore these 
capabilities for a 8-bits and a 12-bits CCD camera 
and several available modulators. Experimental and 
simulated results for model and real objects – 
alphabetic characters, keys and screws – are 
presented and discussed. They demonstrate that the 
DC of the optical recognition system by dual 
nonlinear correlation can be controlled and adjusted 
with gradable tolerance to object variations in a 
given aspect. 

  



 

ÓPTICA PURA Y APLICADA – Vol. 38, núm. 2 - 2005 -88- Autor:  Millán et al. 

3.- Objects with slight shape variations. 
Let us consider the set of letters of test 1 in 

fig. 1. All of them have a uniform grey level 
transmittance, the same area, and consequently they 
all are equienergetic. Letter E0 is the reference object 
(Eref). A measurement of similarity to this reference 
is given through the normalised inner product 
( 2/s r r⋅
r r r ) for all the letters of the set. For binary 

objects with pixel values (0,1), the inner product is 
equal to the number of pixels equal to one in both 
involved objects.14  

  
Label E0=Eref E1 E2 F1 F2 E3 
Object 
(letter) 

    
Inner 

product 1.0 0.95 0.92 0.89 0.86 0.85 

E4 E5 F3 E6 P F4 E7 

     
0.84 0.84 0.84 0.77 0.76 0.73 0.70 
Fig. 1.- Test 1. Set of equienergetic binary letters with 

shape distortions. 
 
We have sequentially applied DNC to the set of 

segmented letters in pairs, with Eref as reference and 
another letter from the set as scene. Both parameters 
L and M took values ranging from -1 to +1.4, in 
steps of 0.2, and the threshold value u was fixed at 
u = 0.5. Figure 2 shows the graphs of the 
discrimination-recognition boundaries for the letters 
of test 1 depending on the values of parameters L 
and M in the DNC model. The results were obtained 
in two situations: a) for an ideal case (Fig. 2a),11 i.e. 
without taking into account the influence of any 
experimental condition, and b) assuming the 

following experimental constraints (Fig. 2b)8: partial 
saturation of the CCD camera (α = 10%)1, 256 CCD 
grey levels and 32 SLM grey levels.  

For each letter of the set, the graph separates 
the LM plane (Figs. 2a and 2b) in two areas: The 
area R where the analysed letter is recognised as the 
reference, and the area D where the analysed letter is 
discriminated from the reference. The graphs appear 
similarly ordered in both figs. 2a and 2b in such a 
way that the closer the graph to the coordinate 
origin, the higher the value of the inner product of 
the letter with the reference Eref (Fig. 1). Thus, in 
general, the position of a graph with regard to the 
others accounts for this measurement of the 
similarity between the corresponding letter and the 
reference. The responses represented in fig. 2a are 
quite similar to those represented in fig. 2b. The 
graphs of the letters with intermediate values of the 
similarity coefficient remain almost in the same 
place of the LM plane in both figures. When the 
experimental conditions are introduced in the 
simulation, the graphs of the recognition-
discrimination boundaries appear more distant from 
each other. This is clearly visible for the letters most 
similar to the reference as well as for the most 
different (within the set of fig. 1) and it can be 
explained from the partial loss of information in the 
captured intensity distributions. 

An interesting region of the LM plane 
corresponds to (-0.2 < L < 1.4, -0.2 < M < 1.4), 
which includes the upper right quadrant (Fig. 2). For 
low values of both L and M the system has high DC, 
whereas for high values of both L and M the system 
has low DC. This effect could be expected from a 
simple analysis of the spatial frequency distribution 
of the objects.  
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(a) (b) 

Fig. 2.- Graphs of the discrimination-recognition boundaries for the letters of test 1 depending on the values of parameters L 
and M in the DNC model : (a) without taking into account experimental conditions, and (b) assuming the experimental 

constraints. Each graph separates the zone where the corresponding letter is recognised as the reference (R) from the zone 
where the letter is discriminated from the reference (D). 
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The smaller values of both L and M, the higher 

spatial frequencies are emphasised so that the system 
becomes more sensitive to small shape variations. 
Conversely, the higher values of L and M, the lower 
frequencies are emphasised and the higher the 
weight of the amplitude spectra, which is similar for 
a given type of images. Thus, high values of both L 
and M make the recognition system tolerant to small 
shape variations.  

