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CHAPTER FIFTEEN

Colour Information in
Optical Pattern
Recognition

M. Yzuel and . Campos

15.1. INTRODUCTION

When we speak ahout pattern recognition, people may think that we intend to
obtain with a machine what a human being usually does But, what is the process of
acquisition of information by the cyet Many authors (e.g. [1]) ageee that the word
“acquisition” covers not only a visual process but rather a series of processes
(although different authors use different words): detection, which s vaderstood as
the awareness of the exisience of local differences of energy; recognition, the aware-
ness that an object is of a given class (¢.g. a house oracar); identification, the ability
to distinguish an object among vther objects of its own class (¢ .g. a particular model
in the case of 4 car).

In general the automatic process of pattern recogniiton is not based exactly upon
the steps of the visual process, although it tries o recognize an object from other
objects in the scene, which is the same problem that the human being solves. But is a
machine capable of doing what the human brain does?

The equivalent to detection can be the selection (segmentation) of a zone in the
scene because there is some object of interest. Recognition and identification by
automatic methods are achieved by evaluating the similarity between the objects
which appear in the scene with the ohjects of reference we have stored. This similarity
may be evaluated by different methods and we will deal in this chapter with methods
based on correlation, which can be implemented optically. Usually, by optical pattern
recognition is understood either recognition or identification. Its goal is to detect the
presence of a given object and to determine automatically its position in the input
scene.

Optical image processing is carried out in general with monochromatic light. So it
does not consider the colour information of the objects (variation of hue inside the
object). Neverheless colour information is considered in the literawre for different
purposes One of them is when the colour is utilized to enhance the information of the
image for an easier interpretation of it by the human eye. For instance, black and white
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images can be pseudncoloured according 1o the grey level or spatial frequency content
[2]. The purpose of introducing colour in optical patiern recogniuon is twofold:
improvement of the recognition process and an increase in processing capacity. The
capacity may be increased because different wavelengths of hight do not intertere with
each other and they can process different information. As an example of this, Case (3]
uses wavelength-multiplexed matched spatlal filters In an incoherent opucal pattern
recognition system. Colour-caded correlation responses are produced 1o recognize
several objects simultanecusly,

The improvement of the recognition process when colour information is added is
based on the fact that for a colour object both shape and intensity distributuon may
depend strongly on the illuminating wavelength. Then, colour may introduce more
information for recognition,

Colour information is introduced in an optical correlator enher through an image of
the scene on a colour shide or by using spatial light modulators (SLM). In the first case
if we illuminate the correlator with a white light source the transmissions for all wave-
lengths are available. Nevertheless in an optical correlator one works only with 4 finite
number of wavelengths and the final information has o be obtained from the correla-
tion in these channels. In the case of the SLM only a reduced number of channels are
available (i.e red, green and blue (RGB) from a colour CCLY camera or any uther chan
neils obtained by a detector).

In this chapter we will present some possibilitics to introduce colour information in
image recognition by correlation methods. In Secuon 15.2, we will describe several
architectures for colour pattern recognition proposed with white light source. In
Section 15.3 some general problems that may appear in colour image recognition are
stated and the corresponding strategies to solve them are described. In Section 15.4,
we explain changes of chromaticity coordinates to utilize more efficiently the informa-
tion provided by the available channels. Finally we make some general comments about
the research in this field and some speculations about future possibilities.

15.2. WHITE-LIGHT IMAGE CORRELATION

Several architectures of an achromatic partially coherent processor with white light
sonree bave been praposed by Yo and athes mahaors (o Ko and [S] o the eley
ences contained in these review works),

This processor may be used as a correlator for optical pattern recognition of colour
objects (Figure 15.1). An object fransparency o(x,y) is placed as an input image in
contact with a sinusoidal grating, whase amplitude tranvinance is given by #(x,y) =
1 + cos{pgx), where p, is the angular spatial frequency of the grating. If the source is 2
polychromatic point coherent source, the complex wave field in the Fourier plane for a
wavelength A is

O(a,B;A) = O(a,B) + l O[a+£‘-pu,ﬁ]+()(a— _E'-;JO.HJ (15.1)
2 2w 2n

where O(a,f) is the Fourier transform of o{x,y), and fis the focal length of the truns-
form lens.
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Figure |15.1  White light image correlator.

The object transparency may also be different for each wavelength, Let o, (x,y) be
the object function for 4, If the source contains three wavelengths (red, green and
blue) the three spectra appear separated in the Fourier plane, centred at

tr :i&}')u, ﬂ:ﬁ
2w

Usually the signab as spatial frequency band limited and it is possible to calculate the
frequency p, 1o separate the colour spectra.

The gencration of the set of filters s as follows. if a colour target g(x, ) has to bhe
recognized, a set of matched fiters are obtained sequentially with three coherent
beams (red from a He-Ne laser and blue and green from an argon ion laser). A grating
is used in contact with the target and a mask with different apertures is placed in the
Fourier plane. When the red coherent source is on, the corresponding aperture is open
for recording the specirum of the target transmission for red, and the same for the
other wavelengths

‘The amplitude transmittance of the flter for A is

21
(e By=C +C, G&,[“"&LPH-B cos — fy, +¢1‘[a— ﬂ"'"pﬂ'le] (15.2)
27 ; n
where y, is related 1o the inclinanon of the relerence wave used for the Rlter construc-
tion. ¢ and €, are proportionality constants anc

Gh(u,ﬂ)=IU“(u,H)chpi¢A’(u,ﬁ) (153

is the Fourier transform of the target transmittance for A.

If this set of filters is introduced in the Fourier plane (Figure 15.1) the complex
amphtude ar the output plane contains, for each wavelength a term centred at )
which is the correlation of the scene input and the rarget: ¢, (x", ¥’ - y) =
0,,(x", ¥ )*g, (x', ¥"). The correlations for the different wavelengths are superposed at
this point

Twu sets of spectral-spatkal matched filters can be used if the cunjugate pair of the
colour Fourier spectra is utilized. With a rotating grating technigue N colour signal
recognitions can be performed.

Instead of a polychromatic coherent point source, a white-light source can be used
[5]. With this architecture the annoying coherent anifact noise can be suppressed. If an
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extended white-light source 1s used, it is encoded e alleviate the stringent coherent
requirement and the available light power from the souree can be more efficiently
utilized. A real-time polychromatic optical matched filtering technigue has also been
proposed [6] utilizing a spatial light modulator.

In another proposal ({5}, p. 209) Yu describes a technigue for generating a broad
spectral band Fourier hologram with a white light source. The sct of filters works in a
white-light correlator.

Many experimental results have been obtained with these technigues. In Figure 15.2
we show one of them. The scene (Figure 15.2a) contains a red (raffic stop sign and
green car. Two sets of matched flters for both objects were made with He~Ne and Ar
lasers. The experiment was made in real time with a spatial light modulator. In Figure
15.2b we see a black and white picture of 1he correlation plane where a red peak corre-
sponds to the stop sign and a green prak corresponds io the green car,

(a}

{b)

Figure 152 (o) Black and white picture of an input scene containing a red stop sign ond o green car,
(bj Black and white picture of o carrelation piane. A red peak (top nght) corresponds to the stop and o
green peak (bottom lefl) to the car. (Reproduced from Yu [4] by courtesy of Optical Engineering)
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15.3. MULTICHANNEL COLOUR OBJECT RECOGNITION

It has been pointed out that the introduction of colour may improve the recognition
process of colour objects. For this purpose, in any correlator setup the interpretation dof
the correfation plane for the different wavelengths is important, Each type of recogni-
tion problem requires a different strategy. Firstly, we wil describe in this section an
architechire of muluchannel coherent correlator where correlations for the different
wavelengths are obained scquentialily.

In this technique the object transparency is given by the transmirtances for three
wavelengths 4,, A, and 4,, that cover as much as passible of the visible spectrum. The
amplitucle fransmittances, 0,,(x, ¥, ) (with § = 1,2,3), obtained by successively illurmi-
nating the abject with these three coherent wavelengths, are called the colour compo-
nents of the object

For a polychromatic object, shape and intensity distribution may depend strongly on
the illuminating wavelength. It may happen that for two different objects the colour
components corresponding o one wavelength are similar for both; then a false alarm
can uceur when a classical single-channel recognition process is used. In the multi.
channel process the idenufication of the target in all three channels considerably
reduces the possibility of such false alarms.

Multichannel recognition may be performed by using any correlator. In Figure 15.3 a
convergent correlaten is shown. Filters matched o the signal g, are used in cach
channel. The signal g, depends on the probt :m and on the strategy used. Following
VanderLugt's holographic schenie, the classic . matched flter (CMF) can be recorded.
The term of the filter transmittance that provides the correlation is given by

exp(=i2mx, sin @ ANG /A, d v /A d), =123 (15.4)

where G s the Founer transform ol g, . (v, 17,) are the Cartesian coordinates in the
Fuuner plane (Figure 15.3), and o and # arc two parameters that correspond to the
systenr used w record v fitters, where d is the distance between the object plane and
the holographic plate, and 8 is the angle between the normal 1o the holographic plate
and the reference beam. For each channel the correlation hetween the scene and the

Figure 15.3  Multichannel convergent correlator.
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object is obtained when the correlitor s illuminated by the same wavelength that is
used for recording the filter. It is given by

0,,(%3,¥5)*%1, 05,3, =123 (15.5)

for each wavelength, where (x,,y,) represent the Cartesian coordinates in the correlation
plane. The position of the correlation does not depend on the wavelength. The object can
be recognized by analysing the information that is provided by all three channels

15.3.1. Different problems, different strategies

We will consider two types of objects. Firstly, we study objects whose geometrical shape
and transmittance distribution may change with the illuminating wavelengih (Figure
15.4). This problem represents the most general case of objects with different distribu-
tions of colours inside the ohject. Secondly, we consider objects that consist of a colour
alphanumeric character on a square background of a different colour (Figure 15.5).
This type of object represents polychromate images with equal contours herween
colour zones, let us say images that only change the contrast or transmittance values in
each zone when illuminated by different wavelengths.

Two problems will be proposed: (1) the recognition of an object as a whole; (2) the
recognition of a character on a background regardless of the colour combination of the
character and the background (7]. The first problem represents what is considered as
the general problem in colour pattern recognition. It can be applied either 10 objects of
the type given in Figure 15.4 or in Figure 15.5. To solve the first problem the filters are
matched o the colour components of the object to be recognized. In this way the
filters contain both shape and colour information of the target components. The object
is recognhized when there are intensity maxima at the same point for all the channels
(logical operation AND),

To solve the secand problem we use two hlters in cach channel. One of the filters is
matched to the character on a dark background, and the ather is matched to a dark
character on a bright small square. The first one is called the direct filter and the second
one the inverse filter. Since the character and the background colours are ditferent, the
contrast between them is high in at least one channel. The presence of the charucter in
the scene is detected by the existence of @ maximum in any of these corretations
(logical operation OR).

