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1 Introduction In the topic of distortion-invariant pattern recognition,

With the help of electronic devices, optical correlation for Alam, Chen, and Karirf adopted the distortion-invariant
pattern recognition has many advantages, e.g., program_FAF JTC. However, there is no theoretical guarantee that
mable, real-time, and parallel processing capabilities. Sincethis algorithm will converge to a solution in every case.
the introduction of the holographic matched filter by Recently, Chen and Faﬁg. adopted the technique of
Vander Lugt' techniques, experiments, architectures, and Lagrange multipliers to desugn a reference function th_at can
algorithms have been developed to construct efficient opti- Produce sharp correlation peaks for monochromatic im-
cal correlators for pattern recognition application. Today, 29€S. o
the most common techniques used for optical pattern rec- Besides shapes, colors are fundamental characteristics of
ognition are the Vander Lugt's correlat®/LC) based sys- ~ CONCern in pattern recognition. In most cases, VLCs and
tems that use Fourier domain matched filtering and joint JTCS are implemented to handle monochromatic images. In
transform correlator6JTC$? that use spatial-domain filter-  the real world, most visual signals are actually composed of
ing. Both of these correlators have the property of shift color information, which motivates the development of
invariance that can be used for targets tracking in pattern color pattern recognitioff:” Therefore, the idea of a mul-
recognition. Some advantages of both systems have beerfichannel JTC has been proposéd°To achieve color pat-
investigated in the literature.However, in the Vander tern recognition, Deutsch, Garcia, and Mendi8imtro-
Lugt's setup, one has to consider the accurate alignmentduced a multichannel single-output JTC by the
issue along the optical axis. On the other hand, the JTC rearrangement of objects for all color channels at the input
system arranges the reference and the target side by side eﬁlane. Similar to conventional JTCs, this architecture led to
the input plane, reducing the system alignment require- @an even larger zero-order part formed by six auto-
ment. Nevertheless, in a conventional JTC, the joint trans- correlation terms that resulted in poor detection efficiency.
form power spectrun{JTPS has a large zero-order part, Subsequently, to solve the strong dc term problem, Wu,
which results in lower detection efficiency, particularly Chen, and Farfg introduced an improved multichannel
when applied to the recognition of multiple objects or tar- NOJTC system for color pattern recognition. More re-
gets with background noigeTo improve correlation effi- ~ cently, to obtain better performance in a multichannel
ciency, Javidi and Kudintroduced a binary JTC, with high  single-output JTC, Alam and WAidesigned a color pattern
correlation peak intensity, a high correlation discrimination recognition system where a FAF is utilized. Still, the con-
ratio, and narrow correlation width when compared with vergence issue of the algorithm must be investigated fur-
conventional JTCs. The fringe-adjusted filtdtAF) pro- ther.

posed by Alam and Karifif also provides a solution to In this work, a linearly constrained optimization algo-
improve the efficiency. To eliminate the dc term, some rithm for performing multichannel color pattern recognition
methods have been proposed and demonstrated in thdés proposed by the use of an NOJTC, which has many
literature®1° An algorithm called the JTPS subtraction advantages over other monochromatic or conventional sys-
techniqué! is applicable for the hybrid-optical JTC system. tems. The procedure is shown systematically to obtain the
In this work, a generalized zero-order term removal strat- desired optimized function. Afterward, the system is stud-
egy is proposed. ied with distorted images, noisy images, and various train-
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Fig. 2 Arrangement of the red, green, and blue channels at the
input plane of a multichannel polychromatic NOJTC.

Fig. 1 A multichannel polychromatic NOJTC system.

ing image sets. The proposed correlator has superior dis—o(x Y )=§ ; Conrl X"+ Xm=Xn) .Y+ (Ym=Yn) ],
crimination ability. (1)

_ . wheren,me {R,G,B,r,g,b} is the position subscript of ei-
2 Theoretical Analysis ther the reference imageR( G, B) or the test image

2.1 Multichannel Polychromatic NOJTC System (r. g, b) in the input_, amﬁm.“ represents the correlation
' between any pair of input objects.

