Multichannel single-output
color pattern recognition by

use of a joint-transform correlator

Meir Deutsch, Javier Garcia, and David Mendlovic

A novel method for performing color image recognition by the use of the coherent joint-transform
correlator is introduced. The input plane of the proposed method is a spatial rearrangement of the

separation into color channels of both the color input scene and the color target.

This input plane is gray

scaled and monochromatic, thus it can be displayed by the use of amplitude spatial light modulators to
achieve real-time operation. The system provides a single output-plane result of the optical coherent

addition of the separate channels’ correlation outputs.

At the output plane no electronic postprocessing

is needed, and the detection decision is achieved simply by the application of threshold detection.
Experimental results and computer simulations are presented to demonstrate the abilities of this system.
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1. Introduction

One of the main trends in optics has been that con-
cerning pattern recognition as a result of the ability of
an optical system to perform a correlation in real
time. However, most of the optical implementa-
tions, based either on the 4-f VanderLugt (VL) corre-
lator! or on the joint-transform correlator (JTC),23
deal with monochromatic images. In real images
the color information is sometimes a fundamental
component for image analysis.

The inclusion of color information in an optical-
correlator scheme has become increasingly impor-
tant, especially because of the wide spread of
electronic image-acquisition devices (such as color
CCD cameras). These devices typically capture a
color image by grabbing several color channels [typ-
ically red, green, and blue (RGB) channels] simulta-
neously, either by the use of bandpass filters on the
detector or by the use of different detectors for each
band. This process converts a color image into a set
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of intensity-information images, representing a few
separate color channels defined by the transmittance
of the color image for a set of predefined wavelengths.
Although the three RGB color channels are satisfac-
tory for the human color-perception system, other
applications such as remote sensing may require ex-
tra channels, usually infrared channels.

The concept of separation into color channels led to
the development of multichannel optical color
pattern-recognition systems. The multichannel
methods perform the correlation process in parallel
for all the color channels that compose the image by
the utilization of coherent optical correlators that are
illuminated simultaneously with a few coherent
sources, each having a different wavelength. The
output plane consists of a set of superimposed corre-
lation distributions, one for every channel and each
with a different wavelength, that must be analyzed
independently and composed together to render the
detection decision.

The multichannel method was implemented both
for the VL correlator and the JTC by the spatial
separation of the spectra of each color channel in the
Fourier plane with a dispersive element located at
the input plane.4+7 A different implementation
method for the VL correlator that uses a single
matched filter was also introduced.8® The mul-
tichannel approach can also be implemented by the
use of time-multiplexing the different color channels
(instead of the above-mentioned wavelength multi-
plexing) in a monochromatic coherent correlator.10-11



This way, by time-integrating the output plane, we
obtain a single correlation distribution directly.

A single correlation output can also be obtained by
the representation of the color image by the use of
only a single information channel (instead of the
usual three channels). This method encodes the
color image as a phase-only distribution for a VL
correlator or JTC.1213 Hence the system and the
output analysis are simplified at the expense of the
preprocessing necessary to obtain the color-phase en-
coding of the input plane.

In this paper we propose a novel method for color
pattern recognition that is based on the classical JTC
architecture. In this method the color image is sep-
arated into the RGB color channels and displayed on
a single, monochromatic, input plane, resulting in a
single correlation output. The input plane is gray
scaled; thus, real-time operation is possible with the
use of spatial light modulators. The detection deci-
sion is achieved simply by the application of a thresh-
old in the output plane, without any electronic
postprocessing. Section 2 contains a description of
the principles of multiple-input-object JTC’s, and this
forms the basis for the proposed method, which de-
scribed in Section 3. Sections 4 and 5 provide the
computer simulations and experimental results, re-
spectively.

2. Multiple-Input-Object Joint-Transform Correlator

The VL correlator, which involves complex spatial-
filter synthesis, is in principle not suitable for real-
time operation owing to the presence of a matched
filter. Moreover, it requires a relatively accurate
alignment of the spatial filter, resulting in a nonro-
bust system. On the other hand, the JTC has be-
come popular in recent years owing to the possibility
of real-time implementation!4.15 and its overall sim-
plicity. The original JTC configuration23 is used to
perform a correlation between only two input
objects—an input scene and a target, placed side by
side in the input plane. However, to better utilize
the large space—bandwidth product of the JTC input
plane and to use the parallel nature of optics, many
researches have proposed a JTC setup capable of per-
forming several elementary correlations simulta-
neously.

