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ABSTRACT

In this paper, an coherent optical correlator system based on the off-axis projection synthetic
discriminant funtion (OA-pSDF) was analyzed and implemented optically. The filter was synthe-
sized by combining conventional pSDF with single reference plane wave multiplexing.

Synthesized pSDF were transformed to binary phase only filters{BPOFs) and fabricated as com-
puter generated holograms(CGHs), which was used in the real time optical correlator system in-
stead of using expensive spatial light modulators(SLMs).

From the characteristic test, it was found that OA-pSDF showed distortion invariance and good
performances in discrminating subset images.

The proposed OA pSDF BPOF could overcome the limitations of conventional BPOFs : that is
distortion variance such as acale and rotation, especially out of plane variance.
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1 . introduction

Optical correlators are well known to be power
ful systems and architectures that can recognize
multiple occurrences of object in the presence of
noise by the nature of high speed and parallel pro
cessing. Optical systems using holographic mat
ched spatial filters easily perform the correlation
function.

The basic Vander Lugt correlator ! cmploys a
matched filter in the frequency plane, However,
the performance of a correlator rapidly degrades
as distortions are present in the input image. The
synthetic discriminant function filter © and its
variations' *1' have advanced in decades of vears
to improve the performance of filters.

But the conventional projection synthetic dis
criminant function(pSDF) has some limitations to
be used in optical correlator: i.e., since the con
ventional pSDF discriminates patterns in inter
class discrimination or intraclass recognition prob
lem by the relative correlation peak values or
their combinations, if the classes to be classified
increase, the number of filters also increases, so
the physical filter dimension becomes larger or
correlation peak level must ve divided into smal
ler sub-levels which may make an ambiguous dic
ision,

To solve these hmitations, an off-axis pSDF
(OA-pSDF)!>¢ which is constructed by combin
ing conventional pSDF with angular multiplexing
is suggested and implemented optically.

To improve optical efficiency of filters, de
scribed filter is fabricated as binary phase only fil
ter (BPOF)!7 . and from which computer generat
ed hologram(CGH)-#"! is constructed to he used

m the real time optical carrelator,
II. Off-Axis pSDF

1. Unified pSDF Formulation

In most cases, pSDF synthesis contains inverse
matrix operation. Pseudoinverse algorithm can be
introduced to solve this problem efficiently * .

1434

let a training image be denoted by X! where
1=12,..... K is the image class, K is the total
number of classes, j==1.2,...., M, is the image sam-
ple, and M. is the total number of training images
m the its class, x}”ls a column vector of lengeh N
obtained by lexicographically scanning the train
ing set images. All training images are columnwise
ordered n a
‘N by Z M. matrix W i ie.,

-1

W *'{x,‘“-wxm‘l', eyt e e (D)

In pSDF problem, the pseudoinverse method
seeks a i K by N linear transformation matrix S,
such that the ith row vector of 8§ will map all the
sample training images into the ith row vector in
a K dimensional decision space,

That 18,
S-W=U (2)

where W is the training image data base matrix
expressed by a IN by KM, and U 1s a 'K by
KM | orthogonal matrix,

In the lineat equations of Eq.(2) each row vec
tor s of S, has N free variables, and therefore N
tramming images are needed to determine s, umqg-
uely. In the case of "inderdetermined problem whic
h s KM < N the minimum-norm solution of k.

(2) 13 given by
S=UR "WT, (3)

where R is an image correlation matrix for all
the training images, and T denotes the transpose
operation "

The hnear mapping transformation is related to
the mverse of the image correlation matrix K.
The image correlation matrix R1s 4 | KM by KM |
matrix (KM being the rank of R and the number
of hnearly independent training images), there
fore the mnverse natrix £ ! exists.

let row vector of length N be si(i=1.2--K},

Ei (3) can be rewritten as
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Form Eq.(4), it 1s recognized that each s is lin-
ear mapping of each class or pSDF for each class.

2. Angular Multiplexing of pSDF
The Vander Lugt filter of a function f(x,y),
created through conventional holographic techniq-

ues, yields the transmittance function, 1.e.,

Hiup)=A+ [Flup)|?+ A Flueexp i2nloutbe)
+A-Fuviexpl - i2nlautbe) ] (5)

where F(u,r) 1s the Fourter transform of f(x,y),
Aexpl —i2nlau+bv))is the offaxis reference
wave used to create the hologram, and x denotes
complex conyugate of a function.

From Eq.(5), only the fourth term plays an
important role in filter synthesis, and is needed.