Several colour reversal films have been studied |8] as recorcding media of colour
images for the target and the scene. It is shown that the response of the film has a strong
influence on the discrimination capability. Among other films the Kodak Ektachrome
KM film adapted to rungsten light gave good results and it wus chosen for the experi-
ment described in this chapter. The scenes generated for the problems described above
were constructed with three colours, red, green and yellow, and then reprodueced on the
slides. The transmission values of the red, green and yellow zones for the red light of an
He-Ne laser and the green light of an argon laser are shown in Table 15.1. The correla-
tion was carried out with only two channels, red and green, without loss of generality,
because the blue components for the three colours are very small.
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15.3.2. Experimental results

The experimental results shown in this section were obtained (9] with the convergent
corvelator sketched in Figure 15.3. By varying the position of the scene. the scale of its
Fourier transform (FT ) changes and it matches the dimensions of the Rlter. Correlation
intensity distributions were imaged in the detector of a black and white CCD camera
and digitized by means of a frame-grabher.

The phase-only filter (POF) that increases the discrimination capability was applied
to colour objects [7-10f and this type of filter is able to recognize the objects with an
adequate threshold. To obtain the filters, computer-generated holography techniques
were used. We applied the Burckhardt codification method to obtain the phase-only
filter coxdified by means of amplitude variations [11]. A trawang ot the filter obtamed
with a laser printer was photographically reduced. The film introduced in a sandwich
gate constituted the filter.

Experimental results were obtained with the objects shown in Figure 15.5 Two
scenes were built with these abjects: one (scene A) contains objects 1, 2, 3 and 4, and
the other one (scene B) contains objects 1, 5, 2 and 6,

The first problem we studied was the recognition of an object as a whole taking into
account the shape and the spectral inforination of the object. In each channed a filter is
matched to the corresponding transmittance of object 1 (the abject to be recognized).
The other objects that are in the scene present the siame shape and the only difference
is in the colour distribution. In this way we verified the method's capahility to distin-
guish among objects which are different only in the spectral content. Objects repre-
sented in Figure 15.4 show differences of shape and colour distnbution and their
discrimination [10] is easier than for the objects shown in this sectuion.,

Figure 15.6 shows 3D plots of the currelation intensity distributions obtained with
~cenes A and B for both channels. In Table 15.2 the maximum coreelation values for
each object are listed. These values are normalized in each channel 16 the value for
object 1 (autocarrelation). We suppose that an object 18 detected in each channel if it
gives a value higher than 50% of the maximum. The peaks higher than this threshold
value are listed in bold in Table 15.2. Following the strategy descnbed above 1o solve
this problem, an object is identified if it gives simultaneously a peak higher than the
threshold in al! channels. So, object 1 s identified because it is the only one which fulfils
this requirement and no false alarms appear. The correlation values for the other
objects can be justified by their transmissions and the borders between different
colours (the impulse response of the POF is an edge enhanced version of the original
object). To understand these results it is important to consider the amplitude change
between the black background and the square. and also between the square and the
character. In the red channel, object 3 is very similar to object 1. The transmission of the

Table 151 Amplitude tansmittances of the colour zones

Colour A =033 nm A Slenm
Red 0.497 0158

Yellow 0.660 0.569

Green 0100 0473
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Figure 15.6  Correlation intensity obtained in the red and preen channel with a POF matched to the corre-
sponding transmittance of object | and the scenes shown in Figure [5.5: (0}, (b} green channel; (c), {d) red
channel. {a), (c} scene A; (b), {d) scene 8.
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Table 152 Values of the correlation peaks obtained with a POF matched to object 1in the
scene of Figure 15.5. Peak values that exceed the threshold vaiue in each row are in bold
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Channel 1 2 3 4 5 6
Red 1 n.24 0.59 0on’ {147 014
Green 1 0.8 0.00 0.71 1.09 0.00
AND Yes No Nos No No Nay

letter is the same in both objects and the transmission of the square is slightly smaller
in object 3 than in object 1 (see Table 15.11. So, the amplitude changes are in the same
sense but lower for object 3. Objects 2 and 4 which present the changes in the opposite
sense that object 1 give rise to low correlation values.

The second problem was the recognition of a shape (in vor case a characier)
regardless of its colour and the colour of the background |7]. Now two POFs were
used in the strategy described above. Table 15.3 shows the intensity values of the
correlation maxima for the six objects of Figure 15.5. As in the previous case, all
values exceeding the threshold in cach channel are considered as detecuons. It can
be seen that all objects are detected in at least one channel, 50 all of them are
recognized.

Other experiments with objects in an extensive background have also been
performed. The experimental results are shown in Table 15.4. The recognition of all
objects was also achieved. Objects 3 and 4 are 11w most critical mainly when the hack-
ground is not large enough (Table 15.3); this problem disappears in the case of a large
background (Table 15.4).

15.3.3. Rotation invariance

Correlation based methads have the shift invariant property, i.c., they are able 10
recognize a target independently of its position, and the location of the correlation
peak gives the targer position. Nevertheless, by using the CMF or the POF matched
to the target it is not possible to detect targets with an orientation different from
that to which the filter was matched, In-plane rotations may be modelled analyti-

Table 153 Values of the carrelation peaks obtained with POF filters matched to the letter X in
direct and inverse contrast. The scene is shown in Figure 15§

Channel Contrast 1 2 3 4 5 [
Red Direct 0.53 1 0.05 020 0.23 053

Green Direct 0.51 0.64 0.98 0.51 0.%7 1
Red tnverse 1 @42 (147 0.16 014 n.07
Green Inverse 0.22 0.16 0.23 0.68 1 0.32

OR Yes Yes Yes Yes Yes Yes

Tuble 15.4  As Tuble 15.3 but for a scene similar o Figure 155 with extensive coluur
background

Channel  Contrast 1 2 3 4 5 6
Red Direct 0.70 1 027 0.43 0.30 0.37

Green Dhirect 017 137 0.80 025 0.56 1
Red Inverse 1 0.61 0.52 0.28 0.5% 012
Green Ipverse 021 016 0.11 0.94 1 0.36
OR Yes Yes Yes Yes Yes Yes

cally and it is possible to expand the target function into a set of orthogonal func-
tions that are invariant 1o this change. This is given by the circular harmonic (CH)
expansion of wo-dimensional complex functions [12]. To design the rotation
invarian filter it is necessary to select 1wo parameters: the order of the CH and the
€xpansion centre,

Rotation invariant colour pattern recognition may be achieved by using the multi-
¢hannel technigque and CH flters (13]. In the multichannel method proposed above,
instead of using in each channel a POF matched to different targets it is necessary [o use
CH flters matched to these targets. Also the POF idea may be generalized 1 the CH
fier. The order of the CH filter and the centre of expansion have to be selected and, in
general, may be different in each channel.

15.3.4. Statistical recognition of colour images

Until now we have made the assumption that we are dealing with deterministic
images, but usually objects may present variations in shape and in colour. Some vari-
ations {like rotation, change of scale) can be described analytically, and recognition
can be achieved by using a set ol orthogonal funcuons that are variant o these
changes as we have explained previously (uncular harmonic expansion, etc, 112]). On
the other hand, there are deformations that have a statisucal nature and it is not
pussible to define functions invariant to these statistical ¢hanges. Several methods
have been proposed 10 introduce in the filter the information provided by a training
set of images. In general, they are based in the calculation of one or several compo-
site filters. The correlation maxima obtained with these filters are used 10 build a deci-
sion space.

The introduction of colour information in statistical pattern recognition by correla-
tion methods has been proposed by Gu eral. |14}. To this end a set of filiers is designed
for cach channel. Thus the dimension of the decision space can be three times as large
and colour differences berween objects dre taken into account. As an cxample they
propose a two class problem. The training set for each class is composed of ten apples
(red for class one, and green for class twa). They show that better discrimination is
achieved when the spectral information is considered.
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15.3.5. Polychromatic neural network

Artificial neural networks (ANN) have proved to be a useful taol for patt2en recogni-
tion and for associative memories which can be inplemented opticaly. As tn the
field of optical pattern recognition, most of the work was carried out with mono-
chromatic information. The ANN concept may also be extended 1w polychromatic
information. Recently, Yu er af. [15] have presented a polychromatic neural network
implemented with liquid crystal teievisions. The introduction of colour in ANN may
be useful for two purposes. On the (e hand, it makes possible the analysis of colour
images, where the colour informatuon may improve the classification srocess. On
the other hand, the capacity of the polychromatic neural net can be increased three
times.

15.4. CHROMATICITY DISTRIBUTIONS

Until now we have described colour images in an RGB colour representamion system.
This choice has two advantages. Firstly, if we iluminate a transparenc with three
monochromatic lights {laser beams), only the information pravided b+ the corre-
sponding ampliude transmittances for the three wavelengths is availzble and we
suppose that this information is enough. However, the development of < ciour image
acquisition and display systems makes available inexpensive good ¢ ality colour
images. Many of these systems use an RGB decompaosition of colour 10 record and o
display images, so we have direct access to this information. However, this decompaosi-
tion of colour, that is very convenient for display purposes, may not be s¢ convenient
for recognition problems. Badiqué et al. [16,17] have proposed combiniag the infor-
mation provided by the three RGB channels in order 1o obtain better diszcrimination
and sharper peaks

We generalize here the proposal of Badiqué er al. [17]. A general line: r chromatic
coordinate change may be defined as a change of the coordinaies from the RGR system

to another (/,m,n) system (Figure 15.7). This change of « cordinates is determined by a
matrix a:

't Ay oy f,]
fm = amr amg aml; fg

f;; \um r wh M)

From these components it is possible to define a new funcuion by the exprassion

(15.6)

ny a

f(r)=Eﬂ. fir) (15.7)

where 8, is a complex number and it is the fth e miponent of a vector B Sothe correls-
tion between two images f(r) and &(r) in this new system is given by

Co =S gr)=YY BBSI(r)*g, (r) (158)
t
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\kw

Figure 15,7 General chromatic coordinate change from on RGB system to another {l,m,n} system,

Taking into account equation (15.6) the correlation Cg may be expressed as

CJ'R' =EZ'\Im(f1(r)*gm(r)) (15.9)
¢ m

Sim = Ezﬁaaﬂﬁ;a;m (15 10)
o

Fquation (15.9% tells us rhat the correlation Cpisa linear combination of the cross-
correlations between the components of the original system. This is a consequence of
the utidization only of linear operations. The change proposed in [17] can be obtained
with this general formulation. An optimizaton of the coordinate change may also be
formulated in order to increase discnimination capabilities [17]. The parameters to be
optimized are the components of matrix @ and vector §.

15.5. SOME FINAL REMARKS

We have dhesonbed several architectures for colour pattern recognition. Some problems
are also rated as examples of the very farge number of different questions that may
appedr noimage recognition when colour information s introduced. One of them
explains the general case and the other is related to automatic reading. With the
description of these architectures we have not given a proper summary of all different
approaches one can find in the literature. Nevertheless we wanted to point out how the
introduction of colour can help in pattern recognition. Many questions related 1o
colour information are still open and in this section we will comment on some of them.