The basic architecture of our hybrid-optical NOJ_TC system  Apparently, the distribution of correlation output de-
is based on Yu and Lu's JTC schefhand the multichannel  pends on the locations of objects at the input plane. Let
architecture proposed by Deutsch, Garcia, and Mendlovic. (Xr,YrR) = (Xo0,Yo), (X ,Ya) = (0yo), (Xg,Ya)

The implementation of our hybrid-optical JTC system is =(=X0,Yo), (X ,¥1)=(X0,—Yo), (Xq,Ya)=(0,—Yo), and
shown in Fig. 1. This optoelectronic hybrid system consists (Xo.Ys) = (— X0, ~ o). The output pgian% of the multichan-
of two sztlcc';llc::l)grt n:ogul?tt?]rs{tSLMs) h"f[md tgreet CC? nel JTC is shown in Fig. 3. The subscripts in uppercase and
cameras. ocated at the top right quadrant captures,, o .4se |etters represent the reference and target images,

the color target image and forwards it to a computer for o0 chively Among these cross-correlation terms are some
RGB color channel separation. The computer transfers X .
desired parts in the areas around {@)2and (0;-2y)

grayscale images of RGB color components of both the i . ;
reference and test images to the first SLM. A laser beam ?:rogrngler][sﬁg. 3, which are expected to yield sharp peaks

illuminates the electrically addressed SLM comprising the
joint input images, which is exactly at the front focal plane
of the Fourier lens. Instantaneously, a CCD camera located

at the back focal plane of the first Fourier lens can capture Y

the JTPS. A computer for the subsequent JTPS subtraction Cat Cort
strategy to remove the zero-order term reads the captured Cg Ces Cove Cir
digital information and transfers the processed signal to the i e e i

second SLM for the inverse Fourier transform. Finally, the s
CCD camera at the back focal plane of the second Fourier

. . - - Crg+Cgo+ CygrtCogt
lens can obtain the cross-correlation output with desired .6, GretCes CFF'Ge*Coe  CntCac Bt
peaks only. i

-2):0 ;XO ;w

2.2 Analysis Crg+ Crr+{og+ Cort
The joint input image consists of six grayscale objects: the C“‘_’ C‘?.'j.&.‘_;y C"".\ mf"” C‘j’
upper part contains RGB channels from the synthesized G o ¥ et
reference image, and the lower part involves the corre-

spondmg input test scerieee Flg.. 2 The correlation (.jls' . Fig. 3 Locations of the correlation terms at the output plane. Upper-
tribution at the output plane, which has been described in case subscript letters refer to color channels of the reference func-

detail elsewheré? can be written as tions, and lowercase letters represent those of the target.
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To solve the problem of a strong zero-order peak appear-minimizing the average correlation energy of all training
ing at the output plane, which might make the desired cor- images while keeping the desired correlation peaks at a
relation signal hard to detect, a JTPS subtraction techniquespecified height. Similar techniques can be found in the
is applied. The idea of this strategy is based on the fact thatliterature'3~*°
the JTPS can be stored and calculated individually. The For the sake of simplicity, a compact style notation is
removal procedure is stated as follows: utilized in the following paragraph. Ldt; and h, be the
i'th training image and the reference image wdtpixels at
the input plane; an&,; andH, be the corresponding Fou-
rier transforms, respectively. From the preceding assump-
tion, k actually refers to any of the RGB channels in the

color images. The presumption is that there [dreentered

1. Display the following possible combinations of ref-
erence and input images one by one at the input plane
and store the corresponding power spectra in the
computer. The sets of participating images include

fr.fo.foufrfg fol,  {fr.fe.fah,  {fr.fg. Mo}, training images spanning the investigated distortion-
{frofgh, {frofol {fe.fihs {fe.for {fs.fih invariant feature set. Since the basic correlation property
{fs.fol {frh, {fch {fa} {fi}, {fg}, and{fy}. states thaf ;@ h, andF};H, form a Fourier transform pair,
2. Reshape the desired power spectrum by the correlation peak for each training image can be written
l(a,B)=e(fr.fc fg.f Ty, fo) —&(fr.f . fe) —&(f; .fg.fy) in matrix-vector notation:
~elfr o) ~e(fr o) ~e(fe f)—s(fc,fo) ETA: =[ca(0.0 0.0 ... c(0.0]=P, ()
—&(f.fi)—e(fg.fg) +[e(fr) +e(fe) +e(fp)

whereF, is a matrix withN column vectors in which each
+e(f)+e(fy)+e(fy)]2, ) k

where, for examplez (fg.fe,fg) is the power spec- column vector represents the discrete versiorFgf, Hy
trum due to the presence 6§, f¢, andfg together. denotes the discrete version idf; and Py is the correla-