A wide DC range can be obtained along the 
axis M = L, which entails the same nonlinearity 
applied to both the scene and reference channels. 
Very similar properties can also be obtained along 
the axis M = kL, with k ∈ [0.75,1.25]. The results 
contained in fig. 2 show that the axis 
L+M = constant approximately define equidiscri-
minant lines. Besides, for undisturbed segmented 
input scenes containing the reference object, all 
DNC processes with L+M  = constant were found to 
be equivalent in terms of peak-to-correlation energy 
criterion.6 

We have selected some objects from test 1 
(Fig. 1) to carry out the experiment:9 the reference 
Eref and, in decreasing order of similarity, E2, F2, E5 
and P. On the axis M = 0.75L we consider five 
points (L,M) that, according to our previous 
simulation, would provide recognition with 
adjustable DC: from a highly discriminative system 
with (L,M) = (-0.8, -0.6) up to a system with 
(L,M) = (1.6, 1.2) that should be tolerant to shape 
distortions. The experimental dual nonlinear 
correlator was built on a JTC basis (see fig. 1 in 
ref. [1]). A b/w CCD camera (Pulnix TM-765) of 
8-bits (256 grey levels) with a saturation represented 
by α = 10% was used to register the power spectra 
in the first step of the DNC. The spatial light 
modulator used was CRL XGA2 with a spatial 
resolution of 1024 x 768 pixels, a square pixel pitch 
of 26 µm x 26 µm, a fill factor of 54% and a contrast 
ratio greater than 100:1. For practical purposes, the 
number of linearly addressable grey levels was about 
50 for the XGA2 CRL SLM. As we reported in 
ref. [1], the number of addressable SLM grey levels 
is particularly important in the second step of the 
DNC, when the nonlinearly modified joint power 
spectrum has to be displayed on the SLM. In this 
case, a wide dynamic range of grey levels is 
preferable to obtain a recognition system able to 
reproduce the different nonlinearities introduced by 
the values of parameters L and M of DNC. This need 
is particularly important for high positive values of L 
and M. Former experiments were carried out with 
older SLM (Epson VP-100PS, a CRL SVGA1). The 
results were reported and discussed in 
refs. [9],[11],[15]. In this work we present only the 
results obtained using the XGA2 CRL SLM. 

Table I presents the experimental results in 
terms of the system discrimination capability. The 

three intervals of clear recognition, clear 
discrimination, and certain ambiguity introduced in 
Section 1 have been marked with different shadow 
patterns in table I. Basically, as a general result from 
table I, a recognition system with variable 
discrimination capability is obtained.  

 
TABLE I 

DNC experimental results: a dark grey background 
indicates clear recognition (DC≤0.35),white background 

means clear discrimination (DC≥0.65), and a grey 
background means certain ambiguity (0.35 < DC < 0.65). 
 Discrimination Capability (DC) 
Input image: E0=Eref E2 F2 E5 P 
(L=-0.8, M= -0.6) 0 0.70 0.74 0.86 0.86
(L=0.2, M=0.15) 0 0.46 0.55 0.89 0.81
(L= 0.6, M=0.45) 0 0.36 0.46 0.84 0.79
(L=1.2, M=0.9) 0 0.23 0.34 0.66 0.69
(L=1.6, M=1.2) 0 0.21 0.29 0.59 0.63

 
In a second experiment, we considered a new 

test consisting of real objects. All the keys of the set 
(Fig. 3) are different. The key K0 is the reference 
object (Kref). When analysing this test, the 
quantization introduced by the CCD camera (256 
grey levels) was clearly insufficient to recognise 
with variable DC. For this reason we simulated the 
use of another CCD camera with wider dynamic 
range, specifically a 12-bits camera that provides 
4096 grey levels. We also improved the 
reproduction of the modified joint power spectrum 
by assuming 256 SLM grey levels in the simulation. 
The results of applying DNC in these new 
experimental conditions to the objects of test 2 are 
shown in fig. 4.  

 
K0 = 
Kref 

K1 K2 K3 K4 K5 K6 K7 K8 

  
Fig. 3.- Test 2. Key K0 is the reference object (Kref). All 

the keys are different. 
 
In addition to the four conventional filtering 

methods included in DNC (i.e. CMF, POF, IF, and 
PPC) we obtained results for the five pairs (L,M) 
belonging to the line M = 0.75L already considered 
in the previous experiment. The normalised 
correlation intensities have been grouped on a 
different background depending on the three 
intervals defined above: clear recognition, certain 
ambiguity, and clear discrimination. From the results 
obtained, we achieve recognition with a variable and 
adjustable DC. The use of the axis M = 0.75L 
provides a simple way to adjust the DC in a more 
continuous manner than examining the 
characteristics of conventional filtering methods. 
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(1.6,1.2)

(1.2,0.9) 

(0.6,0.45) 

(0.2,0.15) 

(-0.8,-0.6) 

-1.0 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
L 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 
M 

M = 0.75 * L 

(1,1) 

(0,0) (1,0) 

(1,-1) 

K0, K1, K2, 
K3, K4, K5, 
K6, K7, K8 

  
K0, K1, K2, 
K3, K4, K5, 
K6, K7, K8 

K0, K1, K2, 
K3, K4, K5, 
K6, K7, K8 

K2, K3, 
K5, K6 

K0, K1, 
K4 

K7, 
K8 

K0, K1, 
K2, K3 

K4, K5, 
K6 

K7, 
K8 

 K1, 
K2, 
K3 

K4, K5, 
K6, K7, 

K8 

K0 

K4, K5, 
K6, K7, 

K8 

K1, 
K2, 
K3 

K0 

K4, K5, 
K6, K7, 

K8 

K1, 
K2, 
K3 

K0 

K1, K2, K3, 
K4, K5, K6, 

K7, K8 

 K0 

Fig. 4.- DC resulting of applying DNC to objects of test 2 
in several points of the LM plane. Background indicates: 

clear recognition (dark grey), certain ambiguity (light 
grey), clear discrimination (white). 