A normal human eye distinguishes very well between different colours even if they
are guite similar Thus f there are small differences in the colour distributions of two
objects, identification is easy for a huinan being, but it is not an easy problem to solve
using & machine. However, colour constaney is a problem not only in colorimetry
also in robotics. For instance a problem appears when a robot advances and the illumi-
nation changes.

When an image is captured by a camera it can be useful to modify the colour infuor-
mation 1o be more suitable for an automatic pattern recognition process. In a real time



correlator, the transmittance response of the spatial light modulators has to be taken
into account. In an architecture such as riw multichannet correlator described in
Section 15.3, the SIM is illuminated with monuchromatic light and the information
from the different channels is introduced sequentially. The information in each channel
could be enhanced separately. Other channels outside the visible spectrum could also
be introduced and would enlarge the processing passibilities.

The correlation method suffers in each channet the same problems as in the case of
monochromatic objects. If two objects show similar amplitude distribution in a channcl
they will give similar correlations. Thus the utilization of different kinds of filters with
different discrimination capability could be studied. The phase anly filter has been used
in obtaining the results given here to improve the discrimination. Rotation invariance
and statistical pattern recognition have also been described. Some properties of other
filters for monochromatic processing can also be applied (o colour image recognition.
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Correlation methods in polychromatic objects recognition. Application of
lithographic filters.

M.J. Yzuel, I. Moreno, M. Corbalan®, E. Ahouzi, M.S. Millan™*, F. Turon,

C. Gorecki*** and J. Campos.
Department of Physics, Autonomous University of Barcelona, Edificio C, 08193 Bellaterra, Spain.
* Department of Physics and Nuclear Engineering, Polytechnical University of Catalonia, 08222 Terrassa, Spain.
** Department of Optics and Optometry. Polytechnical University of Catalonia, 08222 Terrassa, Spain,
#*+ [ aboratoire d'Optique P.M.Duffieux, Université de Franche-Comté, 25030 Besangon, France.

ABSTRACT

A review of the multichannel correlation methods applied to discriminate colour objects with the logical operation
AND is presented. The effects of the colour CCD camera as the acquisition system is studied. A preprocessing method
is proposed to increase the discrimination. The generation of the filters is improved by applying lithographic
techniques. Finally an approach of the optimal filter proposed by Yaroslavsky is applied to each channel in the
correlation process. Computer and experimental results are given.

1. INTRODUCTION

In the last decades there is an increasing interest in introducing the colour in image Eﬁmmm:_m_ and particularly in
optical pattern _.ooomanonu. Thus, the objects are discriminated not only from their geometrical shape but also
according to their colour distribution. Several authors3-6 have proposed colour image recognition by matched filtering
taking into account the shape and the spectral information of the object. This permits an improvement in the
discrimination sensitivity. The introduction of colour gives an additional information. For a colour object both shape
and intensity distribution may depend on the illuminating wavelength used in an optical correlator. The similarity

. measure is performed by the correlation of the scene with the target. Optically:the correlation is obtained by-imaging the
Fourier transform of the scene on a matched filter which contains the information of the Fourier transform of the target.

A digital formulation for the correlation of colour objects was given by Badiqueé et al”:8, They proposed a
generalized plane to optimize the sharpness of the correlation peak. Yamaba and gﬁw% have proposed for digital
images a method based on the colour human vision models.

We studied 1011 a multichannel technique where the polychromatic object is decomposed in three monochromatic
channels and the information obtained by the correlation in each channel gives the final recognition. We have obtained
experimental results12 in an optical implementation of the multichannel recognition procedure. Polychromatic objects
are detected by means of optical synthesis of improved classical matched filters based on the holographic matched filters
of Vander H:%G.

In this contribution we present in section 2 the optical set up for the experiments in muitichannel correlation and
some experimental results with the phase only filter (POF). The first step in the recognition problem is the capture of
the scene to be analyzed. This process has a large influence in the recognition because colours may be changed and the
information in each channel is altered. Some studies on the influence of the features of different CCD colour cameras
have been carried cut and some results are given in section 3. The use of some kind of preprocessing may improve the
behavior of the recognition process. We have tested edge erhancement in each channel and also the combination of the
information of the three channels. In section 4 we show some result< with preprocessing methods. To generate the filter
transmittance it is necessary to apply techniques of computer generated holograms. We have used different technologies
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to obtain the filters. They mainly differ in the resolution and the cost. High resolution polygraphic printers and
lithography are used and compared in section 5. The key element in optical pattern recognition by correlation is the
design of the filter. Different designs have been proposed by many authors to improve some characteristics of the
method, like the signal to noise ratio, discrimination capability, light efficiency, etc. In section 6 the optimal filter
proposed by Yaroslavsky1# has also been generated by lithography and it is used in colour pattern recognition.

2.MULTICHANNEL CORRELATION

2.1 Optical setup.

The input scene is introduced in a convergent correlator (figure 1) in plane P)(x,y). If it is a colour slide, three
wavelengths (A),A9,A3), distributed in the visible spectrum, illuminate the scene and the correlations are performed
successively. If the scene is captured by a colour CCD camera, the matrixes in the three channels are displayed
successively in a spatial light modulator placed in plane Pj(x.y) and the optical correlator may work with the same
wavelength for the three channels and in real time.

P3(x.y")

Figure 1. Multichannel convergent correlator.

The filters matched to the target for each channel hy; will depend on the problem to be solved and the strategy to be

followed13. The filter is placed in the correlator (figure 1) in the plane Py(u,v), and in the correlation plane P3(xy') we
obtain for each monochromatic channel the foliowing function

Voot to d; - : |&.b~m ' !
(¥ )= aST V'sd, - ﬂu&: G, (dsu,dv)H (u,v) %Taﬁﬁ +vy vT% 0
where K is a constant and ) ; is a function defined by
. o
v, (x, 5. f)= eﬁ? I»-?N +¥°) | @

“Apart from this phase factor, (1) is the Fourier Transform of the product of functions G(dsu.dsv) and H*(u,v). The
values d; are the inverse of the distances D; described in figure 1. f; is the focal length of the achromatic lens L.
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RED GREEN YELLOW

Figure 3. Scene.

Without loss of generalization the objects in figures 2 and 3 consist on three colours: red, n and yellow. In a
previous study we gave the transmission of different photographic films for these colour papers 6 and we studied the
conditions which give better results in pattern recognition. Table (1) shows the transmission values for a slide which
corresponds to the red, yellow and green zones for the red coherent illuminating wavelength (He-Ne laser) and for the
green coherent illuminating wavelength (Ar laser). The transmission for blue illuminant is negligible. So we will give
our results for only two channels. :

Colour A=633 nm A=514 nm
(He-Ne laser) {Ar laser}
Red 0.497 0.158
Yellow 0.660 0.569
Green 0.100 0.473

Table 1. Amplitude transmission values for the red, yellow and green zones.

We will show here experimental results obtained with the objects shown in figure 3. Two scenes were built with
these objects: one (scene A) contains objects 1,2,3, and 4, and the other (scene B) contains objects 1,2,5 and 6. We
applied the Burckhardt's codification method to obtain the phase only filter codified by means of amplitude
variations17. A drawing of the filter obtained with a laser printer was photographically reduced. The film introduced in
a sandwich gate constituted the filter. In each channel a fiiter is matched to the corresponding transmittance of object 1
(the object to be recognized). Figure 4 shows 3D plots of the correlation intensity distributions obtained with scene A
and B for both channels. In table 2 the maximum correlation values for each object are listed These values are
normalized in each channel to the value for the object 1 (auto correlation). We suppose that an object is detected in each
channel if it gives a value higher than 50% of the maximum. The peaks higher than this threshold value are bold faced
in table 2. Following the strategy described above to solve this problem, an object is identified if it gives simuitaneously
a peak higher than the threshold in all channels. So, object 1 is identified because it is the only one which fulfills this
requirement and no false alarms appear.
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06 ]

Red 1.00 0.24 0.59 0.07 0.47 0.14
Green 1.09 0.48 0.00 0.7 1.09 0.00
AND YES NO NO NO NO NO
Table 2. Values of the correlation peaks obtained with POFs matched to object 1.

th

3. INTRODUCTION OF THE SCENE BY AN ACQUISITION SYSTEM

The use of colour slides to introduce the scene has been analyzed En&ocmq_m. In real time recognition systems, the
original scene is captured by a CCD camera, digitized and displayed on a SLM!8_ Recently Yu et a1l have proposed
the application of colour Liquid-crystal TV in 2 joint-transform correlator for polychromatic image identification. In
this section we analyze the us¢ of a CCD colour camera for image acquisition applied 10 optical recoghition of colour
objects. The spectral and spatial information of the captured image is stored in three matrixes R (red), G (green) and B
(blue) which can be processed separately following the multichannel correlation method. Varying the acquisition system
parameters such as colour balance, gain and offset, image information also changes because contrast variations are
introduced in the RGB matrixes.

We considered one scene with the objects 1, 3, 4 and 6 of figure 3, and the object 3 is the target to be recognized.
The original scene was illuminated with almost uniform fluorescent illumination of 5000 K. It was captured by a
camera with automatic colour balance. A colour CCD camera with 3 detectors was employed. In table 3 we present the
most significant results obtained for a gain value of 240 and offset values of 140 and 205. Phase only filters matched to
the object 3 in the matrixes obtained with gain 240 and offset 140 have been generated to simulate numerically the
recognition process. The POF has been selected because of its high discrimination capability when it is applied to these
kind of objects! 1 We observe that the recognition of object 3 without false alarms is obtained in both cases.

m.ulom.moﬂ 140 b) Offset 205
_.. Ch O1 O3 04 06| Ch Ol 03 04 06
b e —— = EUTEE BT W
1 R 1.40 1.00 0.07 0.14 R 1.83 1.00 | 009 0.15
G | 026 | 100 j 0211 135 G [023] 100 ] 024145
AND | NO [ YES | NO | NO AND | NO | YES | NO | NO

Table 3. Correlations obtained with the images captured with a colour CCD camera with three detectors.
Gain value 240.

4. PREPROCESSING FOR COLOUR PATTERN RECOGNITION.

Preprocessing has been proven to be efficient in some cases in pattern recognition. Lowenthal and Belvaux20
proposed the correlation between the derivative of the scene and the target. These operations are applied in the Fourier
plane, by using a filter with a given transmission. In this section we study the behavior of a preprocessing applied to
colour pattern recognition in each channel in order to improve the discrimination capability. The preprocessing is based
in edge enhancement of the colour sectors in the target and in the scene by using a linear filter based on the Laplacian
operator. To increase the recognition capability of the system, a binarization is applied to the three components after the
edge detection. This technique is introduced to avoid the contrast variation, and it can be applied to discriminate a
target when it presents a different contours. The Laplacian mask (L) is used for the detection of isolated points and the
contours. Let f; j(x,y) denote one of the three colour signals obtained in a multichannel procedure. And let L[f;;1(x,y)
be the resulting preprocessed signal. The binarization is used for choosing a single edge, and, this binarization is given
by the following formula:
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a) b)

Fig. 6. Correlation intensity with a binarized Laplacian preprocessing using POF for the recognition of object 1 in the
scene of Figure 2: a) Green channel: b) Red channel,

3. LITHOGRAPHIC FILTERS FOR PATTERN RECOGNITION.
= et AR L B ORI AL TERN RECOGNITION.

Optical correlators for pattern recognition need a hologram to be used as a complex filter in the Fourier plane.
Some filters, like classical matched filter proposed by Vander Lugt can be obtained by optical holography, but many
other filters use mathematical operations that can not be obtained optically and must be calculated using digital
holographic techniques.