In fact, Eq.(2) can be shown as tiohrj Eeak rgquirem'?ntd of siﬁﬁ with Cki(o"ol)d as enltries, |

(@, 8)=F (, B)F% (v, B)ex]i )i _ which can be specified as the same to yield equal correla-

(@) =F(aB)Fr(a.Blextiale—X%) 1BV~ Yr] tion peaks in response to all training images.
+Fy(a.B)Fg(a.B)exialxg—Xg) By Parseval's theorem, the average cross-correlation en-

) . ergy function can be described as follows:
+iB(Ye—Yg) ]+ Fu(a.B)Fg(a.p)

Xexfia(Xg—Xy)+18(Ys—Yp)]

+Fr(a.BF] (a.Bexfialx. —xg) +iB(Y: —Yr)] whereA, is a real-valued diagonal matrix whose diagonal

* Co entry is |Fyi(a,B)|%/N. Using the method of Lagrange
*Fe(aB)Fg(aB)exiiat—xe) multipliers, the energy function given in E() while sat-

Ex=HAH} (6)

+iB(Yg—Yo) ]+ Fala.fFE (a,8) isfying the constraints in Eq5) for each channel can be
solved. The solution turns out to be
Xexdia(xy—Xg) +iB(Yr—Ys)], )
whereF, denotes the Fourier transform &f . He=A P (FFA TR P, k=R,G,B, (7)

3. Send the previous power spectrum to the SLM and where the superscript denotes the conjugate transpose.

obtain the correlation output. The inversion ofA, is simple, since it is a diagonal
Finally, the field distribution without a zero-order K pie, 9

term at the output correlation plane will be matrix. Moreover,Fy A *F is of sizeNxN, and its in-
OX' Y )=Cr X +(Xa=%).Y' +(Ya—Y)] version is not complicated. Therefore, the computation of
, , H, is not difficult. The algorithm converges. No iteration is
+CGJX +(XG_Xg)yy +(yG_yg)] needed.
+Ca X' +(Xa—Xo)Y' + (Ya—Yp)] The optimum solution in Eq(7) is a vector representa-

’ tion in the frequency domain. By rearranging the column
+CRX + 06 XR)Y + (¥ —YR)] vectorH, as a square matriid,, the final optimum refer-
+CydX + (g Xa)Y T (Yg—Yo)] ence function in the spatial domain is constructed by
+Coel X' + (% —Xa),Y' +(Yb—Ys)]- (4 he(x,y)=7 YA, B)}, k=R,G,B, (8

In addition, if one can predesign reference functions for \yhere5-1 denotes the inverse Fourier transform.
each channel, the intensity distribution captured by the
CCD camera at the output plane could &#ke functions. L
In pattern recognition, it is quite important to detect the 2-3 Performance Criteria
target with different geometric distortion. A particular fre- For further investigation on performance, some evaluation
guency domain filter' is designed to deal with expected criteria are used. The sharpness of the correlation peak can
distortions and to reduce correlation sidelobes for mono- be measured with the peak-to-correlation end®gE ra-
chromatic images. This concept has been accomplished bytio at the desired area, which is defined as
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Fig. 4 R(top), G(middle), B(bottom) components of four-color im- ) . . )
ages from the original training set, shown in grayscale. Fig. 5 The input scene of a monochromatic NOJTC. The input
scene is 384 384 pixels.

desired k intensit
esifed peax Imenstty (9) tive of possible distorted target imageéthe capacity is

correlation plane energy changed in a later investigatiprTherefore, for each chan-
nel, there are 24 training images to synthesize the associ-
ated reference function. Some examples are shown in Fig.
4. To avoid overlapping the correlation distribution at the
output plane, each target image or reference image in the
input scene consists of 8464 pixels, while the vertical and
horizontal separations are chosen to be 128 and 64 pixels,