 
4.- Objects with intensity variations. 

In this section we consider objects of different 
intensity. Prior efforts to solve this problem using 
nonlinear filtering techniques can be found in 
refs. [8] and [16]. 

Test 3 in fig. 5 consists of letters of the same 
shape and different but uniform intensity (grey 
level). Letter Eref, with intensity equal to the 
maximum grey level of 255, is the reference object. 
The other letters of the test have grey levels of 200, 
150, 100, and 50, so that their total energies are 
different. 

For each letter, the LM plane is divided into 
two regions: a recognition band wherein the letter is 
recognised as the reference, and the rest of the LM 
plane, where the letter is discriminated. Assuming an 
ideal case, without the influence of the experimental 

constraints, we obtain the graphs of fig. 6a.17 But 
working with the experimental conditions (region 
LM, saturation level, quantization, etc.), we obtain 
the graphs shown in fig. 6b. 

 
Label Eref E200 E150 E100 E50 

Object 
(letter) 

   
Grey level 255 200 250 200 50 

Fig. 5.- Test 3. Letter E with different intensities (grey 
levels). The reference is Eref. 

 
It can be proved that, in the ideal case (Fig. 6a), 

the recognition-discrimination boundaries depend on 
the uniform transmission of the objects as well as 
parameter L, but not M.17 This result clearly differs 
from the result obtained considering experimental 
constraints (Fig. 6b) and it is basically due to the 
loss of high frequency information during the 
acquisition process of the power spectra. Large 
differences in the uniform transmittance of the scene 
and the target are responsible for an important 
reduction of the region of support when the 
quantization effect of the CCD camera is taken into 
account. 

From figs. 6a and 6b, the lower the grey level 
of the letter, the narrower the recognition band. A 
wide range in DC can be obtained, for instance, 
along the axis M = -L+0.6. For the point 
(L,M) = (1.4,-0.8) of the line M = -L+0.6 the 
reference object should be discriminated from the 
other letters of the set, whereas for the point 
(L,M) = (-0.8,1.4) of the same line, most letters of 
the test would be identified with the reference. 
Intermediate points of the line would lead to 
intermediate DC. 
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Fig. 6.- Recognition bands in the LM plane for objects with intensity variations (test 3). The boundaries (CC/AC=0.5, 1.5) 
limit the band wherein a letter is recognized as the reference. DNC model is applied (a) without taking into account 

experimental conditions, and (b) assuming the experimental constraints. 
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The results of fig. 6b show that the axis with 
L+M = constant have, a wide DC range in the case 
of intensity variations of the input object, in contrast 
to the previous case of shape variations (Fig. 2b). In 
consequence, according to ref. [18] and the results 
obtained in figs. 2b and 6b, the DNC performance 
associated to the axis L+M = constant have the 
following main characteristics: a nearly constant 
discrimination capability related to shape distortions, 
a varying discrimination capability with respect to 
intensity variations, and a constant peak-to-
correlation energy for the case of autocorrelation. 
 
5.- Colour objects. Hybrid DC to colour 
and shape variations. 

Colour information was introduced into 
recognition systems to make them sensitive to the 
spectral content of the images and therefore to 
increase their general DC.4,12,13 In this section, we 
apply DNC to an RGB (red, green and blue) 
multichannel correlator to obtain colour pattern 
recognition with adjustable and selective DC.7,8 For 
practical purposes, a colour pattern recognition 
system with some tolerance to either slight shape or 
colour variations would be useful. This tolerance 
should be established, controlled and changed when 
necessary by using a single recognition system. To 
this end, we follow the multichannel recognition 
technique12,13 and apply DNC to the three common 
RGB grey-scale channels that contain the amplitude 
and chromaticity information of a colour scene. 
Recognition is performed separately in each channel. 
By applying the logical operator AND to the 
thresholded correlation results of all the channels, a 
colour object is either recognised as the reference or 
discarded. In this way colour pattern recognition 
attends to both the shape and colour content.  

By introducing DNC into the colour 
recognition system we aim to achieve either good 
DC to shape distortions along with some tolerance to 
slight colour variations or, vice versa, good 
discrimination of colour with some tolerance to 
shape variations. In addition to these two hybrid 
discrimination capabilities we also explore two more 
possibilities: a high discrimination capability for 
both shape and colour as well as some tolerance to 
slight variations in both shape and colour. We use 
test 4 (Fig. 7) to show some examples. Test 4 
consists of uniformly coloured letters of equal area, 
where E0 is the reference (Eref). All the assigned 
colours C1, C2 and C3 belong to the purple range of 
hue (C1=salmon pink, C2=magenta and C3=violet). 
Digital values of the RGB components of each of 
these colours C1, C2 and C3 are also given in fig. 7. 