In this case, substituting each si(x,y) of Eq.(4)
into f(x,y) of Eq.(5) can result in OA-pSDF: that
1s the desired OA-pSDE J(u,v) 1s described by

J(u,v):i

: [\J]»

ke $si(x,y) lexpli2n{aiw--ba)]]*  (6)

where J(uv)=F {J(x,y) } and ai and bi are the
direction cosines of the ith plane wave carrier.
and & denotes amplitude of ith plane wave carrier
and can be chosen such that the autocorrelation
peaks have the same amplitude. And properly
chosen, correlation peaks for each class can be
separated in the output correlation plane by prop-
erly choosing a; and b;.

fll. Experiments and Discussions

1. Set-up for Experiments

The fundamental set-up for computer simu-
lation and optical verification 1s as shown in Fig. 1

The system in Fig.1 can reduce the system len-
gth by a factor of 2-3 with respect to the conven-

tional 4-f system by introducing concave lens. !

f(x.y) CGH V(xa,¥;)
W) X,
3
) 3
P, L, Le R L3 Ps
A ' 22 ! Za ' Zs !

Fig. 1. Set up for experiments

In this case, the calulated focal length f which
will be determined in designing CGH and may be
unmatched to focal length of the common lenses,
18 1741.37mm, and so the conventional system
with the length of 4-f is 1741.37 X 4=6965.48mm.
But using the suggested system as Fig..1, the fo-
cal length can be varied by combination of con-
cave and convex lens. As a result, the total len-

gth of suggested system i1s 2062.816mm.
2. Computer Simulations

2.1 Characteristics of OA-pSDF BPOF

The conventional BPOF(CBPOF) shows high
output S /N, but has a minor effect that can not
discriminate similar images between subset ones.
For example. as shown in Fig.2 character F is a
subset 1mage of character £, and so CBPOFs can
show very high cross-correlation peak, about
more than 70%; of auto-correlation.

But OA-pBPOF has an improved performance
to compensate this minor effect of CBPOFs. The

input patterns for simulations are composed 16X

(a) Input-E (b) Input-F
Fig. 2. Input patterns ‘E’ and ‘F’

11 pixels.

The computer simulation results are shown in
Fig.3 and Fig.4 for CBPOF, and OA-pSDF BPOF,
respectively.
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To compare performance of filters, a parameter
€ which means that the smaller the value 1s, the

better the performance is, can be defined as

cross correiation value
auto-correlation peak value {

Q,,—

~1

table. 1. Parameter @ of CBPOI" and OA pSDF BPOK

Filter )
CBPOF OA pSDIF
Input
E 0.19 (.25
F 0.71 0.11

INTENSITY(arbitrary units)

Parameter @ indicates that filter with smaller @
value can discriminate subset images more effec
tively.

From Fig. 3, Fig.4 and Table 1. it is noted that
OA pSDE can discriminate between sub pattern
images more efficiently than CBPOF.

Another characternstic of OA pSDE 1s that 1t
can recognize distortion images of original train
g nages.

To show this characteristic, two class problem
15 considered and each class has five trainng

mages, The patterns used and two of correlation

CORRELATION RESPONSE FOR INPUT-E

|

Liiitaaase

PIXEL

(a) Carrelation response for input-E

INTENSITY(arbitrary units)

1
i

a9
1]
a7
0.6
0s
Q4

a3
02

Q1

CORRELATION RESPONSE FOR INPUT-F

PIXEL

{b) Correlation response for input-F

Fig. 3. Computer simulation results for CBPOV
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INTENSITY(arbitrary units)

INTENSITY(arbitrary units)

0.9r- ‘ . PR
asf . . R
0:7- . - . -
0.6r . . .
0_5.. - N - -

o 1

i

.‘

]

PIXEL
(a) Correlation response for input-E

CORRELATION RESPONSE FOR INPUT-F

e — e e - e L

(b) Correlation response for input-F

Fig. 4. Computer simulation results for QA pSDF

BPOF

El E2 E3 E4 E5
(@) Traning images for ciass-A
F1 F2 F3 F4

(b) Training images for class-B

Fig. 5. Traimng images

outputs are shown in Fig.5 and Fig.6

Each one of the input patterns in Fig.5 and
6 1s composed of 16x11 pixels and the locations
of output correlation peaks are(92, 32) for class-A
and (96, 96) for class-B for 128x 128 output corre-
lation plane size.