Thus, it can be seen that the sharper the correlation pro-
file, the higher the accuracy of target detection. Another
important aspect in pattern recognition is the peak-to-
sidelobe ratia PSR at the desired area, as given by

desired peak intensity

SR= : : ) (10) respectively.
maximum  sidelobe In this optoelectronic system, the optical Fourier trans-
) ) ) form is real time, while the duration of the reference image
In this equation, the sidelober the secondary pegis synthesis and the electronic transfer of JTPS achieved by

plane at points at least two pixels away from the peak lo- the system, the transfer speed of JTPS can be improved by
cation. The PSR diagram further denotes the recognition gesigning a special interface.

possibility of the correlator. Practically, in our study, PSR
values less than 1.5 are considered unrecognizable. 3.1 Result for a Noise-Free Input Image
On the topic of an antinoise performance evaluation, the

; o : : . The target object in this work is chosen to be a color image
signal strength can be specified by the signal-to-noise ratio ; X .
(SNR), which is defined as follow: from a bird, Lady Gould. The synthesized reference image

composed of 24 rotating images from the target is actually
total signal power ;S generated using Eq7). The overall size of the input scene
SNR= : = '2, (12) in each correlator is 384384 pixels. The input image is
total noise power d-o partitioned into two parts: the reference image at the top,
and the test image at the bottom, as seen in Fig. 5. The

wheres; is the amplitude of the signal at pixelo? isthe  correlation output of this system after applying the JTPS
variance of each pixel, andl is the pixel number.

3 Numerical Results ——— desired peaks

For comparison, a multichannel polychromatic JTC and a [ /
multichannel polychromatic NOJTC are studied in the ini-
tial test. In the pattern recognition process, images can be '
affected by various kinds of degradation. Hence, input im-
ages with various degrees of noise are investigated next.
The noise performance of a multichannel polychromatic
NOJTC is compared with those of a FAF NOJTC and a
single-channel monochromatic JTC. Furthermore, the capa-
bility of distortion invariance is studied in the third part of
the simulation. Finally, the values of PCE and PSR with
respect to various numbers of training images to design the
reference function are illustrated.

In the beginning experiment, there are 24 color images fig. 6 The 3-D correlation intensity profile of a monochromatic
in the original training set, which is assumed to be descrip- NOJTC.
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B G R desired

/ / peaks

reference l
images

test
images

Fig. 7 The joint input plane for multichannel polychromatic JTCs. Fig. 9 The 3-D correlation intensity profile of a multichannel poly-
The dimension of the input scene is 384X 384 pixels. chromatic NOJTC. All unwanted terms have been removed.

subtraction procedure should contain two sharp peaks lo- It takes 20 sec to synthesize all three reference functions
: of the multichannel system from 24 color images. The al-
cated, respectively, at areas around(2yo) and (0,3 gorithm converged. In the FAF NOJTC, the correlation per-

(see Fig. 6. : . formance is excellent when the number of training images
The greatest difference between the architectures of the.