Firstly, recognition results obtained by using 
conventional filters are analysed. Table II contains 
the DNC results in the RGB channels for some 
conventional filtering methods (CMF, POF, IF and 
PPC) assuming experimental constraints. Values of 

the DC are shown separately in each channel. Values 
underlined reveal that the R, G or B reference 
component has been recognised (DC < 0.5). A 
complete recognition of an object involves the 
recognition of the reference components in all three 
RGB channels.13 

 
Label E0=Eref E1 E2 E3 E5 H 
Object 
(Letter)

   
Colour C1 C2 C3 C1 C1 C1 
R 228 156 196 228 228 228 
G 181 112 132 181 181 181 
B 174 161 122 174 174 174 

Fig. 7.- Test 4. Uniformly coloured letters. Colours C1 
(salmon pink), C2 (magenta) and C3 (violet) are specified 

by their RGB component values. 
 

For POF, IF and PPC, the recognition of the 
reference object is achieved. The other letters of the 
set, which differ from E0 in shape, colour or both, 
are well discriminated. If CMF is used instead, all 
letters E of colour C1 (which is the colour of the 
reference object) that have slight variations in shape 
are recognised as the reference object. These results 
show a discrimination capability which is too rigid 
for a variety of practical purposes.8 By varying 
parameters L and M of the DNC we aim to obtain 
wider possibilities on the control of the 
discrimination capability of the system.  

In the first case, we are interested in a 
recognition system with high DC for shape 
variations and some tolerance to slight variations in 
colour. This leads us to combine the information of 
the graphs of both figs. 2b and 6b, because a 
variation of colour entails grey level variations in the 
RGB components. A region of the LM plane for 
which our problem will be overcome is that 
corresponding to negative values of L and an M 
value of approximately one. The normalised DNC 
intensities corresponding to L = -0.8 and M = +1 are 
set out in table III. In this case, only the letters E that 
are most similar in shape to the reference and with 
the highest values of their normalised inner product 
(i.e., letters E1 and E2) are recognised, even though 
they are not of the same colour. These results are 
maintained qualitatively, at least for the range 
-1 ≤ L ≤ -0.6, M = 1. 

In the second case, we are interested in a 
recognition system with high DC to colour 
variations and some tolerance to shape distortions. 
From figs. 2b and 6b, the selected region in the LM 
plane is now that corresponding to high values of 
both L and M. The recognition results obtained by 
DNC with L = 1.2 and M = 1.4 are set out in 
table III. From them, letters E of the same colour C1 
as the reference but with slightly distorted shape are 
recognised (i.e., letters E3 and E5). Other letters E 
such as E1 and E2, which are more similar to the 
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reference in terms of shape and inner product value, 
but that are of a different colour, are discarded. Note 
that the tolerance obtained to shape variations is 
limited. As an example, letter H, which is much 
more different from the reference Eref than the other 
letters E of the test, is not recognised even though it 
is of the same colour C1 as the reference. These 
results are maintained qualitatively, at least in the 
range 1 ≤ L ≤ 1.4, M = 1.4. 

In the third case, we are interested in a 
recognition system with high DC for both shape and 
colour. From figs. 2b and 6b, we select the region of 
negative M values -1 ≤ M ≤ -0.6 and L = 0. The 
results obtained by DNC with L = 0 and M = -0.8 
(Table III) show that the system recognises the 

reference and discriminates it from the rest of test 
letters. 

Finally, in the fourth case, we are interested in 
a recognition system with tolerance to slight 
variations of both shape and colour. From figs. 2b 
and 6b, the region of positive M values 
1.2 ≤ M ≤ 1.6 and L = 0 was then selected. The 
results obtained by DNC with L = 0 and M = 1.6 
(Table III) show that the system recognises all the 
test objects as they were the reference, except for the 
letter H whose shape differs too much from the 
reference shape. 

 
 

 
 

TABLE II 
Recognition results of applying RGB multichannel DNC for conventional filtering methods. Experimental constraints have 

been considered. 
  DISCRIMINATION CAPABILITY (DC) 

DNC Channel Eref E1 E2 E3 E5 H 
R 0 0.53 0.39 0.33 0.33 0.73 
G 0 0.61 0.54 0.33 0.33 0.73 

CMF 
L = 1 M = 1 

B 0 0.19 0.57 0.33 0.33 0.73 
Recognition (AND) Yes No No Yes Yes No 

R 0 0.66 0.52 0.61 0.51 0.86 
G 0 0.73 0.66 0.61 0.51 0.86 

POF 
L = 1 M = 0 

B 0 0.34 0.69 0.61 0.51 0.86 
Recognition (AND) Yes No No No No No 

R 0 0.78 0.64 0.80 0.61 0.95 
G 0 0.84 0.77 0.80 0.61 0.95 

IF 
L = 1 M =-1 

B 0 0.49 0.80 0.80 0.61 0.95 
Recognition (AND) Yes No No No No No 

R 0 0.56 0.54 0.85 0.73 0.97 
G 0 0.60 0.58 0.85 0.73 0.97 

PPC 
L = 0 M = 0 

B 0 0.49 0.59 0.85 0.73 0.97 
Recognition (AND) Yes No No No No No 

 
TABLE III 

Recognition results of applying RGB multichannel DNC for specific values of L and M so as to have different sorts of  DC. 
Experimental constraints have been considered. 

