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Sze -Keung Kwong, George A. Rakuljic, Victor Leyva and Amnon Yariv

Department of Applied Physics, California Institute of Technology
Pasadena, California 91125

Abstract

Real -time 'exclusive or' operation obtained with an interferometer using a self -pumped
phase conjugate mirror is reported. Also, results of image subtraction, intensity inver-
sion and image differentiation are shown. Methods of extending the operation to higher
order differentiation and of obtaining the Laplacian are discussed.

Introduction

In recent years photorefractive crystals have been used to perform various real -time
image processing operations. For example, real -time convolution and correlation,) edge
enhancement,2 image subtraction,3 differentiation,4 divisions and inversion6 have been
demonstrated. In this paper we report a new method to obtain real -time 'exclusive or'
operation and image differentiation based on an interferometer using a phase conjugate
reflector.

Image subtraction and 'exclusive or' operation

Fig. 1 illustrates the system for 'exclusive or' operation. A wave with amplitude Ein
was divided by beam splitter BS1 whose reflection and transmission coefficients are equal
to r and t respectively. Without making any assumptions, let r' and t' be the amplitude
reflection and transmission coefficients for wave incident from the opposite side of the
beamspli-tter. Each of the two waves then passed through a transparency with amplitude
transmittance T1 for beam 1 and T2 for beam 2. The two beams are then reflected by a self -
pumped phase conjugate mirror (SPPCM) with phase conjugate reflectivities RI and R2 for
beam 1 and beam 2 respectively. (RI and R2 are, in general, not the same.) The phase con-
jugated beams recombine interferometrically at beam splitter BSI to form an output field
intensity Lout at detector DI given by

Iout

, * 2 * 2

r t Rd T1I + tr R2I T21
z

Iin

2

where Iin
lEinl

From Stokes' principle of the time reversibility of light

(1)

* *
rt + r t = 0 (2)

so that
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2 *
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If_ the two phase conjugate mirrors are identical, i.e. RI = R2 = R, then

Iout 1T112 - IT2I2

« IT112 IT212

2 *
r tR

2
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(4)
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where represents the Boolean 'exclusive or' operation. Similarly, the field intensity I'
measured by detector D2 is

1T1I2 + Ir12(IT212 - ITII2)
2

1RI2I
in (6)

We note that the Ir phase shift between the complex fields of the two images, which is the
key element of the 'exclusive or' operation, is introduced naturally by the time reversi-
bility of light. This is an essential difference between this method and other methods3 in
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Introduction

In recent years photorefractive crystals have been used to perform various real-time 
image processing operations. For example, real-time convolution and correlation, 1 edge 
enhancement, 2 image subtraction, 3 differentiation, 4 division 5 and inversion 6 have been 
demonstrated. In this paper we report a new method to obtain real-time 'exclusive or' 
operation and image differentiation based on an interferometer using a phase conjugate 
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Image subtraction and 'exclusive or* operation

Fig. 1 illustrates the system for 'exclusive or' operation. A wave with amplitude E-j_ n 
was divided by beam splitter BSi whose reflection and transmission coefficients are equal 
to r and t respectively. Without making any assumptions, let r' and t' be the amplitude 
reflection and transmission coefficients for wave incident from the opposite side of the 
beamsplitter. Each of the two waves then passed through a transparency with amplitude 
transmittance T : for beam 1 and T 2 for beam 2. The two beams are then reflected by a self- 
pumped phase conjugate mirror (SPPCM) with phase conjugate reflectivities RI and R 2 for 
beam 1 and beam 2 respectively. (Ri and R 2 are, in general, not the same.) The phase con 
jugated beams recombine interferometrically at beam splitter BSi to form an output field 
intensity lout a"^ detector DI given by
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where l. n = |E. n |

From Stokes 1 principle of the time reversibility of light

r t + r t = 0 (2)

so that 
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If the two phase conjugate mirrors are identical, i.e. RI = R 2 = R, then

out - |T 2 r tR I.
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|Ti| 2 © |T 2 | 2 (5)

where © represents the Boolean 'exclusive or 1 operation. Similarly, the field intensity I 1 
measured by detector D 2 is

2 + Ir| 2 (|T 2 Ti| 2 ) (6)

We note that the TT phase shift between the complex fields of the two images, which is the 
key element of the 'exclusive or 1 operation, is introduced naturally by the time reversi 
bility of light. This is an essential difference between this method and other methods 3 in
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which the Tr phase shift was artificially provided by a piezo- electric mirror or an electro-

optical modulator. This device is only sensitive to intensity differences of the two trans-
parencies or the optical path lengths of the two arms.