The digital hologram obtained by computer must be implemented in a physical medium to be used in an optical
correlator. The most common media to register the filter are amplitude media, as photographic film, that can only
display light intensity distributions. Thus, complex distributions must be implemented using codification methods.
These codification. methods are very sensitive to spatial resolution of the output device which prints the computer -
generated hologram.

Laser printer devices have enough resolution to implement computer generated holograms that require low number
of gray levels and low resolution. They are not expensive and easily available, but have low spatial resolution,
Lithographic techniques, that are used in microelectronics can be used to produce diffractive elements. These
techniques are expensive and not easily available, but they have a high spatial resolution. We have codified the
computer generated holograms by using the detour phase method2!. The amplitude distribution is controlled by the size
of a rectangular aperture, while the phase distribution is controlled by its position. We have used a high resolution laser
writer, Linotronic type, with a resolution of 3251 dots per inch (much greater than usual laser printers with 300-600
dots per inch) and an ultraviolet lithographic technique, that can produce rectangular apertures up to a size of 5 pm
with a precision in the position of 0.25 pm.

Figure 7 shows the magnified images of two holograms. The first is obtained by drawing an image of the computer
generated hologram by Linotronic laser writer. We can see that the rectangular apertures of the detour phase hologram
have not very well defined contours. However, in the second one, obtained by lithographic technique, we can see a great
improvement in the contours of the rectangles. In addition, the higher spatial resolution of lithography permits to
control more quantization levels in phase and amplitude distributions resulting in less quantization errors.
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And that filter is obtained by following an iterative method. A previous study for binary objects is made in Ref. 22.
From those results we concluded that the most discriminant filter among POF, OF's and Minimum Average Correlation
Energy Filter gnmvuu for binary multi-object scenes is the OF4. For such a reason we use the OF 4 for colour pattern
recognition,

[ ch ©O1 02 03 04 05 06
e
R | 1.00[027]652]012] 033 004

G 1.00 [ 0.62 | 006 | 0.76 | 1.13 | 0.09
AND | YES | NO NO | NO [ NO | NO
Table 5. Correlations obtained with Optimal Filter (OF g

The objects we introduce in the scene are shown in figure 3. The filters are matched to object 1. By the results
obtained with the POF, it can be seen that the highest cross-correlation peak appears for object 5. So, taking into
account this similarity, the OF is built by introducing the power spectrum of the object 5 in the denominator, and the
power spectrum of object 1 in the numerator. The target is recognized by applying the logical operation AND. The
results obtained digitally and optically agree and they are shown in table 5. The optimal filter is built by lithographic
technique. We consider a threshold of 50% of the maximum in each channel. Only object 1 gives correlation peaks
higher than the threshold in both channels. These results show the capability of the optimatl filter for colour pattern
recognition.
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Maria §. MILLAN !, Juan CAMPOS 2, Carlos FERREIRA ? and Maria J. YZUEL
bmuala§§8 de Fisica, Universidad Autdonoma de Barcelona. 08193 Bellaierra, Spain

Received 24 April 1989; revised manuscript received 19 July 1989

A multichannel colour image recognition technigue is developed. Classical matched filters and phase only filters are studied.
The discrimination capabilities of these (illers are compared by submitting the process to two different types of 1ests: objects with
shape and colour variation and objects with colour variation only. For the latter objects the discrimination of a given pattern can

only be achieved with the use of phase onty filters.

1. Introduction

Since the introduction of the matched spatial filter
[1], multiple applications of correlation detection
have been developed. Although most of them deal
with the shape information of the test, they do not
consider the colour information.

Several authors [2-5] propose colour image rec-
ognition by matched filtering taking into account the
shape and the spect:al information of the object. This
permits an improvement in the discrimination
sensitivity.

Case [6] uses the wavelength-multiplexed matched
spatial filters in an inccherent optical pattern rec-
ognition system. Colour-coded correlation responses
are produced to recognize several objects simulta-
neously. Mu et al. [7] developed a theoretical and
experimental analysis of colour image pattern rec-
ognition by multiwavelength Fresnel holographic fil-
ter. In this technique the filter alignment is less
stringent.

The design of spatial light modulators leads to the
real-time optical pattern recognition. The use of a
magnetooptic device such as a binary spatial light
modulator for colour object identification is pro-
posed by Javidi et al. [8].

' Departamenio de Optica y Optometria, Universidad Politéc-
nica de Cataluia, Terrasa, Spain.

! Facultad de Fisicas, Universidad de Barcelona, Spain,

' Departamento de Optica, Universidad de Valencia, Spain.

A formulation for digital colour image correlation
has been recently proposed by Badique et al. [9,10].
They found an optical generalized colour plane to
optimize the correlation peak sharpness.

It has been proved that the phase only filters POF
carry more information about the object than the
amplitude filters. Horner and Gianino [11] showed
by computer simulation and using alphanumerical
characters that the POF discriminate better and are
more efficient than the classical matched filter CMF.
Nevertheless, the signal no noise ratio is higher for
the CMF. Kumar and Bahri [ [2] introduced the no-
tion of optimal phase only filter to improve signal to
noise ratio. Chalasinska-Macukow and Nitka [13]
presented an optical and digital analysis of the dis-
crimination capability of the POF and they com-
pared them with the high pass matched spatial filter.

In this paper, we propose a multi-channel corre-
lation process to recognize the coloured object by
their identification in several monochromatic chan-
nels. When objects with different spatial colour dis-
tribution are illuminated by a monochromatic beam,
they may present similar amplitude distribution. The
discrimination between such objects become more
difficult and some false alarms appear in a CMF
correlation.

CMF and POF are studied. In both cases several
filters matched to the object transmittance for each
wavelength are designed. The coincidence of the peak
correlation in the different channels allows us to rec-

0 030-4018/89/%303.50 © Elsevier Science Publishers B.V. 277
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HE (xy /40 f Ew\p_\,w
=exp—igxs/A fiys/A ], (6)

obtained by setting the modulus |4, | equal to un-
ity. According to Horner and Leger [15], a simple
model of a POF is given by a CMF associated with
an additiunal amplitude only filter. The transmiit-
lance of this additional filter should be equal to
[#;,1 77, and can be performed by recording the in-
tensity of the Fourier transform function of the ob-
ject to be recognized on a holographic plate pro-
cessed with y=1, as has been shown by Chalasinska-
Mucukow and Nikta [13]. In this optical way an ac-
curate and continuous POF, H?, may be cxperi-
mentally obtained.

Nevertheless, there could be some advantages in
restricting H%, to a binary function, giving rise to bi-
nary phase only fiiters (BPOF) [15,16]. This is the
case, for instance, in the computer generation of the
POF or for real time applications dealing with spa-
tial light modulators. Aside from the quantization
errors, the results obtained with BPOF are compa-
rable with those achieved with continuous POF.

3. Results

In this section, the results of the numerical sim-
ulation of the recognition procedure proposed in the
previous section are presented. The recognition has
been performed with two types of objects, both pre-
senting separate zones red, ycllow and green. When
illuminated by different wavelengths, each zone has
different transmittance values. For the sake of sim-
plicity the objects were chosen with a very low trans-
mission value for the short wavelengths of the visible
spectrum. In this way, the exposition of results is
shortened without loss of generality. Table | shows
the transmittance values of each zone red, vellow and
green of the objects when they are illuminated by the
green 4, =514 nm (Ar laser) and red 1-=633 nm
(HeNe laser) wavelengths.

Fig, la shows the scene corresponding to the first
type of object. The object placed at the upper left
corner of this figure is the pattern to be recognized.
Fig. 1b and lc show the transmittances of the scene
when illuminated by the green and red wavelengths

OPTICS COMMUNICATIONS

15 October 1989

Table 1
Transmittance of the colour sectors.

Sector Transmittance
A,=514 nm A3=633nm
Red 0.1 0.8
Yellow 0.8 0.9
Green 0.7 0.2

respectively. These transmittances will be referred to
as green and red components. In this figure, it may
be seen that the four objects present variations of
shape and colour. But when the scene 1s illuminated
by the wavelength A, = 514 nm, some ambiguity arises
between the objects 1 and 3, whereas if 4,=633 nm
is used the ambiguity appears between the obiects |
and 2.

The scene corresponding to the second type of ob-
ject is shown in fig. 2a, The green and the red com-
ponents are shown in fig. 2b and 2¢ respectively. As
may be seen, with these objects the shape remains
unchanged and only the colour distribution is
modified.

In the following, we shall first describe the results
obtained for the objects of fig. 1. If the filter is
matched to the green component of the object 1 and
the same wavelength is used in the correlator, we ob-
tain the results shown in fig. 3a. Table. 2 gives the
values of the four direct correlation peaks. As the in-
formation corresponding to the green component has
only be used, it is observed an ambiguity in the de-
tection between objects 1 and 3. This result was ex-
pected due to the similar amplitude transmittance of
both objects {fig. Ib), When the filter is matched to
the red component and the correlator works with this
wavelength, the results are those shown in fig. 3b.
Now the ambiguity arises between objects | and 2.
The corresponding values of the direct correlation
peaks are given in table 2. Moreover, this table also
shows the values of the crossed correlation peaks.
They are very small and, when using a multiplexed
filter, can be separated from the direct correlations
as was pointed out above.

Thus, the object 1 cannot be recognized when the
information provided by only one channel is used.
On the contrary, the utilization of the information of
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Fig. 3. Intensity of the correlation with CMF for the first type of
object. (a) Green-green correlation. (b) Red-red coreelation.

these filters in order to improve the performance of
our recognition procedure. Fig. 4 and table 3 show
the correlation signals and the values of the corre-
lation peaks for both channels when ¢ontinuous POF
are used. Now, the correlation peaks become nar-
rower and the value of the correlation intensity is
higher than with the classical matched filters due 10
the increased efficiency of the POF. The ambiguity
between the objects | and 3 in the green channet and
between the objects | and 2 in the red channel does
not disappear. However, the values of the peaks cor-
responding to the other objects are now smaller and
to discard them a threshold of 0.3 of the maximum
value is necessary. The method to recognize the pat-

OFTICS COMMUNICATIONS

15 October £989

Table 2

Values of the correlation peaks when the filter is matched to the
wransmiitance for the wavelength giver in the first column (Fil)
and the corredator 1s itluminated by the wavelength given in the
second column (Cor). CMF are used. First type of object. 4, =514
nm, A,=633 nm.