  DISCRIMINATION CAPABILITY (DC)  
DNC Channel Eref E1 E2 E3 E5 H Features 

R 0 0.01 0.16 0.76 0.61 0.90 
G 0 0.10 0.01 0.76 0.61 0.90 L = -0.8 M = 1 
B 0 0.33 0.04 0.76 0.61 0.90 

Recognition (AND) Yes Yes Yes No No No 

Good shape 
discrimination 
and colour 
tolerance 

R 0 0.57 0.40 0.20 0.26 0.65 
G 0 0.65 0.57 0.20 0.26 0.65 L = 1.2 M = 1.4 
B 0 0.19 0.60 0.20 0.26 0.65 

Recognition (AND) Yes No No Yes Yes No 

Good colour 
discrimination 
and shape 
tolerance 

R 0 0.75 0.70 0.84 0.95 0.98 
G 0 0.79 0.76 0.84 0.95 0.98 L = 0 M =-0.8 
B 0 0.65 0.77 0.84 0.95 0.98 

Recognition (AND) Yes No No No No No 

Good shape 
and colour 
discrimination 

R 0 0.01 0.08 0.33 0.45 0.64 
G 0 0.03 0.04 0.33 0.45 0.64 L = 0 M = 1.6 
B 0 0.10 0.04 0.33 0.45 0.64 

Recognition (AND) Yes Yes Yes Yes Yes No 

Colour 
and shape 
tolerance 
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6.- Textured objects. 

Let us describe the textured objects for the 
input and the reference signals with the 
mathematical expressions  

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

,

,
s s

r r

s x f x g x

r x f x g x

= ⋅

= ⋅
 (4) 

where fs(x) and fr(x) represent their respective shapes 
and gs(x) and gr(x) represent their textures. 
According to the convolution theorem, the Fourier 
transforms of s(x) and r(x) are 
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,
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ν ν ν
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where symbol ⊗ indicates convolution and Fi(ν) and 
Gi(ν), with i = s,r, are the Fourier transforms of fi(x) 
and gi(x), respectively. Introducing eq. (5) in eq. (1) 
we obtain 
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By changing the weighting function T(ν), 
which defines the region of support in the Fourier 
plane, we introduce variable discrimination 
capability to texture and shape distortions. 
Obviously, the design of function T(ν) is 
conditioned by the recognition task as well as the 
complexity of the texture functions gs(x) and gr(x). 
Textures with predominant orientation or periodic 
patterns that can be easily located at the Fourier 
domain lead to the simplest applications. Let us 
illustrate the usefulness of T(ν) through some 
examples.  

For the sake of simplicity, let us consider some 
assumptions with respect to the shape and texture of 
the objects (see fig. 8). A textured object can be 
interpreted as the product of an aperture by a 
periodic function. Let functions fs(x) and fr(x) 
describe the apertures, i. e. binary functions of the 
type 

 

( )

1, for
, , ,2

0, otherwise

i
i

i

xf x rect
b

bx
i s r

 
= = 

 
 ≤= =


  (7) 

where bi, with i = s,r, are the widths of the one-
dimensional apertures. To extend this model to grey-
level images, a non-uniform aperture transmittance 
could be considered. The corresponding Fourier 
transforms, Fs(ν) and Fr(ν) are sinc functions  
 ( ) ( )sinc , , .i i iF b b i s rν ν= =   (8) 
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Fig. 8.- Diagram of the convolution theorem applied to 
simple textured objects. Band-limited spectra are also 

considered. 
 
For the input scene and the reference textures 

gs(x) and gr(x), we will consider the simplest case of 
periodic functions. Thus, we will take fringes of 
different frequency, us and ur respectively, described 
by cosine functions 
 ( ) ( )cos 2 1, , ,i ig x u x i s rπ= + =   (9) 
with us, ur > Bu. For functions gi(x), the 
corresponding Fourier spectra consist of three delta 
functions located at the origin and fundamental 
frequencies of the periodicity 

  ( ) ( ) ( ) ( )1 2 ,
2i i iG u uν δ ν δ ν δ ν = + + − +   (10) 