Crystal

Figure 1. Experimental arrangement to demonstrate the exclusive or operation

In the experiment a single TEM00 mode Argon laser beam (5145A, 50mW) was expanded and
split into two beams by 50% beam splitter BS1. Each beam was then passed through separate
transparencies T1 and T2. A lens L (F -30 cm) was used to focus the two expanded beams which
were adjusted to overlap completely inside the poled BaTiO3 crystal. The crystal was then
aligned to form a self -pumped phase conjugate mirror by setting the angles between the
beams and the crystal C -axis to 91 =50° and 02 =40 °. The two image bearing beams were phase
conjugated simultaneously with no cross talk.8 The magnitude of the phase conjugate reflec-
tivities of beam 1 and beam 2 were approximately the same and equal to 25 %. The phases of
complex phase conjugate reflection coefficients of the two beams are also the same. Since
the SPPCM regards the combination of the two input beams as a single complex input wave, and
due to the beams' overlap i -n the crystal they are both reflected from the same set of grat-
ings. Another method for obtaining phase locking between the two phase conjugate beams is
described in Ref. 9, in which a self induced oscillation locks the relative phase between
the two phase conjugate beams. The phase conjugate reflected image bearing beams were then
combined interferometrically at beam splitter BS1. The two transparencies and the detectors
were placed close to the beam splitters to reduce diffraction aberration.

The transparencies T1 and T2 used in the experiment are pictures of a semicolon and a
colon respectively. The phase conjugate images of these two transparencies are shown in
Figures 2a and 2b respectively. Figure 2c is the image detected by DI, which represents the
'exclusive or' operation (or, in this case, image subtraction) between the two ima es,
ITII201 T2I2. Figure 2d is the image recorded by Dz, which represents LIT112 +1r12 (IT22- ITII2)I2

and is proportional to the sum of intensities, IIT1I2 +1T2I2I2, when 1r12 =.5. Slight edge
enhancement effects2 were also observed in these figures which are probably due to large
object beam intensities as compared to the weaker pump beam intensities. These results are
independent of the optical path lengths of either beam between the BSI and the crystal.

The response time of the self -pumped phase conjugate mirror obeyed approximately the re-
lation T _ 10 /I s where I is the total intensity of the interaction beams in mW /mm .
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Figure 1. Experimental arrangement to demonstrate the exclusive or operation

In the experiment a single TEM 0 o mode Argon laser beam (5145A, 50mW) was expanded and 
split into two beams by 50% beam splitter BS i . Each beam was then passed through separate 
transparencies TI and T2. A lens L (F-30 cm) was used to focus the two expanded beams which 
were adjusted to overlap completely inside the poled BaTiOs crystal. The crystal was then 
aligned to form a self-pumped phase conjugate mirror 7 by setting the angles between the 
beams and the crystal C-axis to 9i=50° and 0 2 =40°. The two image bearing beams were phase 
conjugated simultaneously with no cross talk. 8 The magnitude of the phase conjugate reflec 
tivities of beam 1 and beam 2 were approximately the same and equal to 25%. The phases of 
complex phase conjugate reflection coefficients of the two beams are also the same. Since 
the SPPCM regards the combination of the two input beams as a single complex input wave, and 
due to the beams' overlap i-n the crystal they are both reflected from the same set of grat 
ings. Another method for obtaining phase locking between the two phase conjugate beams is 
described in Ref. 9, in which a self induced oscillation locks the relative phase between 
the two phase conjugate beams. The phase conjugate reflected image bearing beams were then 
combined interferometrically at beam splitter BSi. The two transparencies and the detectors 
were placed close to the beam splitters to reduce diffraction aberration.

The transparencies TI and T 2 used in the experiment are pictures of a semicolon and a 
colon respectively. The phase conjugate images of these two transparencies are shown in 
Figures 2a and 2b respectively. Figure 2c is the image detected by Di, which represents the 
'exclusive or 1 operation (or, in this case, image subtraction) between the two images,

. - i| 2©|T 2 | z . Figure 2d is the image recorded b 
and is proportional to the sum of intensities -Tfi D 2 , which represents | |T 1 | 2 +jr| 2 (|T2 | 2 -|TI | 2 )| 2 

Ti| 2 +|T 2 | 2 2 , when |r| 2 =.5. Sliqht edqe
enhancement effects 2 were also observed in these figures which are probably due to large 
object beam intensities as compared to the weaker pump beam intensities. These results are 
independent of the optical path lengths of either beam between the BSi and the crystal.