Fil Cor Intensity correlation values

Chb. i Ob.2 Ob.3 Ob.4
A, Ay 4,5 1.9 4.5 24
Az Az 7.9 7.8 4.2 4.6
Ay Az 0.5 0.6 0.6 0.6
Ay Ay 0.8 1.0 4.8 1.1

tern we are seeking is the same as in the case of CMF
but with more relaxed conditions.

As mentioned above, the second type of objects we
used present only colour variations and the geomet-
rical shape is the same. As in the previous scene, the
pattern to be recognized is located at the upper left
corner of the scene {fig. 2).

The correlation intensity and the values of the cor-
relation peaks, when CMF are used for each channel,
are shown in fig. 5 and table 4 respectively, As may
be seen, the heights of the correlation peaks for the
objects 1, 2, and 3 are similar and even slightly greater
for the objects 2 and 3 than for object 1. This may
be attributed to the fact that objects 2 and 3 differ
from object 1 in the yellow zones. The transmittance
of these yellow regions is greater than the corre-
sponding red and green ones in the pattern to be rec-
ognized. Thus, due to these facts, it is impossible to
discriminate between object 1 and objects 2 and 3
when the CMF is used, even when using the infor-
mation provided by both the green and the red
channels.

The correlation intensity and the values of the cor-
relation peaks when POF are used for each channel
are shown in fig. 6 and table 5 respectively. In this
case, only two important peaks appear for each chan-
nel. For the green one, the ambiguity arises between
objects 1 and 3; for the red one, between 1 and 3.
With a similar procedure to the one employed with
the first type of object, we shall be able to recognize
the desired pattern. For each channel, a threshold is
performed, neglecting the signals remaining under
half of the maximum correlation peak value. The ex-
istence of a common peak for both channels pro-
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Tahle 4
Same as in table 2 for the second type of object.

OPTICS COMMUNICATIONS
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Table 5
Same as in table 2 using POF and for the second type of object.

Fil Cor Intensity correlation values

Ob.1 Ob.2 Ob.3 Ob.4
A, Ay 1.0 1.3 1.8 0.89
As 25 7.4 9.6 9.3 1.9
Ay A, 0.32 (.45 0.31 0.23
A, 4, 0.55 0.54 1.3 0.84

Fil Cor Intensity correlation values

Ohb.1 Ob.2 0b.3 Ob.4
A A 14 18 4.5 4.1
Az Az 28 12 37 t.8
Ay Aa 0.73 0.87 0.81 0.73
Az Ay 0.36 0.40 093 0.90

Fig. 6. Intensity of the correlation with POF for the second type
of object. (a} Green-green correlation. {b) Red-red correlation.

the black background accounts for the existence of
a smaller correlation peak for object 2.

4. Conclusions

We propose a technique for the recognition of col-
our objects. This is based on the study of successive
correlations with filters maiched to the object trans-
mittance for different wavelengths. The coincidence
of the correlation peaks in the different wavelength
channels allows the identification of the test.

The method has been applied to two different types
of objects: Objects with shape and colour variations
and objects with only colour variation. CMF and
POF have been used. The discrimination capability
of both filters is studied with the two types of objects.

Objects with shape and colour variation can be
identified by CMF. The POF relaxes the correlation
detection. For objects with the same shape and col-
our variation, the CMFs present ambiguities which
do not permit the identification even when using the
information in several channels.

We have shown that the use of POF permits the
identification of the second type of objects by using
the information in different wavelength channels.
This is due to the higher capability of these filters to
discriminate between similar objects.
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Experimental results in color pattern recognition
by multichannel matched filtering
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Abstract. The feasibility of polychromatic object recognition by mutti-
channel correlation is experimentally demonstrated. Objects whose shape
changes with the wavelength of the fllumination beam are used. Separate
high-pass matched filters, each one recorded with a different wavelength,
are successively employed to perform the recognition of a polychromatic

signal without ambiguity. Resuits of numerical simulation are also pre-
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1 Introduction

In the last few years, there has been a growing interest in
exploiting the color content of objects in pattern recognition
processes. Conventional image recognition takes into ac-
count only the monochromatic information of the objects.
As in human perception, color information should further
increase discrimination sensitivity.

Matched filtering is a powerful technique in pattern rec-
ognition because the desired object can be identified in a
scene without scanning. Since the VanderLugt matched fil-
ter was introduced,’ there has been great progress in the
generation of spatial filters, both optical and digital, for
diverse applications in pattern recognition (see. e.g., Ref. 2).
In the area of traditional matched spatial filtering and ..
herent optical correlation, Case” developed a wavelength-
multiplexed filter to provide pseudo color-coded responses
that allow the simultaneous recognition of several achro-
matic objects. This Eimx discusses the secondary cross-
correlation signals that appear when the illuminating wave-
length of the correlator does not coincide with the wave-
length used in the generation of the matched filter.

Paper 23041 received April 28, 1991: revised manuscript received March 5. 1992;
accepted for publication March 6, 1992,
© 1992 Socicty of Photo-Optical Instrumentation Engineers, 00591-3286/92:$2.01).

sented.

Subject terms: polychromatic pattern recognition.
Optical Engineering 31{10} 22231-2238 (October 1992)

Several optical, digital, and hybrid correlation methods
have been proposed to recognize color images. In digital
recognition, Badiqué et al.*> developed a formulation to
comrelate color images. A projection of the polychromatic
images on a color plane is performed before the digital
correlation. The sharpness of the correlation peak can be
optimized by introducing a generalized color plane for the
projection.

In hybrid recognition, matched filters are digitally gen-
erated and placed in an optical correlator. In this field, Gu
et al.® deal with experimental optical implementation of
statistical algorithms for recognition of color patterns. In
the design of the spectral-spatial filter, the calculated dis-
criminant functions are used to synthesize the filter in a
holographic spatial filter recording setup. The statistical pat-
tern recognition is carried out using incoherent optical cor-
relators.

In optical recognition, Yu’ used a coherent optical cor-
retator illuminated by three collinear laser sources of dif-
ferent colors. A grating placed in the input plane encodes
frequency distribution for the three colors, and it is used in
filter synthesis and in color image correlation. The correlator
operates in parallel for the three colors. The filter can be a
spectral-spatial filter matched to different color objects, pro-
viding their simultaneous recognition, Broadband illumi-

OPTICAL ENGINEERING / October 1992 # Vol. 31 No. 10/ 2231
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COLOR PATTERN RECOGNITION BY MULTICHANNEL MATCHED FILTERING

GREEN J

YELLOW

B

RED
]

{a}

Fig. 1 Polychromatic scene: (a) color distribution, (b) green com-
- ponent, and (c) red componemt. The object to be recognized is

number 1.

that produce a corretation maximum in all channels (objects
to be identified as the target) or in only some of them {objects
to be discarded).

3 Experimental Setup and Results

In the optical experiment, we deal with model objects com-
posed of red, yellow, and green zones, like those in the
scene shown in Fig. 1{a). For objects showing such colors.
blue components can be considered negligible so that the
number of channels necessary for recognition is reduced to
two (green and red). Every object was limited by a 4-mm-
side square aperture. The scene was composed of four such
objects with a separation of 8 mm between their centers. In
Fig. I, the object to be recognized is placed at the upper
left comer of the scene (object 1},

The objects are made using gelatine color filters, juxta-
posing the different color zones. With these objects. we try
to optically simulate color pattern recognition using color
slides, but with more selective spectral transmittances. We
have selected three color gelatine filters whose transmission

1LOF — s
GREEN |
® ]
-
e g
U
b=
Sz osf -
c2
Zz
by
-4
[d
0oL Q
350 450 550 650 750
WAVELENGTH (am)
{a)
1.0 : -
Y ELLOW .
& B ]
-
¥
w
Fll
&3 05 T _
E w2
Zz
-
-4
=
ool . N

350 450 550 650 750
WAVELENGTH (nm)

(b)

RED

0.5 —

INTENSITY
TRANSMITTANCE

0.0 .

E

g
350 450 550 650 750
WAVELENGTH (om)

(c)

Fig. 2 Intensity transmittances of Kodak Wratten filters used for the
generation of the mode! objects: (a) green, (b) yellow, and (c) red.

curves are given in Fig. 2. The amplitude transmittance
values of the selected color filters for green (A =514 am)
and red (A2 =633 nm) wavelengths are given in Table 1.
The color gelatine filters chosen provide a good definition
of the color components of the objects. The red filter pre-
sents a high transmittance for the red wavelength and a very
low transmittance for the green wavelength, and vice versa
for the green filter. The yellow filter presents aimost the
same transmittance for the red and green wavelength. With
this scene, we ensure the critical conditions under which
we had planned to test the muitichannel correlation process.
As we can see from the green and the red components of
the scene (Figs. 1(b) and 1(c), respectively], objects 1 and
3 have similar green components and objects | and 2 have

OPTICAL ENGINEERING / October 1992 / Vol. 31 No. 10 / 2233
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COLOR PATTERN RECCGNITION BY MULTICHANNEL MATCHED FILTERING

(a)

(b}

Fig. 3 Intensity of the correlation with a CMF between the scene and the object to be recognized
obtained by numerical simutation: {a) green channel and {b) red channel.

ta)

(b}

Fig. 4 Intensity of the correlation with a POF between the scene and the object to be recognized
oblained by numerical simulation: (a) green channel and (b} red channel.

Finally, we completed this experiment by obtaining the
cross-correlations in cach channel to determine their mag-
nitude and the ability of the system to separate them from
the direct correlations without overlap, which is important
when using multiplexed matched filters. Figures 8(a) through

8(d) show these correlations for the green channel when the
filter matched to the red component is used, whereas Figs.
8(e) through 8(h) show the corresponding cross-correlations
for the red channel, In all cases, they are much lower than
the respective direct correlations. In our case, the parameters

OFTICAL ENGINEERING / October 1992 / Vol 31 No. 16 / 2235
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COLOR PATTERN RECOGNITION BY MULTICHANNEL MATCHED FILTERING

{a) (b}

th

Fig. 8 Experimental cross-correlations between the scene and the
pattern to be recognized: (a) 1o (d) shaw the results for the green
channel when the fiiter matched to the red component is used and
(e} to (h) show the results for the red channel when the filter matched
to the green component is used.

The detection of a color object contained in a pelychro-
matic scene has been experimentally performed with high-
pass CMF. The identification was obtained from the suc-
cessive direct correlations in the output plane. From the
correlation peaks detected in both channels, the object was
identified in the scene without false alarms,

In our experimental conditions, it is possible t0 use a
multiplexed filter in the correlator to obtain direct and non-
significant cross-correlations simultaneously without over-
lap.