Then, the Fourier spectra of the textured 
objects s(x) and r(x) will be described, in general, by 
the expression of eq. (5) (Fig. 8). In our example, we 
have considered a rectangular aperture with sharp 
contours, which yields a spectrum with a high 
frequency content. However, natural objects tend to 
have smoother contours, and as a result, their 
Fourier transforms are mainly located in the low and 
medium frequencies. In such a case, it could be 
convenient to filter the Fourier transforms Fs(ν) and 
Fr(ν) in their first zeros to avoid frequency aliasing. 
This fact entails that the band-limited Fourier spectra 
Fsl(ν) and Frl(ν) are non-zero only over a limited 
area of the Fourier domain and we will assume that 
the smallest rectangle that contains both Fsl(ν) and 
Frl(ν) distributions has the width Bu. Under this 
assumption, the Fourier spectra of the textured 
objects will take the approximated form 

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

,

.
sl s

rl r

S F G

R F G

ν ν ν

ν ν ν

≅ ⊗

≅ ⊗
  (11) 

Eq. (11) can be seen as an approximated 
expression of eq. (5) and it allows us to deal with the 
shape and texture information, separately. 
Obviously, this approximation will be more accurate 
if the frequency content of the object shape is 
negligible outside the band of width Bu. In general, 
the assumption of considering band-limited spectra 
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should be a good approach for a large number of 
cases involving real objects. 

By using eqs. (10) and (11), eq. (6) can be 
rewritten  
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  (12) 

The correlation output signals obtained by 
DNC with L = M = 1 and T(ν) = 1, using the whole 
spectra Fi(ν) (Fig. 9a) or the filtered spectra Fil(ν) 
(Fig. 9b) are very similar and contain a periodic 
structure due to the textural content of the object. 
Nevertheless, small differences appear between 
them. They basically consist of a smoother shape 
and an insignificant decrease of the amplitude of the 
correlation peak due to the lost of high frequency 
components when filtered function Fil(ν) is used.  

The design of function T(ν) in eq. (12) is 
conditioned by the recognition task as well as the 
complexity of the texture functions gs(x) and gr(x). 
Let us see two applications. 
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(b) 
Fig. 9.- DNC outputs for textured objects with s(x)=r(x), 
L=M=1 and T(ν)=1.  a) Spectra Fi(ν) and b) spectra Fil(ν) 

are considered 
 
 
6.1.- Object shape recognition with tolerance to 
texture differences. 

If we want to recognise the shape of the 
reference object regardless its texture content, then a 
mask is to be taken for T(ν) that limits the region of 
support to one where both Fs(ν) and Fr(ν) are mostly 
contained but makes zero the contribution of the 
harmonic orders corresponding to the periodic 
patterns of the objects. Then, a possible function for 
T(ν) is 

  ( )1 .
u

T rect
B
νν

 
=  

 
 (13) 

In this case, we obtain for eq. (12) 

  

( ) ( ) ( ){ }
( ) ( ) ( ) ( ){ }

( ) ( ) ( ){ }

1
,

1 1 *

1
,

,

, .

T
L M

L M

sl sl rl rl

T
L M s r

DNC s x r x

IFT F F F F

DNC f x f x

ν

ν

ν ν ν ν
− −

=

≅

≅ ≅

≅

 (14) 

From eq. (14) the DNC of the objects s(x) and 
r(x) with T(ν) = T1(ν) is well approximated by the 
DNC of their shapes fs(x) and fr(x), independently of 
their fringe patterns. If the objects have the same 
shape fs(x) = fr(x), the nonlinear autocorrelation of 
the reference shape is obtained (with the properties 
stated in ref. [6]) and the scene object is recognised. 
If the objects have different shape fs(x) ≠ fr(x), some 
tolerance can be introduced in the discrimination 
capability of the system by a proper selection of 
parameters L and M.8 As a conclusion derived from 
section 3 (and ref. [8]) different regions of the LM 
plane can be located with different sensitivity to 
shape distortions. Thus, along the axis L = kM with 
k ∈ [0.75, 1.25], the discrimination capability of the 
system has a relatively wide range of variation. 
Values of both L,M ≥ 1 make the recognition system 
tolerant to small shape distortions whereas low and 
negative values of L and M (for example, L,M ≤ 0.2) 
make it highly sensitive.  

However, the correlation results obtained by 
applying eq. (14) could be somehow degraded as a 
consequence of the low-pass filtering produced by 
the rectangular function T1(ν) (Eq. 13). As a result, 
the range of discrimination capability can be slightly 
modified. Figure 10 plots the correlation peak 
obtained when s(x) = r(x), L = M = 1 and 
T(ν) = T1(ν) (in dark solid line) along with the 
correlation peak obtained in the same DNC 
conditions but considering that the Fourier spectra 
are not band-limited and T(ν) = 1 (graphed in grey 
line in fig. 10 and coincides with fig. 9a) . For the 
sake of comprehension, the maximum peak values 
have been normalised to the maximum peak value 
for the last case (non-bandlimited Fourier spectra). 
We observe that the fact of removing the harmonic 
order information of the periodic texture gets rid of 
the periodic modulation of the correlation peak. 
Moreover, there is a decrease in the maximum peak 
value because function T1(ν) filters the energy 
corresponding to the harmonic orders. 
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Fig. 10.- DNC outputs for s(x)=r(x), L=M=1 when 

T(ν)=T1(ν) (black line) and T(ν)=1 (grey line) are used. 
 