The general JTC case involves an input plane com-
posed of multiple input scenes and multiple targets.
Usually, researchers have concentrated on the prob-
lem of an input plane containing a single input scene
and multiple targets,6-18 although the case of mul-
tiple input scenes and a single target has also been
investigated.’® Both cases require that the cross
correlations at the output plane between every input
scene and every target will be distinct and will not
overlap with each other or with other correlation
terms (autocorrelation terms and cross correlations
between any pair of either input scenes or targets).
This requirement will not be fulfilled unless the input
scenes are placed sufficiently far from the targets.

Let us consider a general case of an arrangement of
N objects (either input scenes or targets) at the input

plane of a JTC. The input plane p(x, y) is repre-
sented by

N
px,y) = > fulx — ag, y — by), (1)
K=1

where (ag, bg) is the position of the object fx(x, y) at
the input plane. The intensity distribution I(§, n) at
the joint-spectrum plane is
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where the asterisk denotes the complex conjugate.
Fr(&, m) is the Fourier transform of the object /% and
(¢, m) are the spatial-frequency coordinates at the
joint-spectrum plane. After the second Fourier
transform, the field distribution at the output plane
O(x', y') is given by

N
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where the correlation Cg; between the objects fx and
f; is defined as

Crsx',y") = J.J. frlx, y) fr*(x —x',y —y)dxdy. (4)

In Eq. (3), the first term on the right-hand side is
the sum of all the autocorrelation distributions of the
input objects; it appears at the center of the output
plane. The second term represents the cross corre-
lations between any pair of input objects. These
cross-correlation distributions appear in the output
plane at locations that depend on the distances, at the
input plane, between the objects participating in each
cross-correlation term. Hence, depending on the ar-
rangement of the objects at the input plane, overlap-
ping of the cross-correlation distributions at the
output plane may occur. Note that the output plane
is symmetric with respect to the main axes origin
because the joint-spectrum plane, after the square-
law conversion, is real, i.e.,

O(x',y") = O(=x", —y"). 6))

The previous work on multiple-input-object JTC’s16
mentioned above uses input-object arrangements
that generate the desired cross-correlation terms as
separate and nonoverlapping distributions. In Sec-
tion 3 we use the concept of multiple-input-object
JTC’s from a different point of view, utilizing the
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Fig. 1. Arrangement of the input plane for the multichannel,
single-output color JTC.

overlap of the cross-correlation terms to achieve color
pattern recognition.

3. Multichannel Single-Output Color Joint-Transform
Correlator

We propose to utilize the multiple-input-object JTC
configuration together with the multichannel color-
separation principles to provide real-time color pat-
tern recognition. Color pattern recognition involves
the detection of multiple input scenes and multiple
targets (one scene—target pair for each color channel
involved). It could be possible to find an arrange-
ment of objects at the input plane that would lead to
the spatial separation of the cross correlations ob-
tained for every scene—target color channel. How-
ever, we assume that a superposition of the
correlations for every color channel is a more useful
approach. To achieve that, we arrange the objects in
the input plane as shown in Fig. 1. This input plane
is monochromatic and consists of six gray-scale ob-
jects. The three objects in the left side of the input
plane are the three RGB color channels (fz, fg, and
5, respectively) of the color input scene. The corre-
sponding RGB color channels (¢,, t,, and ¢, re-
spectively) of the color target are placed in the right-
hand side of the input plane. Hence the input plane
can be expressed as

P(x,y) = tr(x — QoY — b()) + tg(x - aO’y)
+ ty(x — ag, y + bo) + fr(x + ag,y — by)
+ folx + ag, y) + fa(x + ag, y + by). (6)

The output plane of the JTC is shown in Fig. 2. It
is the graphic representation of the terms of Eq. (3)
with N = 6. There exist at the output plane 36
correlation terms grouped in 15 correlation locations,
each location consisting of the coherent addition of a
few overlapping cross-correlation terms. The out-
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Fig. 2. Locations of the correlation terms at the output plane.
Capital letters in a correlation term refer to the color channels of
the input scene; lowercase letters represent those of the target.

put plane is seen to be symmetric with respect to the
main axes origin, as expected from Eq. (5). The sep-
aration between the objects at the input plane is nec-
essary for achieving an output plane as shown in Fig.
2 (i.e., without overlap between any correlation loca-
tions). Thus we require

S.,=D,, S,=D,, (7
where S, is the horizontal separation between the
input-scene color channels and the target color chan-
nels and S, is the vertical separation between the
color channels of the input scene. The terms (d,, d,)
and (D,, D,) are the vertical and horizontal sizes of
the color target and the color input scene, respec-
tively (see Fig. 1). We assume that the size of the
input scene is larger than or equal to the size of the
target.