Acknowledgments

We would like to thank H. Iturriaga and her research group
for technical assistance in the measurement of the spectral
transmission of the gelatine filters. The authors acknowledge
the financial support of DGICYT (Direccién General de
Investigacion Cientifica ¥ Técnica, Ministerio de Educacion
y Ciencia (Project PB87-0779}. One of the authors (M.S.M.)
thanks the CIRIT (Comissié Interdepartamental de Recerca
i Innovaci6 Tecnologica de 12 Generalitat de Catalunya) for
partial financial help to develop this work during 1990.

References

1. A VanderLugt, **Signal detection by complex spatial filtering."” JEEE
Trans. Inf. Theory TT-10, 139—145 (1964),

2. 5. P. Almeida and G. Indebetouw, *Pattern recognition via complex
spatial filtering,” in Application of Optical Fourier Transforms. H.
Strk, Ed.. pp. 41-87, Academic Press, Inc., Orlando (1982).

3. 8. K. Case. "“Pattern recognition with wavelength-muliiplexed fil-
ters,” Appl. Opi. 18(12), 18901894 (1979)

4. E. Badiqué, Y. Komiya, N. Ohyama, 1. Tsujiuchi, and T. Honda,
““Color image correlation,”” Opt. Commun. 61(3), 181~186 (1987).

5. E. Badiqué, Y. Komiya, N, Ohyama, T. Hoada, and J. Tsujiuchi,
“Use of color image correlation in the retrieval of gastric surface
topography by endoscopic stereopair matehing,” Appl. Opr. 27(5),
941-948 (1988).

6. Z. Gu, S, Lee and Y. Fainman. ““Suatistical recognition of color
imvages.” Appl. Opr. 26(15), 3145-3152 (1987),

7. F. T. 8. Yu, “Color intage recognition by spectral-spatial matched
filtering," Opr. Eng. 23(7), 690-695 (1984).

& F.T.S. Yuand F. K. Hsu. ""Complex signal detection with broad
spectral band processing,” Appl. Opr. 24(14), 2135-2139 (1985).

9. B Javidiand F. T. §. Yu, “*Performance of a noisy phase-onty matched
filter in a broad spectral band optical correlator,” Appl. Opi. 25(8),
13541358 (1986).

10. B. Javidi and F. T. §. Yu, "“Real-time image recognition by partially
coherent light,” Appl. Op1. 25(14), 2365-2371 (1986).

I'T. B. Javidi, C. Kue. Y. F. Chen, and J. E. Ludman, **Color object
identification by monochromatic binary comelatton.” Appl. Opi. 27(5).
949-953 (1988).

12. M. §. Millan. }. Campos, C. Ferreira, and M. ). Yzuel, “*Recognition
of polychromatic test by multi-channel correlation filtering,”" Proc.
SPIE 1134, 126-133 (1989).

13. M. S. Milldn, j. Campos. C. Ferreira. and M. J. Yzuel, **Matched
filter and phase orly filter perfemmance in color image recognition,”
Opt. Commun. 73(4), 277 284 {198,

t4. M. S. Miltan, M. 1. Yzuel, J. Campos, and C, Ferreira, **Ditfferent
strategies in optical recognition of polychromatic images,” Appl. Opi.
31014). 2560-2567 (1992).

I5. R. A. Binns, A. Dickinson, and B. M. Watrasicwicz, *“Methods of
increasing discrimination in optical fitering."* Appl. Opr. 7(7), 1047105
(1968).

16. K. Chalasinska-Macukow and T. Nitka, *‘Phase only filter as matched
spatial filter with enhanced discrimination capability,” Opr. Commun.
64, 224-228 (1987).

17. M. 8. 1. Valera and F. Kvasnik. *The use of bleached holographic
filters in optical pattern recognition,” J. Phys. D 21, SIS7-S190
{1988).

Carlos Ferreira received MS and PhD de-
grees in physics from the University of val-
encia (Spain) in 1969 and 1972, respec-
tively. Since 1969 he has been a member
of the Optics Department at the University
of Valencia, where he is now a full profes-
sor. Until 1980, he worked on physiological
optics. Since then, he has devoted time to
proidems of opticai processing. He has ac-
F? complished research stays at the Institute
i S of Geophysics of the University of Warsaw
(Poland), studying the application of anamorphic systems to optical
processing, and at Université Laval, (Québee, Canaday), working on
problems related to rotation-invariant pattem recognition. His current
areas of investigation include optical pattern recognition and iinear
and nonlinear processing of images. He is a member of Sociedad
Espafiola de Optica, OSA, and SPIE,

OPTICAL ENGINEERING / October 1892 / Vol. 31 No. 10 # 2237



“suresfiojoy palesauab-1andwos o suesw Aq sia))
j0 spuiy Juareyp Bulubissp pue uomubo
-0 wiaped eondo uo Buplom useq osje
s2Yy 3y Ajjusoay uonezipode pue suones
-leqe Jo aduanjui ay) yum Buyeap ‘uone
-njeaa Anenb sbewn jo play ayl U paYyIom
SEY 9H 'BUOBIIEY JO ANSISAIUN 841 1B SO1)
-do jo 10ss9j01d USSQ SBY BY 'ZRE| SOUIS
‘9861 ul (uredg) euooaleg Jo As1aAlun
snowouoiny ay je eaibap qQud auyi pue
1861 Ul (uredg) ezobe.ez jo Ausiemun ayi e
aaibap ogW 9yl paurelgo socwesy uenp

Ol ON LE 1OA / ZE6 1 499010 / DNIHIINIONI TvILIO / 8EZL

(001) sondQ 10y
UOISSILILLIOY) [BUCHEWIBIU| U] JO JuapIsad-aoia usaq sey auys ‘0661
1snBny souig A18100g sy Jo wapisaid amA ay) pue Aoog eondo
ysiuedg auyy jo senbluyoa) abew jo sapuwen 8y o uapisaid
ay) st AYS YSO JO BQuBW B S| ays ‘uoiubosas wayed jeaudo w
pax)iom Osje sey ays sieah aaly 188) ay) Buung ‘swajsis aydeiboip
-BJ pue sesswed-ewweb jo Arenb abewn ayy uo pue ‘uonezipode
‘sainuade JenuUe ‘suojeL3gR JO 8JuBnjUl sy ‘sabew onewonp
-Alod ayy uitm Bullesp ‘uonenieas Ajenb ebeun pue Aosy) abeusn
UQHIBIP JO Pl8Y BU) Ul PO)IOM SBy ayS "Buciasleq JO ANSIaAILn
SNOWOoUOINY 8y} 1B J0sSajoid [N} B Usaq SBY 84S £861 9JUIS puR
‘epeURID) pue ezobeiez jo salisialun oyl Je sando jo Jossejoid e
ueag sey ays ‘Asanoadsal ‘9961 pue Zgst Ul (uedsg) ezobesez jo
Ausianun ayy wosy ssaibap Qud PUB IS POUIRIGO [PNZA T BLIRY

"3idS pue eundQ sp BlouBdsSg pEPSISOS 2U) JO Jaquisuw B
s1ayg 'uoipubosal wianed pue ‘Buissanc.d
[eondo yby-anym ‘swalsAs owdioweue
‘Burssanoid ofiew) uo Ajurews payiom sey
ayg "(eunfered jo Anssaaiun [eauyasIAiod)
sondQ Jo |00YoS au) Uy Jossajoad e usaq
SBY aUs ‘¢861 801§ "0661 Ul {uredg) euo)
-80ieg 8P BWOUOINY ANSIaAlUf Byl WOoJ
sosAyd ur aaubap qud 4oy pue ‘Alpagoads
-3/ ‘GBBE Pue 861 ut (uredsg) epusep
10 Ausismun eyl wos sxsAyd w saaibap
SW pue gg Jsy paaladal ue|jiiy 'S BlBN

‘1818 yHI9dd 34



a reprint from Applied Optics

Different strategies in optical

recognition of polychromatic images

Maria S. Millan, Maria J. Yzuel, Juan Campos, and Carlos Ferreira

We treat two different problems in the recognition of polychromatic images: (1) recognition of an object
with a given shape and color combination; {2) recognition of an object regardless of its color combination.
To solve each problem we propose different strategies. The number of fil*ers and the objects to which the
filters are matched vary with the strategy. Phase-only filters have been used to achieve recognition of both
problems. Computer results are given for different targets and scenes to show the behavier of the

proposed strategies.

Key words:  Optical pattern recognition, color, phase-only filters.

l. iIntroduction

Coherent optical pattern recognition based on the
correlation technique generally uses only cne wave-
length for matched filter recording and in the correla-
tor. For a color object it gives information about the
shape and the transmission of the object for this
wavelength. Other techniques that provide informa-
tion not only about the shape but also about the color
of the objects increase the discrimination capability of
the method because there are real objects that differ
only in their color distribution.

Warde et al.! proposed a spectral and spatially
matched filtering methed in real time. The use of
white light in optical processing has been deseribed by
Yu,? and the principles of processing with partially
coherent light are described in Ref. 3. In Ref, 4 Yu
described a technique that applies to an optical
coherent correlator illuminated by polychromatic
light. Three collinear coherent sources (red, green,
and blue) were used. A diffraction grating was placed
on the transparency. In the Fourier plane the fre-
quency distributions for each of the three colors
appear separately.,
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with the Departamento de Fisica, Universidad Autonoma de
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The use of a magneto-optic spatial light modulator
permits the implementation of the above techniques
in real time.® The system uses a multichannel spec-
trally matched spatial filter in a binary coherent
optical correlator. Input color images are trans-
formed into coherent binary color-coded images by a
color grating.

The statistical recognition of images consists of the
identification and classification of the ohjects. Gu et
al.® presented a filter design with information about
tho shape and color fur statistival recoghition ot color
images. In the filter generation they consider a trans-

“form that extracts the feature of a class and passes

from observation space to decision space with mini-
mum error. The correlator uses incoherent illumina-
tion, and the color information is decomposed into
three channels, red, green, and blue. The results
show that the classification power of the algorithm
increases when the filter contains information on
shape and color instead of information on shape only.

Badiqué et al. have proposed a formulation for
digital color image correlation.”® A three-dimen-
sional vector color image is transformed into a two-
dimensional vector image by projection onto a color
plane. In Refs. 8 and 9 they found an optimum
generalized color plane to carry out the correlation
operation. With this formulation they obtained a
spatial-spectral recognition filter with more discrimi-
nation capability than the filter obtained from the
intensity distribution. In Ref. 10 they proposed a
complex synthetic discriminant filter to obtain rota-
tion-invariant and scale-invariant recognition.

In two previous papers!.12 we proposed a method
based on multichannel correlation to recognize poly-
chromatic objects according to the shape and the color
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represented as

Gadag /A S, yai M) = |Gyl / A, ¥3/ A
X explidn xa/ A f v/ A1 (3)

The CMF contains G,;*, The POF G,.;F is defined as
G\ g/ M yal M) = expl—iduitxs /NS, ya /M f)] (4)

and is obtained by setting the modulus |G, | in the
CMF equal to unity.