 

ÓPTICA PURA Y APLICADA – Vol. 38, núm. 2 - 2005 -95- Autor:  Millán et al. 

 
6.2.- Object texture recognition with tolerance to 
shape distortions. 

To obtain texture recognition along with a 
certain degree of tolerance to shape distortions, 
function T(ν) has to preserve the information of the 
fundamental frequencies of the reference texture. 
Taking the function T(ν) as 

 ( )2 1 .
u

T rect
B
νν

 
= −  

 
  (15) 

Eq. (12) is converted to 
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Note that the introduction of function T2(ν) 
makes the system particularly sensitive to the fringe 
texture of the reference. When the fringe patterns of 
both the scene and reference have the same 
frequency (us = ur), then eq.(16) gives 
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According to this result, a correlation peak 
corresponding to the DNC of the shapes fs(x) and 
fr(x) modulated by a cosine function is obtained. The 
maximum value of this correlation peak is not 
altered by the cosine function because it is reached 
at x = 0. From the correlation peak, the recognition 
of the reference texture in the input object is derived. 
Additionally, if the reference and the scene objects 
have the same shape, fs(x) = fr(x), the nonlinear 
autocorrelation of the reference shape is obtained at 
x = 0 and a complete identification of shape and 
texture is achieved. If the frequencies of the 
reference and scene fringe patterns do not coincide, 
us ≠ ur , only a possible partial overlapping of the 
shape spectra would allow the products Fs(ν±us) 
Fr(ν±ur) contribute with non-zero values in eq. (17), 
but the final correlation signal would be very low in 

general, even though the reference and the scene 
objects were equally shaped.  

If the reference and the scene objects have the 
same texture but different shapes, the DNC of the 
objects s(x) and r(x) with T(ν) = T2(ν) depends only 
on the DNC of their shapes fs(x) and fr(x). In such 
case, the sensitivity of the system will be tolerant to 
small shape distortions if values of L,M ≥ 1 are 
selected (Section 3 and ref. [8]).  

Obviously, this analysis will be more accurate 
and closer to the case of non-limited Fourier spectra, 
if the content of high frequencies of the object shape 
is negligible. The DNC output for s(x) = r(x), 
L = M =1 and T(ν) = T2(ν) is shown in grey in 
fig. 11. Neglecting the zero order of the spectra leads 
to an important decrease of the correlation peak 
height. However, its maximum value is still located 
at the centre of the target position, thus permitting 
recognition with an appropriate location. In order to 
make the experimental realisation easier, one can 
think in avoiding the cosine modulation of the 
correlation peak when dealing with textured objects. 
One possibility is by considering only one of the 
first harmonic orders of the periodic texture 
(T(ν) = T2M(ν) = T2(ν) for ν ≥ 0). Fig. 11 shows in 
solid black line the result of the DNC output for the 
same conditions as the previous cases (s(x) = r(x) 
and L = M = 1). Despite there is an additional strong 
reduction of the correlation peak amplitude, the 
cosine modulation has vanished, thus, it could make 
the detection and location of the target easier. 

 

-60 -40 -20 0 20 40 60 0

0.2

0.4

0.6

0.8

1

Peak location (arbitrary units) 

N
or

m
al

is
ed

 a
m

pl
itu

de
 

 
Fig. 11.- DNC outputs for s(x)=r(x), L=M=1 when 

T(ν)=T2(ν) (grey line) and T(ν)=T2M(ν) (black line) are 
used. 

  
6.3.- Application to real textured objects. 

We consider a test of real objects that contain a 
regular fringe texture in a part of them (screws in 
fig. 12). All the screws are different, but they can be 
grouped in three categories according to their thread: 
Screws S0 – S3 belong to class 1, screws S4 and S5 
belong to class 2, and S6 belongs to class 3. Taking 
S0 as the reference (Sref), we deal with two different 
problems of pattern recognition with hybrid 
discrimination: First, recognition of screws with 
adjustable DC concerning shape (contour); secondly, 
recognition of the screws of the same screw thread 
with certain tolerance to shape (contour) variations.  
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Fig. 12.- Test of real textured objects. Screw S0 is the 
reference object (Sref). 

 
We apply DNC for the particular filtering 

methods of CMF, POF, IF, PPC and five (L,M) 
points belonging to the line M = 0.75L, with similar 
characteristics to the axis M = L in fig. 2. The 
correlation results are obtained by numerical 
simulation assuming a CCD camera with partial 
saturation (α = 10%) and 256 SLM grey levels. With 
respect to the CCD camera, the quantization 
provided by a 8-bit camera (256 grey levels) is 
insufficient to recognise real objects by DNC with 
variable discrimination capability, but the problem is 
overcome by considering a 12-bit camera (with a 
dynamic range of 4096 grey levels).  