single-channel monochromatic JTC and the multichannel ' slmalclj. Howevehr, th‘; relaxation _colnstant IS selgcthed by
polychromatic JTC is the joint input image. They are dif- trial and error. When the constant is largeg., 3 and the
ferent in the number of input plane objects. The joint input NUMPer of training images becomes largeg., 24, the
image of a multichannel polychromatic JTC is composed of SYStem might diverge. As we selected 0.01 as the relaxation
three channels, in the order of red, green, and blue, ar-cONStant it took 40 iteratio(6.6 se¢ to reach a local mini-
ranged from right to left. The upper part of each channel mhum. As morﬁ |ter3t|0ns went on, the system diverged,
includes the reference image, while the lower part contains €N converged, and so on.
the corresponding input sceltgee Fig. 7. From the pre- ) . .
ceding analysis, the regions of interest at the output plane3-2 FResults for Distorted Multiple Images and Noisy
are the areas around (02y,) and (0,3,), as shown in Images
Fig. 8. All peaks in the graph of correlation intensity are The recognition of distorted multiple images and noisy im-
normalized according to the highest peak for the reason ofages is of interest in many applications. The distortion-
observation. However, no appreciable peaks could be foundinvariant characteristics of the three correlatdas FAF
in these areas. In contrast to the flat desired areas, the zeroNOJTC, a single-channel monochromatic NOJTC, and a
order parts are quite strong. According to our numerical multichannel polychromatic NOJT)Gire studied here.
analysis from the output spectra of the multichannel color  Figure 10 depicts the common input image composed of
JTC, the zero-order peak can be about 8816 times higherthree birds. One nontarget bird is located at the bottom left
than the desired ones. The input scene of the multichannelquadrant of the input image with two rotated targets aside.
polychromatic NOJTC is actually the same as in the previ- After optoelectronic processing, all three systems yield ac-
ous one. Still, the regions of interest are the areas aroundceptable result to detect targets and discriminate against
(0,—2y,) and (0,3,), as shown in Fig. 9. With the help of  nontargets. Exactly two sharp peaks for the two systems
a JTPS subtraction technique, peaks other than the desire@Xist at either of the desired areas in the output plane. The
ones are noticeably eliminated. correlation outputs show almost no difference by inspection
and therefore are not shown here. According to the numeri-
cal analysis, the PCE values are 0.0056, 0.0207, and 0.0235
for the FAF, the single-channel, and the multichannel

zero order peak NOJTCs, respectively. The FAF method yields the lowest,
~a. since it assumes that the reference function is a linear com-
| bination of the training images. This is somewhat conve-
| interested

‘l areas

Fig. 10 R (left), G (middle), B (right) components of a test image,
which is composed of three objects for distorted multiple investiga-
Fig. 8 The 3-D correlation intensity profile of a multichannel poly- tions. A nontarget bird is located at the bottom left corner with two
chromatic JTC. rotated targets aside.
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Fig. 11 (a) Normalized correlation peak intensity as a function of the

index of the 24 training images for different correlators. (b) PSR and
(c) PCE as functions of input SNR for different correlators.

L L L
0.2 0.4 0.6

nient in the design determining only weights. However,
it limits the degree of freedom of possible solutions. We
also believe that the correlation energy cannot be effec-
tively suppressed.

The normalized correlation peak intensity with respect
to the 24 training images is shown in Fig.(dl Peak in-

Fig. 12 R (left), G (middle), B (right) components of an input test
scene with background. The target bird is located in the bottom left
quadrant.

multichannel NOJTC. The FAF algorithm fails to maintain
the uniformity of the correlation peak responses.

Moreover, to test the noise performance, some random
noise is added to the input image. Comparison between the
three correlators is analyzed. The amount of input noise is
determined by the SNR value. As the SNR increases, the
amount of noise decreases. PSR and PCE plots are illus-
trated in Figs. 1(b) and 1Xc), respectively. Both plots
show the result for average values more than 100 times that
of random noise sampling. The more sampling times, the
smoother the curve obtained. By recalling the definition of
PSR in Eq.(10), the PSR value should be larger than, say,
1.5 for efficient recognition. It comes out that the part with
SNR smaller than 0.5 is not interested in the FAF method,
since the target cannot be recognized. One can find that the
multichannel color NOJTC is somewhat better than the
monochromatic NOJTC. Due to the reason described, the
part with SNR less than 0.3 in Fig. (@ is not of our
concern. Still, the multichannel polychromatic NOJTC is
better than the monochromatic NOJTC in the interval of
interest.

In addition, another input image with jungle background
and an additional birdnontargex at the right-hand side of
the target is tested, as illustrated in Fig. 12. The forest back-
ground is added independently at the bottom layer of the
test image. It can be seen that the nontarget bird and the
target bird belong to the same species with nearly identical
color spots. The corresponding 3-D correlation profiles of
the two correlators are plotted respectively in Figs(al3
and 13b). The sidelobes are larger due to the increasing
background signal energy. However, all desired correlation
peaks appear in recognizable shapes. According to the nu-
merical analysis, the multichannel polychromatic NOJTC
exceeds the monochromatic NOJTC in PCE value by 18%
and PSR value by 37% in this case. The FAF performace is
the least.