The correlation locations that are of interest for the
proposed method are the areas around (—2a,, 0) and
(2a,, 0), and they represent the coherent addition of
the three cross-correlation terms between the corre-
sponding RGB color channels of the target and the
input scene. The correlation location around (—2a,,
0) has a field distribution of the form

CrR+CgG+CbB:tr®fR+tg®fG+tb®fB’ (8)

where the symbol (®) denotes correlation. The sub-
scripted letters of the correlation terms denote the
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Fig. 3. Setup for a real-time, multichannel, single-output color JTC.

objects participating in the correlation term: Cap-
ital letters refer to the color channels of the input
scene, whereas lowercase letters stand for the color
channels of the target. The expression in Eq. (8) is
used, directly after the application of a threshold, as
the decision function for detection of the color target
in the color input scene. We obtained, optically, the
composition of the cross-correlation distributions for
all three RGB color channels into a single output
function; hence no postprocessing in the output plane
is needed. The detector at the output plane located
around (—2a,, 0) detects the intensity of the field
distribution in Eq. (8), resulting in an intensity dis-
tribution expressed by

’CrR + CgG + CbB|2 = |CrR|2 + |C’gG|2
+|Col* + 2C,2C + 2C,6Co5 + 2C,5Chp.  (9)

The correlation performance of this intensity dis-
tribution is superior when compared with that of the
addition of intensities used in other multichannel
methods. The last three terms in Eq. (9) are multi-
plication terms that enhance the peak value and de-
crease the sidelobes, hence resulting in a sharper
correlation peak. This optical composition de-
creases the probability of false alarms and, as the
computer simulations show, can produce detection
even in cases for which the composition of color-
channel intensities fails.

An experimental setup that is capable of perform-
ing this multichannel, single-output color JTC oper-
ation in real time is shown in Fig. 3. This setup is
the conventional JTC configuration with a liquid-
crystal light valve (LCLV) at the joint-spectrum
plane. The readout beam of the LCLV is propor-
tional to the intensity of the joint spectrum. The
input plane is an amplitude-only liquid-crystal tele-
vision (LCTV) displaying, as a gray scale, the RGB
color channels for both the color input scene and the
color target. The optically composed correlation dis-
tribution is achieved at the output plane around the
+1 and —1 diffraction orders on the X’ axis.

4. Computer Simulations

We simulated a JTC setup that utilizes the mul-
tichannel, single-output method proposed in this pa-
per. The color input scene was a scanned version of

a postal stamp (see issue cover) of size 140 X 100
pixels and having 164 different colors. This stamp
shows three different butterflies (different in both
shape and color) camouflaged in color clutter. The
color target was the upper butterfly, which has a size
of approximately 40 X 50 pixels. The gray-scale rep-
resentations of the RGB color channels for the input
scene and the target (shown in Fig. 4) were arranged
in a 512 X 512 pixel input plane, according to Eq. (6).
The separation between the objects in the input plane
was determined according to condition (7). How-
ever, because of the periodic nature of the discrete
Fourier transform, it was also necessary to ensure
adequate borders in the input plane to prevent over-
lap between the correlations in the borders of the
output-plane matrix.

To demonstrate the gain obtained by the optical
addition of several color channels we performed sim-
ulations for the proposed method by using all three
RGB color channels (input plane composed of six ob-
jects). Inaddition, simulations were performed with
the use of only two color channels (either RG, GB, or
RB, with an input plane composed of four objects) and
with only a single color channel (either R, G, or B,
with an input plane composed of two objects). In all
seven cases (see the left-hand column of Table 1), the
region of interest (size, 180 X 150 pixels) at the out-
put plane was located around (—2a,, 0). The results
of the computer simulations are given in the right-
hand column of Table 1. The results listed in Table
1 give the minimum threshold value (in percent) at
the output plane for which the only visible area in the
region of interest is the true correlation peak. The
cases for which the true correlation peak was lower
than for other pixels in the region of interest were
denoted as cases of impossible detection.

Figure 5 shows a three-dimensional plot of the re-
gion of interest at the output plane for the proposed
method (see first row of Table 1). It can be seen that
the correlation peak is quite distinctive and sharp, in
spite of the clutter noise. Table 1 shows that detec-
tion based on only a single color channel is impossible
for the R or G channel as a result of the dominant
color clutter in these two channels, and it is barely
possible for the B channel. As we add more color
channels to the input plane, the detection capability
is improved. When either one of these two low-
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Fig. 4. Gray-scale representations of the separation into the RGB color channels for the input scene and the target, respectively:

(a) and

(d) show the red (R) channel; (b) and (e) show the green (G) channel; (c) and (f) show the blue (B) channel.

performance color channels is added to the B channel
(producing the RB or GB case), the minimum
detection-threshold value is lowered, and detection is
possible. The case combining both the R and G color
channels (RG case) still does not produce detection,
although the false-alarm peak value is lowered, and
detection is nearly possible. When both the R and G
color channels are added to the B channel, detection
is possible, and the minimum detection-threshold
value is lowered less than 40%.