We deal with objects that consist of a color alphanu-
meric character on a square background of a different
color (see, for example, Fig. 2). This type of ohject
represents a more general type of polychromatic
image that maintains its shape even when the illumi-
nating wavelength changes.

Our interest is focused matinly on two problems: (1)
the recognition of an object as a whole, composed of a
given character and a given character-background
color combination; (2) the recognition of the charac-
ter shape regardless of the character-background
color combination of the object.

To solve the first problem the filters are matched to
the color components of the object to be recognized as
proposed in Refs. 11 and 12, where gv = 0. In this
way the filters contain both shape and color informa-
tion. The object is recognized v-hen there is a coingi-
dence of intensity maxima at the same point for all
the channels; CMF’s and POF’s are used.

To solve the second problem we use two filters in
each channel. One of the filters is matched to the
character on a dark background c(x;, y,), and the
other is matched to a dark character on a bright
background b(x,, ¥1). With the signals c(x,, y,) and
blx,, y;) we seek to detect the character shape in the
color components that present good contrast between
the character sought and the background.

The transmittance of each object in the scene for a

RED GREEN YELLOW
Fig. 2. Test 1.
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given wavelength A; may be represented by
Ouilxy, 1) = eyelay, yp) + B;blxy, ), (5)

where «; and B; are the amplitude transmittance
factors of the character and the square background.
Since the character and the background colors are
different, the contrast between them is high in at
least one channel. For this problem we use a POF
because of the properties of these filters that make
them more suitable for the detection of edges. If the
character transmission is much higher than the
background («, = B;) (direct contrast}) we obtain a
maximum in the correlation with the filter matched
to clxy, y,). If the transmission of the hackground is
much higher than the character transmission
(B; > «;) (inverse contrast) a maximum in the corre-
lation with the filter matched to b(xy, ;) appears. The
presence of the character in the scene is detected by
the existence of a maximum in any of these correla-
tions.

lll. Recognition of the Shape and the Color
Combination

In Ref. 12 we have already given some previous
results for the recognition of polychromatic objects
according to the shape and the color content of the
target. One ohject to be recognized was an alphanu-
meric character on a square of a different color. It was
compared with objects that contain the same charac-
ter and different color combinations, POF’s were
capable of discriminating the target whereas CMF's
could not avoid the false alarmsg.

In this section we present the results obtained by
computer simulation in order to complete our study
about the recognition of a polychromatic object with a
given character and a given character~background
color combination, We check the CMF and POF
performances when some circumstances make recog-
nition difficult. :

(1}  Objects with low character-background con-
trast in some of their color components, This is due to
the presence of a color that provides high transmit-
tance in several channels (e.g., vellow),

(2) The area and therefore the energy of the
character are much smaller than those of a square
background. For example, we next consider as a
target an ohject with the letter X, whose character—
background area ratio is 1:4.4 (this ratio is 1:2 for the
objects with the letter E considered in Ref. 12),

We examine these adverse conditions in two situa-
tions:;

(A) the scene contains ohjects with different char-
acters and diverse color combinations (test 1 in Fig.
2);

(B} the scene containg objects with the same
character and all the possible combinations with the
selected colors (test 2in F ig. 3).
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Fig. 5. Correlation intensity with a POF for the recognition of
chject 1 in test 1 (Fig. 2): {a) GC; (b) RC.

similar to or even higher than the autocorrelation
peak. This is true of the correlations for objects 2 and
4 in the GC and for objects 2 and 3 in the RC. These
results are accounted for because the objects that
compose the scene have not normalized the energy of
their color components, as might be expected in real
polychromatic images.

In the GC the yellow background of object 2 shows
high transmittance and provides an important cross
correlation with the green letter A of the target. In
the RC the red component of object 2 even contains
the component of the target. Since the objects that
obtain a correlation peak in both the GC and the RC
are identified with the target, an ambiguity in the

2564 APPLIED OPTICS / Vol. 31, No. 14 / 10 May 1992

detection arises between objects 1 and 2. On the other
hand, the great difference in shape between letters A
and V gives rise to a low cross correlation in the GC,
permitting us to discriminate between objects 1 and
3, despite having the same character—background
coler combination.

In Fig. 4 it is also observed that the correlation
maxima in the RC reach much higher intensities than
those in the GC. This is because in the EC tle
components of the target (object 1), objects 2 and 3,
correspond basically to their square background, and
the area of this sector (and consequently its energy) is
at least twice as large as the area of the character in
all the objects considered.

To increase the recognition capability of the sys-
tem, POF’s have been introduced. Figures 5(a) and
5(b} show the results obtained with these filters in the
GC and the RC, respectively. Table IT contains the
values of the correiation peaks. When these results
are compared with those obtained with a CMF (Figs.
4 and 5 and Table II), a substantial decrease in the
correlation relative values of the objects distinet from
the target is observed. This is due to the great
sensitivity of the POF to the edges of the target, that
is, to its high frequency content, whereas the informa-
tion on the background, which belongs to low fre-
quency content, is not enhanced by the POF. Thus, by
using a POF, only object 1 attains the maximum
value of the correlation intensity in both channels
simultaneously and, therefore, it is recognized with-
out ambiguity.

In test 2 (Fig. 3), objects with the same character
and all the six possible character—background color
combinations with red, yellow, and green are consid-
ered. Object 1 is the target. We chose this object
because of the high transmittance of its square
background under green and red illumination. This
fact creates an additional problem for recognition

-because this high transmittancecauses-alow charac-

ter—background contrast in one of the color compo-
nents of the object (green), which is an adverse
condition for the identification of the target.

When CMF’s are used to recognize object 1 in test
2, some ambiguity arises between objects 1 and 5 even
after the operator aAND is applied. These results are
not given in this paper in order to keep it short. Table
IiI presents the correlation results when POF’s are
used. The peak value depends not only on the charac-
ter shape but also on the square background. The
correlation gives a peak if both the contrast at the

Table lll. Values of the Correlation Paaks Obtained whesn & POF was
used to Recognize Object 1 in Test 2 (Fig. 3)

Intensity Correlation Values

Channel Object 1 Object 2 Object 3 Object 4 Object 5 Object 6

Green 21 13 2 24 31 2.8
Red 50 4.1 38 3.2 20 10

Peak values that exceed the threshold value in each row are
holdfaced.
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Table V. Values of the Correlation Peaks Corresponding to the Recognition of the Letter E in Test 1 (Fig. 2)

Intensity Correlation Values

Signal Threshold
Channel Contrast Value Ohbject 1 Object 2 Object 3 Object 4
Green Direct Vep = 10 3.6 6.5 1.8 4.3
Red Direct Vep = 11 5 5.5 7.1 4.4
Green Inverse Vo = 16.5 1.3 32 1.3 81
Red Inverse Vi = 18 12 17 15 1.2

POF’s matched to the letter E with direct and inverse contrast ar

¢ used in each channel. The threshold values of Tabie [V are considered

here. The subscripts GD, RD, GI, and RI represent green direct, red direct, green inverse, and red inverse, respectively,

that is similar to one of the signals introduced above.
Thus, in the corresponding channel, it obtains a high
correlation peak that permits us to detect the charac-
ter in the object. To achieve this, we establish a
threshoid of 0.5 of the maximum correlation peak for
each channel and for each filter. These threshold
values are listed in Table IV. The correlation peaks
that exceed the corresponding threshold are en-
hanced in Table IV. To determine the presence of the
character the logical operator OR is applied to the
peaks of each object in the test. If an object gives one
or more correlation peaks that exceed the correspond-
ing threshold value, this means that the object con-
tains the character. If an object does not give any
correlation peaks high enough to reach the corre-
sponding threshold value, this means that the charac-
ter sought is not contained in the object. Following
these criteria, the letter F is recognized in all the
objects of test 3, independent of their character—
background color combination, as expected.

In the following we consider the recognition of the
letter E in test 1 (Fig. 2), in which the objects have
different characters. The filters used in this case are
the same as those used for test 3. The values of the
correlation peaks are listed in Table V. The threshold
values are the same (Vp, Vip, Var, and Vi, in Table
IV) as those determined in the previous case for test
3, where all six possible color combinations for objects
with the letter E were studied. The values of the
peaks that exceed the corresponding thresholds are
also enhanced. After the logical operator oR is applied,
we conclude that only object 2 contains the letter E.
In the RC, when the filter is matched to the signal
with inverse contrast, the correlation peaks for ob-
Jects 1, 2, and 3 reflect the contribution of the square
background of their red components whose external
contrast is similar to the signal. Nevertheless, the

difference in the inner character-background con-
trast between these objects and the signal means tha,
their correlation peaks do not exceed the threshold
value.

Finally, we have applied this procedure to the
recognition of the letter X in test 2 (Fig. 3) indepen-
dent of the color combination of the object. The letter
X has a different symmetry from the letter E, and it
occupies an area approximately half of the area
occupied by the letter E in these objects. For recogni-
tion of the letter X we also use four signals in a
brocess similar to that followed for test 3 but with the
letter X. Table VI contains the values of the correla-
tion peaks. A threshold of 0.5 of the maximum peak in
each channel and for each filter is established. The
peaks that exceed the corresponding threshold value
are enhanced in the table. After the logical operator
OR is applied, the letter X is recognized in al] the
objects contained in test 2.

From Table VI it can be seen that not all four filters
are necessary to achieve the recognition of the letter
X. For example, with the information provided by the
filters matched to the letter with direct contrast it
would be possible to achieve recognition. There are
more differences between the edges of the letter X and
those of the square than in the case of.the letter E.
This feature of the objects leads to the Teésgnition of
the letter X in less stringent conditions. On the other
hand, the decrease of the relative character—back-
ground area for the objects with the letter X has not
handicapped the detection of this letter.

V. Conclusions

We have studied two problems of recognition of
polychromatic images composed by two sectors (a
character surrounded by a square background with
different colors): (1) the recognition of an object with

Table V. Values of the Correlation Peaks OO:dmuo.._&:n to the Recognition of the Letter X in Test 2 {Fig. 3)

Intensity Correlation Values

Signal Threshold
Channel Contrast Object 1 Object 2 Object 3 Object 4 Object 5 Object 6 Value
Green Direct 2.7 28 1.7 8.7 10 15.3 7.7
Red Direct 9.4 16.3 6.7 11.7 3.6 3.7 8.2
Green Inverse 17 7.3 4.5 34.9 45.8 6.4 23
Red Inverse 514 4.5 39.4 2.7 199 9.8 25.5

POF’s matched tc the letter X with direct and inverse contrast are used in each channel. The values that exceed the threshold value in

each row are holdfaced.
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A method for rotation invariant pattern recognition of polychromatic objects is studied. The recogaition of poiychromatic
objects is obtained by using a multichannel techmque. The method is based in the oblention of three correlations for three colour
channels (red, green and blue). The rotation invariance is achieved by using circular harmonic filters in each channel.