2.2 Correlation Responses of OA-pSDF BPOF

The input patterns used for computer simula-
tions are composed of 16x 16 pixel images, which
are shown in Fig.7

In Fig.l, input plane, filter plane and corre-
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E6 E7 E8 E9 E10

{a) Distorted mmages for class-A

F6 F7 F8 F9 F10

(b) Distorted images for class-B

CORRELATION RESPONSE FOR E§

09} SO S .- - —_— - o
. a8 - 1
2 i
g o7+ - - 1
z
g 06 ——— - - e
Z
& OSf-- — - e
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9 i} 40 60 80 100 i

PIXEL

(c) Correlation response for E6

CORRELATION RESPONSE FOR E7
Q9p— — 1

a8

a7

s

- |

INTENSITY(arbitrury units)
g

01— - - - e

PIXEL
(d) Correlation response for E7
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CORRELATION RESPONSE FOR F9

09l—— '

INTENSITY(arbitrary units)
=3
‘_

PIXEL

) Correiation response far r'9

CORRELATION RESPONSE FOR F10

IR

a9 : ‘

H i

INTENSITY(arbitrary units)
)
-~

a1 -

i
0 20 40 60 80 100 120

PIXEL
() Correlation response for F10

Fig. 6. Distorted input patterns and correlation outputs

Ad - LT

IMG 11 IMG 13 MG 14 IMG 31 IMG 34
class-B @ @ class-D
IMG 21 MG 3 IMG 24 IMG 41 IMG 42 IMG 43 IMG 44

Fig. 7. training images
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lation plane, each plane consists of 128 %128 pix
els.

The simulation 1s performed for the case of in
ter and intra problems: te. the designed filter
must discriminate input patterns between classes
and recognize mput patterns belonged to any one
class as same class. The correlation peak location
designated are (96,16), (96,48), (96,80), and (96,
112) of correlation plane for class A class B, clas
s-C, and class-D, respectively. If some regions of

output correiation plane are defined as follows;

e.
region A @ 32x32 pixels centered at (90, 16)
region B 1 32Xx32 pixels centered at (90, 18)
region C : 32x 32 pixels centered at (90, 80)

region D 1 32X 32 pixels centered at (90, 112)

discriminant parameter K can be defined as

TR
T (3)

K=

when 7' means maximum correlation peak value
at the designated location in the region which has
the desired peak value, and F means the average
value of correlation peaks which are belonged to
the rest of output plane except the plane contain
ing 7T,

From Eq.(8) it 1s noted that K having value clo
se to 1 shows better recognition capability. Table.
2 shows correlation peak values of each region A,
B, C, D and Table 3 summarizes K parameter,

In optical set-up shown in Fig.1, the focal len

gths of lenses, are 600mm for L, —100mm for

table. 3. K parameter

table. 2. Maximum correlation peak values of region

ACB GO D
\ Region
[riput T A B C D
MG 11 1 01767 1 0.1332 | 0.0662
MG 12 1 01644 | 0.1237 | 0.0683
Cliss A -
IMG 13 1 0.1403 | 0.1045 | 0.0720
IMG 14 1 0.14%4 | 0.1151 | 0.0634
IMG 211 0.1150 1 01357 | 0.0834
| ; IMG 221 0.1156 1 01518 | 0.0548
Class B
PG slonmo] 1 [ oaste | oo
INIG 200 001131 1 01691 | 0,0502
INLG 3 o620 1 01521 i (.0522
MG 321 0.0796 | 01673 1 0.0019
Class C - -
‘lf\rl(. EXTIIRD ORI I ON E Vst 1 0.0093
MG 3L 01612 10,1971 1 0.07%82
IMG 1] 00788 | 0.1130 | 011849 |
IMG 2] 01207 ] 0.0610 ] 0.45988 i
Class D - — —
IMG 3] 0UE75s | OEED | 01527 |
IMG 4] 01051 | 0.0968 | 0.1310 1
concave L., and 550mm for L,, and Z,=534.
456mm,  Z,=190.23mm, Z,=050mm, and Z,-

1652.13mm are obtained. Because of the aber-
ration effects of concave lens such as coma, astig
mation cte., the shorter the length Z, between
lens Li,and filter plane is, the better experimental
The output correlation

results can be obtained.

patterns are obtained using CCD camera,

V. Discussions

The

categories:(])

fell 1in
OA-pSDEF

results  of interest two

characteristics  of

Input Class A Class B
IMG 11 | IMG 22 | IMG 33 | IMG 44 | IMG 21 | IMG 22 | IMG 23 | IMG 24
K 0.8746 0.8812 0.8944 0.8910 (). 8856 0.3926 08904 0.84972
Input Class C Class-D
IMG 31 | IMG 32 | IMG 33 | IMG 34 | ITMG 1] IMG 12 F IMG 43 | IMG 44
K 0.9111 0.8991 0.9044 0.8545 0. 8461 (1,905 0.3136 (). 88490
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BPOF(2) computer simulation and bench test for
OA-pSDF BPOF.