Table 1. Correlation-Simulation Results for the Seven Combinations of
Color Channels: Minimum Detection-Threshold Values Applied in the
Region of Interest at the Output Plane

Color Channels Used at Minimum Detection

the Output Plane Threshold
RGB 38%
Detection impossible
44%
60%

Detection impossible
Detection impossible
87%
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Fig. 5. Computer-simulation results for the input scene and tar-
get of Fig. 4 showing a three-dimensional plot of the region of
interest at the output plane for the proposed method.



Fig. 6. Experimental results showing the intensity distribution at output plane of the JTC for the input scene and target of Fig. 4. The

region of interest is marked with a rectangle.

For comparison, we simulated the conventional
multichannel pattern-recognition systems (on the ba-
sis of digital manipulation of the correlation intensi-
ties of every color channel) using the same color scene
and target. By using a decision algorithm that as-
sumes a true target detection only if a correlation
peak appears simultaneously in all three (R, G, and
B) channels,2° one can produce true detection by ap-
plying a threshold value (assuming the same thresh-
old value in all three channels) ranging from 31% to
65%. Lower threshold values will produce false
alarms, whereas higher threshold values will not de-
tect the target. A different type of decision algo-
rithm2® based on thresholding the sum of the
correlation intensities for every color channel can
produce true detection only for threshold values
higher than 74%. Thus, both of the above-
mentioned conventional multichannel methods
provide a smaller and more limited range of
detection-threshold values compared with the pro-
posed method.

5. Experimental Results

The proposed multichannel, single-output color JTC
method was tested experimentally by the use of the
same input scene and target that were used for the
computer simulations. The gray-scale input plane
containing six objects (the RGB case from Table 1)
was displayed on a computer VGA screen and photo-
graphed with 35-mm film and a camera. The final
size of the input plane on the film was 25 mm X 15
mm.

The intensity of the output plane of the JTC is
shown in Fig. 6, in which we can observe, besides the
strong dc value, the cross-correlation terms around
the +1 and —1 diffraction orders along the X’ and Y’
axes. The region of interest, marked with a rectan-

gle in Fig. 6, from which we get the optically com-
posed correlation distribution is located around the
—1 diffraction order on the X’ axis. This correlation
distribution has an extremely sharp and distinct
peak at the location of the upper butterfly, as ex-
pected from the computer simulations. As Fig. 6
shows, the correlation location around the +1 diffrac-
tion order on the X' axis is symmetric with the
marked region of interest, with respect to the main
axes origin. Figure 7 demonstrates the sharpness of
the correlation peak by showing an intensity profile of
the output plane along a line connecting the two cor-
relation peaks and passing through the main axes
origin. The experimental results show lower clutter
noise and a sharper correlation peak than do the
computer-simulation results as a result of the hard-
clipped square-law-conversion process that increased
the contrast of the joint-spectrum plane.2!

6. Conclusions

A novel approach for performing color pattern recog-
nition that uses the JTC configuration has been pre-
sented. This method produces a single correlation
output, as opposed to the output of conventional mul-
tichannel configurations for color pattern recognition.
Thus, no digital postprocessing in the output plane is
needed. This method can easily be implemented in
real time by the use of a low-cost amplitude LCTV to
display the gray-scale input plane. A conventional
monochromatic JTC configuration is used to imple-
ment this method, resulting in a compact, simple, and
low-cost optical system.

The necessary separation into color channels (for
instance, RGB) is usually generated from commer-
cially available color CCD cameras. These cameras
can be connected to the input LCTV directly, with
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some spatial rearrangement of the different color
channels (see Fig. 1).

The detection decision can be directly generated by
an intensity detector located around the horizontal
+1 or —1 diffraction orders at the output plane and
performing only a threshold operation. The correla-
tion performance of the proposed correlator is supe-
rior to other multichannel configurations while
presenting greater simplicity in both the setup and
the detection decision. Cross talk between the RGB
color channels is not expected in this JTC system.
However, cross talk may occur if the RGB color sep-
aration is not ideal.

Computer simulations show explicitly that the per-
formance of the proposed method improves by the
employment of more color channels in the input
plane. This method was demonstrated by the use of
the RGB color-channel separation, but it may be
adapted to any multichannel separation. Further
investigation with a similar system is underway for
recognizing color-distorted objects by the analysis of
more cross-correlation locations in the output plane
(see Fig. 2).
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