1. Introduction

In the last few years, devices for pattern recogni-
tion have becormne more and more important in hu-
man activities. Matched filtering is a powerful tech-
nique in pattern recognition because the object to be
detected can be identified in a scene without scan-
ning. Since the introduction of the Vander Lught
matched spatial filter [ 1], there has been great prog-
ress in the generation of such filters for diverse ap-
plications in pattern recognition problems (see e.g.
ref. [2]). Nevertheless, it cannot detect targets with
orientations different from that to which the filter
was malched. This is known as the rotation problem,
which should be solved in order to achieve better
recognition systems. Besides unknown locations and
any orientation, the targets to be detected may pres-
ent different sizes in the input image. The recogni-
tion systems are often required to be shift, rotation
and scale invariant systems and consideravle cffort
has been made in this direction.

The classical maiched spatial filter {CMF) sys-
tems are shift invariant but they are in general very
sensitive to rotation of the target to be detected. As
an average, because it s a function of the shape and
characteristics of the object, the angular tolerance can
be estimated about 8°—12° with spherical optics sys-

tems [3] and about 3°-4° for anamorphic systems
[47.

Circular harmonic expansion of two-dimensional
complex functions has proven to be a very useful tool
for the design and experimental realization of rota-
tion-invariant filters [5,6]). Good practical results
may be ¢ btained provided that the choice of the har-
monic order (number of the term of the expansion }
and the polar coordinate origin taken are both op-
timized [7,8]. ‘

In two recent papers [9, 10] we proposed a multi-
channel correlation process to detect coloured ob-
Jects, and we studied its discrimination capability
with two types of model objects: one type in which
the colour distribution inside a square is the feature
which discriminates the object. Another type was an
alphanumeric character on a square of a different
colour. It was compared in a scene which contained
the same character on a square with different char-
acter-square colour combinations. The method is
based on the obtention of three correlations for three
colour channels. The combination of the results pro-
vided by the three channeis allows the recognition of
the coloured target without ambiguity. Nevertheless,
we showed that for the second type of object a CMF
does not provide enough discrimination capability,
whereas the use of phase-only filters (POF) pro-

0030-4018/92/305.00 © 1992 Elsevier Science Publishers B.V. All rights reserved. 425
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put does not change when the target to be detected
is rotated. This definition led to the circular har-
monic filter (CMF).

An object A(r,, 8,), given in polar coordinates, can
be expressed into its circular harmonic expansion

ML 6)= Y ho(ry) explimd,) | (3)

M=~

where

Jon(ry=(1/25) [ hiry, 8,) exp(=imo, ) dé,
(8]

(4)

is the CH of order m. The same object, when it is
rotated an angle «, can be cxpressed as

}AWH, %~ +va

+ao

= 3 }s?yvmxn:Svaxof_EmL. {5)
Let us suppose that the CMF is matched to the sin-
gle  harmonic component  of order m,
ko, (r)) exp(im#,) and in the input plane of a cor
relator we put the rotated object A(r,, 8, + ) given
by eq. (5). In the output plane of the correlator we
have a 2D correlation function. In what follows we
will refer to the value at the origin of that function
as center correlation {5]. Then, if we denote the cen-
ter.correlation by C(w), at the origin of the output
plane we have a complex amplitude valye given by

Col@)=2mexp(~ima) [ (e i2an. ()
[b]

Equation (6) shows that the intensity is indepen-
dent of the angle of rotation, &, providing a full ro-
tation invariance in the sense previously defined. It
1s very interesting to compare the performance of fil-
ters matched to different circular harmonic com-
ponents, to select the order m that provides the best
practical results.

Due to the fact that now we use partially matched
filters, we obtain the rotation invariance but at the
same time we have a decrease and an enlargement of
the peak correlation intensity. So, in practice the
center correlation value could be indistinguishable
from the value of the correlation function at any other

OPTICS COMMUNICATIONS
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point. When a circular harmonic expansion center
verifies that the center correlation is the absolute
maximum of the correlation function, then the ex-
pansion center is called a proper center [5]). At the
beginning, the proper center was found through an
iterating method [5.6]. A more appropriate method
was later proposed based on the direct calculation of
the energy of the CH component for each point of
the object [7]. This is the method used here.

3. Computer simulations
3.1 Description of the scenes

In this section, computer simulations of the pro-
posed recognition procedure are presented. For the
sake of simplicity, the objects we deal with present
red, yellow and green zones; only two channels (red
and green) are thus needed in this case to achieve
recognition and, without losing generality, the
method is easier to check, Moreover, we used the two
types of object we previously refered to: in objects
type A the colour distribution inside a square is the
feature which discriminates the object (fig. 1). The
objects type B are composed by alphanumeric char-
acters on a square of a different colour (fig. 2).

Table 1 shows the amplitude transmittance values
of the red; veliow and green wosmw_irm#.ﬁrﬁ\ are il-
luminated by the selected wavelengths: 1, =514 nm
(green line from argon laser) for the green channel,

el 7
B i u

-
\\ "

D Yellow @ Red @ Green

Fig. 1. Colour distribution of a polychromatic scene composed of
objects of the first type. The object to be recogrnized is number |.
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Yolume 91, number 5.6

Fig. 3. Intensity of the correlation with a CHC MF between the
scene of fig. 1 and the object to be recognized. (a) Green chan-
nel, {b) red channel.

Table 2

Values of the correlation peaks for first type objects, obrained
with a fourth order CHC MF. Peak values exceeding the thresh-
oid value (0.7 of the maximum in each celomn} are enhanced.

Object Correlation intensity
Red channel Green channel
! 44.2 283
2 40.0 19.7
3 15.5 25.2
4 44.3 283

relation values are shown in table 2, The filters were
matched to the CHC of fourth order in both channels,

From the results of table 2, it can be seen that, as
expected, a false alarm is produced for object 3 in the

OPTICS COMMUNICATIONS
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green channel, bringing a correlation value similar to
that of objects | and 4. The secondary peaks and si-
delobes can be rejected taking a threshold of 70%.

In a similar way, in the red channel object 2 may
be confused with objects | and 4. The same as before
a 70% threshold takes out every other peak or si-
delobe. From these results it is clear that there is no
way to distinguish the target from the information of
one single channel.

Once the correlations for both channels are com-
puted the method for detecting the target is to com-
bine the information from both channels. We sup-
pose that a peak is connected with a target if, after
thresholding, the peak is common to red and green
channels. This is equivalent to performing an “AND”
logical operation between the peaks on both chan-
nels. Using a 70% threshold we obtain the recogni-
tion of objects | and 4 of the input image.

As mentioned early the POF enhances the per-
formance of the filter, by providing better discrim-
ination and higher correlation peaks. We have tested
it in the case of the CHC fiiter for colour objects in
fig. 1. The correlation on both channels is depicted
in fig. 4, and the numerical values of the correlation
peaks in table 3.

The numerical value in table 3 show that the ab-
solute values of the peaks are higher than those ob-
tained with CHC filters, due to the greater efficiency
of POF. The correiation peaks are sharper-than with
CHC filters, but wider than those fora classical
matched filter due to the greater size of the impulse
response.

We see that the ambiguity between objects | and
3 in the green channel and between objects | and 2
in the red channel remains, it still being impossible
to discriminate by working in a single channel. Now
60% threshold is enough {o isolate the valuable peaks.

Using the same procedure as in the case of clas-
sical CHC filter, that is, by employing the infor-
mation provided by the two channels, we obtain the
recognition of objects 1 and 4.

If we compare with previous results [9] we can
conclude that the CHC filter behaves in a similar way
to the CMF, being able to detect a coloured object
in a polychromatic scene with slightly lower level of
discrimination, particularly if we compare the re-
sults obtamed with POF. But, as it is a filter matched
to a CHC, it provides a full rotation invariant colour
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Yolume 91, number 5,6

red character 2 on a green background. Table 6 shows
these results with a CHC MF. Each object 1s desig-
nated after the character name followed by the col-
our of the character and the colour of the square. As
we see from these results it is not as easy as in the
former case to distinguish the target mainly due to
the existence of objects with correlation values higher
than that of the target.

If we have no a priori knowledge of the scene, we
should impose a threshold, in principle the same for
both channels. The threshold should be relative to
the maximum value on the correlation scen¢, which
is no longer the peak due to the target, because of the
lack of normalization. In this case a valuable thresh-
old should be between 0.68 and 0.55 of maximum in
each channel. A greater threshold would not detect
the target and a smaller one wouid give false alarm.
The range of limits is very narrow, especially if the
scene is unknown. In a real optical experiment due
to the coherent noise it could be difficult to find the
optical threshold. Fortunately this situation may be
greatly improved by the use of POF,

Note that for CHC filter the whole energy of an
object is not as important as in the case of CMF, be-
cause of the existence of negative zones on both real

Table 6

Values of the correlation peaks obiained with a scene composed
of second type objects. Two very similar patterns are also com-
pared (either number 2 or letter Z on a square). The asterisk
denotes the pattern 10 be recognized. The filter was matched 10
the fourth order CHC of this pattern. Peak values exceeding the
threshold value (0.6 of the maximum in each column) are
enhanced.
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and 1maginary parts of the impulse response. They
have, in fact zero mean, so a uniform zone of the
scene would give a zero value correlation, regardiess
of the value of the uniform ares. For a CMF, dis-
crimination of this type of object would be impos-
sible (see ref. [71), one of the reasons is because the
transmittance of the uniform yellow square is much
higher than that of the target on both channels, As
a major drawback the intensity of the sidelobes, rel-
ative to peak value is increased, bringing a more noisy
correlation.

Although the CHC filter has only partial infor-
mation about the object to be detected, its discrim-
ination ability can be greater than with the filter
matched to the whole object. This can be seen by
comparing the results obtained in ref, [6] for objects
type B, using a CMF, with those corresponding to
the same colour combination (table 6), with the
character 2, when using a filter matched to the fourth
order of the CH expansion. In the last case, with a
threshold of 60% we detect the target without false
alarms, which is not the case with CMF.,

In table 7, the correlation intensity values for the
CHC POF are given. Under the same assumptions
ast with the CHC MF, the useful threshold range if

Table 7
Values of the correlation peaks obtained with a scene composed

‘of second type objects. Two very similar patterns are also com-

pared (either number 2 or letter Z on a square), The asterisk
denotes the pattern to be recognized. A, POF was matched to the
fourth order CHC of this pattern. Peak values exceeding the
threshold value (0.5 of the maximum in each column) are
enhanced.

Object Correlation intensity Object Correlation intensity
Red channel Green channel Red channel Green channel

2RG* 91.6 320.0 2RG* 758 2812
ZRY 59.2 426.8 2RY 324 3752
2GR 102.0 58.3 2GR 589 643
2GY 135.0 165.0 2GY 762 1193
2YR 58.4 77.0 YR 321 860
Y6 1198 112.0 2YG 998 739
ZRG 74.0 236.0 ZRG 331 1557
ZRY 58.7 3150 ZRY 323 2074
ZGR 66.9 455 ZGR 450 416
ZGY 86.2 151.0 ZGY 586 1005
ZYR 58.5 60.6 ZYR 289 580
IYG 96.9 123.0 ZYG 446 824
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