To solve the first task (contour recognition 
regardless screw thread), we apply T3(ν) function 
that limits the region of support in the Fourier plane 
to the central order of the reference spectra 
(Figs. 13a and 13b). Figure 14 contains the results 
obtained applying DNC with this mask. We obtain 
the recognition of the reference with progressive 
tolerance to shape variations. Thus, for instance, for 
(L,M) = (-0.8, -0.6) we obtain just the recognition of 
the reference and the other objects are clearly 
discriminated from it. For IF, POF and 
(L,M) = (0.60, 0.45) the screw S1 is recognised too, 
for CMF, (L,M)=(1.60,1.20) and (L,M)=(1.20,0.90) 
the screws S1 and S3 are recognised as the reference 
and some others approach the value of the threshold 
level. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.- (a) Fourier transform (in logarithmic 
representation of the magnitude) of the reference screw 

(Sref). (b) Function T3(ν) used to recognise the screw shape 
(contour). (c) Function T4(ν) used to recognise the thread. 
  

To solve the second task (recognition of the 
screw thread with tolerance to contour variations), 
we introduce a T4(ν) function in DNC to limit the 
region of support in the Fourier plane to the most 
representative areas of the reference texture. This 
T4(ν) function was designed from the reference 
power spectrum (Fig. 13a), by binarizing it with a 
low threshold and suppressing everything except for 

the areas corresponding to the fundamental 
frequencies and higher orders (Fig 13c). Figure 15 
shows the results where a DNC with 
(L,M) = (-0.8, -0.6) and T4(ν) allows the recognition 
of the reference along with all the screws of the 
same thread (class 1), even in the case of the small 
screw S2. The effects of the frequency filtering and 
the severe nonlinearity give the solution to the 
proposed task just making the recognition of all the 
screws with the same thread possible. 
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Fig. 14.- Correlation results for objects of test of real 

textured objects (Fig. 12). Screw S0 is the reference. Mask 
T3(ν) (Fig. 13b) is used in the DNC procedure. 
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Fig. 15.- Correlation results for objects of test of real 

textured objects (Fig. 12). Screw S0 is the reference. Mask 
T4(ν) (Fig. 13c) is used in the DNC procedure. 
 
 

Conclusions. 
We have reviewed the possibilities of a 

recognition system based on the DNC model in 
terms of varying and adjusting its discrimination 
capability according to the recognition task 
requirements. In comparison with conventional 
filtering methods, such as classical matched filter, 
phase-only filter, inverse filter and pure phase 
correlation, it allows smooth computer control of 
DC. The DNC is implemented by an optoelectronic 
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JTC. The experimental conditions given by the 
camera and the spatial light modulator introduce 
limits in the control and possibilities of the variable 
DC. DNC model also extends the possibilities of the 
recognition system over a variable DC, from high 
discrimination to some tolerance. Since the process 
is carried out by a joint-transform correlator there is 
no longer a need for filters and, consequently, a 
variable DC can be obtained easily and efficiently. 

By varying the values of two real parameters (L 
and M) in the DNC we obtain either an increase or a 
relaxation of the DC for shape or grey level 
variations with respect to the reference. When 
dealing with shape distortions, high positive values 
of both L and M lead to a greater tolerance, whereas 
low and negative values of L and M lead to an 
increase in the DC. This conclusion has been derived 
from the results obtained by simulation as well as by 
optical experiments. The quantization provided by a 
8-bit camera (256 grey levels) was insufficient to 
recognise real objects by DNC with variable DC, but 
the problem was overcome by using a 12-bit CCD 
camera (with a dynamic range of 4096 grey levels) 
and a SLM with 256 addressable grey levels. 

When dealing with intensity variations, 
negative values of L with high absolute value (L) 
and high positive values of M lead to a greater 
tolerance, whereas high positive values of L and 
negative values of M with high absolute value 
(M) increase the system’s DC. The DNC 
performances associated to the axis L+M = constant 
have the following main characteristics: a nearly 

constant DC related to shape variations, a varying 
DC with respect to intensity variations, and finally, a 
constant peak-to-correlation energy for the case of 
autocorrelation. 

Diverse applications of the method have been 
extended to colour pattern recognition by 
multichannel correlation. In this case, the results 
have demonstrated that a hybrid DC to colour and 
shape variations can be obtained in four directions: 
high discrimination for shape along with some 
tolerance to colour variations; and vice versa, high 
discrimination of colour along with some tolerance 
to shape distortions; high discrimination for both 
shape and colour and, finally, a tolerance to slight 
variations in both shape and colour. 

By limiting the region of support in the 
frequency domain of the modified joint power 
spectra and varying the L and M values, we have 
obtained pattern recognition with variable DC to 
texture and shape. With this method we have 
obtained a good discrimination of a given object 
texture with tolerance to different shape distortions 
(hybrid DC to texture/shape changes). 
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