3.3 Effect for Increasing the Number of Training Set
Images

The more training images used in the procedure to produce
the reference image, the greater the recognition capacity of
the system will be. However, expanding the training images
results in the magnification of sidelobes. To clarify the be-
havior of the monochromatic and multichannel NOJTCs,
the PCE and PSR diagrams are plotted. Figure 14 illustrates
the PCE as a function of the number of training images to
synthesize the reference function for the two cases. On the
other hand, the plot of PSR is shown in Fig. 15. The results
are obtained by generating the reference images from 10 to
360 training images at an increment of 10 images and test-

tensities are the same for the single-channel JTC and theing it on the same image investigated in Sec. 3.1. As the
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desired

/ peaks
/

a———  desired peaks

(b)

Fig. 13 The 3-D correlation intensity profile of Fig. 12 with (a) a
multichannel polychromatic NOJTC and (b) a single-channel mono-

chromatic NOJTC.

number of training images increases, the number of con-

multi-channel polychromatic NOJTC
monochromatic NOJTC

t ¢

L L : L .
0 50 100 150 200 250 300 350
Number of training images

Fig. 15 PSR as a function of the number of training images for two
different correlators.

tested training images than the monochromatic NOJTC.
However, more studies have to be investigated to confirm
this point.

3.4 Rearrangement of Input Scene

Without the zero-order part at the output plane, color pat-
tern recognition with an NOJTC could be easier and the
system could be smaller when compared with the conven-
tional multichannel JTC setup, since the arrangement of
input objects could be closer. This is illustrated as follows.
The rearranged joint input scene is shown in Fig(al6
while the output is shown in Fig. 18). The sizes of the
two figures are both 192192 pixels. As a result, after

straint equations increases. The ratios decrease due to the

increase of the correlation output energy.

Both the PCE and PSR ratios are about 25% better than
the monochromatic NOJTC for the target being tested.
These figures show that the multichannel single output
NOJTC vyields better discrimination performance on the

0.3 T T T T T T

-o- multi-channel polychromatic NOJTC
-

028r monochromatic NOJTC

0.2+

§D‘15 -

(] 50 100 150 20 2% 300
Number of training images

Fig. 14 PCE as a function of the number of training images for two

different correlators.
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Fig. 16 (a) Arearranged joint input scene, and (b) the output plane.
The dimension of the input scene is 192X 192 pixels.
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adopting the JTPS subtraction technique, both the input and
output planes can be smaller as compared to Figs. 7 and 8.

4 Conclusion 9.

In this study, a multichannel color pattern recognition

method using an NOJTC is presented. Theoretically, the 10.

system improves the performance of a JTC in terms of
better pixel utilization(compared with conventional multi-
channel JTCy distortion invariance, higher detection effi-
ciency, and better noise tolerance ability. Furthermore, to
evaluate the performance of recognition capabilibe nor-
malized correlation peak intensjtyPCE and PSR have
been used as metrics in our study.

Like most optical correlators, our system offers the ca- 15.

pability of real-time processing. We have used the SLMs.

One advantage of this equipment is the programming abil- ;¢

ity. By connecting to a computer, we are able to change the
information displayed at the SLMs in an efficient way. In
other words, motion target recognition is applicable in our
system.

The proposed method has been demonstrated by the usés-

of RGB color channels, but it can be modified to adapt

more channels. Since the increase in channels yields betteno.

performance in our study, the application of additional ther-

mal or infrared channels may be a good subject for further 5q

investigation. In addition, by suppressing the zero-order

part at the output plane, color pattern recognition with an 21-

NOJTC could be easier and the system could be smaller

when compared with the conventional multichannel JTC, 22.

since the arrangement of input objects could be closer. Nev-

ertheless, the implementation of multichannel input images 23,

still involves the requirement of a larger SLM and costs
more than the single-channel JTC. The improvement on
PCE and PSR ratios for the multichannel color NOJTC
system, however, differs from case to case. So far, the value
varies from 5 to 40% in our considerable simulations. We
believe that the result is general, but more analytical evi-
dences in mathematics are necessary to confirm this point.
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