In the of of
OA-pSDF BFOF, two points of view are con-
sidered. One is to test the capability of subset 1m-

simulations characteristics

age discrimination and the other 1s distortion
invariance. From Fig.3, CBPOF shows resonable
correlation peak located at desired position for in-
put pattern ‘E’, but ambiguous correlation output
s for input pattern ‘F’. In the case of character
‘F*, the correlation peak difference between the
position for input "E’ and that for input 'F’, 1s
very small: ie. @ wvalue is (.71, and so CBPOF
may confuse whether the input pattern is charac-
ter ‘E’ or ‘F".

However, as shown in Table 1, OA pSDF
BPOF can reduce the @ value from (.71 to 0.41,
and shows improved performance which results in
eliminating incorrection recongnition. To test dis-
of
chsrscter E for class A and chacter F for class B

tortion invariance, some training images
are used for training,

In Fig.5, there are training images, and dis-
torted images and their correlation respones are
shown in Fig.6 Comparing these results show no
differences in their correlation responses. From

this it is pointed out proposed that OA-pSDF BPOF

INTENSTTY(arbitrary units)

Qa9

Q7

[

a4

0.2
a1

can recognize distorted patterns which do not be-
long to the training images, and has distortion
invariance characteristics.

In the case of OA-pSDF BPOF simulation, as
shown in Fig.8, sharp correlation peak can be
obtained separately at the desired correlation pos-
itions such as location (96,16) of correlation plane
for class-A, location (96, 48) for class-B, location
(96, 80) for class-C, and location (96,112) for clas-
s-D. From Table 3, it 1s seen that large discrim-
inant tactor Ks for each input to be classified are
obtained properly. The value of Ks is close to 0.9
or more in most cases, and 1t 1s found that prop-
osed OA-pSDE BPOF has high discriminant capa-
bility.

In optical expriments, owing to the nature of
the BPOF, unwanted noise terms are appeared at
the opposite side centered at the dc terms as
shown in Fig.10. Comparing simulation results in
Fig.8 with bench test 1in Fig.10, there exist some

differences between them. This seems to be the
effects of nonlinear transformation during binariz-

ation procedure of making BPOF from POF and
approximate phase encoding of CGH rather than
exact "n and ‘0" phase encoding for ‘1" and ‘-1°,
respectively, The phase encoding problem can be
solved 1f SLLM is to be used for real time CGH.

CORRELATION RESPONSE FOR IMG 11

{a) Correlation response for mput IMG 11
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INTENSITY(arbitrary urits)

CORRELATION RESPONSE FOR IMG 21

PIXEL

(b) Correlation response for input IMG 21

INTENSITY(arbitrary units)

CORRELATION RESPONSE FOR IMG 31

PIXEL

(c) Correlation response for input IMG 31

INTENSITY(arbitrary units)

a9
a8
a7

CORRELATION RESPONSE FOR IMG 41

04

a2
a1

Fig. 8. Correlation outputs for input pattern
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V. Conclusions

In this paper, an coherent optical correlator
based on the multiplexed pSDF 1s analyzed and
implermnented. The proposed OA-pSDF is synthes-
ized by combining conventional pSDF with single
reference beam multiplexing. Synthesized pSDFs
in this paper are tranformed to BPOFs and fabric-
ated as Lee type CGH which is frequently used in
the real time optical correlator system instead of
expensive spatial light modulators{SLMs).

The designed OA pSDF BPOF shows distortion

(c) For IMG 13 (d) For IMG 14

(f) For IMG 22 (g) For MG 23 (h) For IMG 24

() For IMG 32 (k) For IMG 33 () For IMG 34

(m) For IMG 41 (n) For IMG 42 (o) For IMG 43 (p) For IMG 44

Fig. 10. Optical correlator outputs of QA pSDE BPOW
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invariance and good performances in discriminat
ing subset images, which are impossible for con
ventional BPOks,

The proposed OA-pSDE BPOEF can overcome
the limitations of conventional pSDFs which dis
criminate patterns by relative correlation peak
values or combinations physical size of the hlter
also increases in proportional to the number of fil
ters to be combined, or very sensitive photodet
ector and threshold device 15 needed to dis
tinguish correlation peaks at their own designated
location 1n the output correlation planc, 1t 1s very
easy and clear to discriminate patterns in the
case of interclass discrimimation, intraclass recog

nition, or mixed problems.
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