The response time of the self-pumped phase conjugate mirror obeyed approximately the re- 
.ion T ^ 10/1 s where I is the total intensity of the interaction beams in mW/mm .lation
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Fig. 2(a) Image of a semicolon after phase
conjugation

Fig. 2(c) Image subtraction of semicolon
and colon

Figure 2(b) Image of a colon after phase
conjugation

Fig. 2(d) Image detected by detector D2

Intensity inversion

Optical intensity inversion was also observed by simply removing transparency T2 so that
the intensity detected by D1 is proportional to I1 -1T11 I which result follows from Eq. (3)

when we put IT212 =1. Figs. 3a and 3b are the phase conjugate images of a uniform illumina-
tion and a resolution chart respectively. Fig. 3c is the intensity inverted image detected
by

D1.

Fig. 3d is the image addition observed by detector D2, which is proportional to
1+ T1 2 2

Intensity inversion by a different method which uses four wave mixing was reported re-
cently by Ochoa et al.6 In their method the object beam intensity is required to be much
larger than that of the reference beam in order to ensure that the diffraction efficiency
of the index grating is inversely proportional to the object beam intensity.
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Figure 2 (b) Image of a colon after phase 
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Fig. 2(c) Image subtraction of semicolon 
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Fig. 2(d) Image detected by detector 02

Intensity inversion

Optical intensity inversion was also observed by simply removing transparency T2 so that 
the intensity detected by D! is proportional to |l-|Ti| | which result follows from Eq. (3) 
when we put |T2| 2== 1. Figs. 3a and 3b are the phase conjugate images of a uniform illumina 
tion and a resolution chart respectively. Fig. 3c is the intensity inverted image detected 
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Intensity inversion by a different method which uses four wave mixing was reported re 
cently by Ochoa et al. 6 In their method the object beam intensity is required to be much 
larger than that of the reference beam in order to ensure that the diffraction efficiency 
of the index grating is inversely proportional to the object beam intensity.
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Fig. 3(a) Image of the uniform illumination Fig. 3(b) Image of resolution chart after
phase conjugationafter phase conjugation

Fig. 3(c) Intensity inversion of the
resolution chart

Fig. 3(d) Intensity addition of the resolu-
tion chart and the uniform
illumination

Image differentiation

The differential of a function I(x,y) can be approximated to any degree of accuracy by
using finite differences. Using such a method, the first and second -order differentials are
given by

aI(x,Y) I(x+Ax,y) - I(x,Y)
ax Ax

32I(x,y) I(x+Ax,y) - 2I(x,y) + I(x-ox,Y)

ax2 (Ax)2

(7)

(8)

Therefore, the differential of any order can be obtained by adding and subtracting various
shifted images of a pattern function.
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Fig. 3(a) Image of .the uniform illumination 
after phase conjugation

Fig. 3(b) Image of resolution chart after 
phase conjugation

Fig. 3(c) Intensity inversion of the 
resolution chart

Fig. 3(d) Intensity addition of the resolu 
tion chart and the uniform 
illumination

Image differentiation

The differential of a function I(x,y) can be approximated to any degree of accuracy by 
using finite differences. Using such a method, the first and second-order differentials are 
given by

3I(x,y) = I(x+Ax,y) - Kx,y)
3x Ax

9 2 I(x,y) = I(x+Ax,y) - 2I(x,y) + I(x-Ax,y) 

9X2 (Ax) 2

(7)

(8)

Therefore, the differential of any order can be obtained by adding and subtracting various 
shifted images of a pattern function.
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The experimental arrangement used to perform first -order differentiation, which is very
similar to Figure 1, is shown in Figure 4. Since the transparency is not placed at the
intersection of the two beams, each beam reads a slightly shifted image of the other. The
two images are then focused down into the BaTiO3 crystal which, through total internal re-
flection, forms a self -pumped phase conjugate mirror. The phase conjugate images are thus
phase locked and can recombine at BSI, giving an output amplitude which is proportional to
the first order differential. Results are given in Figure 5. Also given in Figure 5(d) is
(3 /3x + 3 /3y) obtained by shifting the images by Ax + Ay.

M

C

Fig. 4. Experimental arrangement used to demonstrate first order image differentiation

Fig. 5(a) Image of a rectangle after phase
conjugation

Fig. 5(b) Image of Fig. 5(a) after first -order
differentiation

Fig. 5(c) Image of a square after phase conjugation Fig. 5(d) Image of Fig. 5(c) after 5 /ax + a /ay

operation
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Fig. 5(a) Image of a rectangle after phase 
conjugation

Fig. 5(b) Image of Fig. 5(a) after first-order 
differentiation

Fig. 5(c) Image of a square after phase conjugation Fig. 5(d) Image of Fig. 5(c) after 3/3x + 3/3y
operation
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Figure 6 gives the setup used to perform second -order image differentiation. The two
outside beams read T(x +Ax,y) and T(x- Ax,y), while the center beam reads T(x,y). The reflec-
tivity of beam splitter BS2 is 50%, giving an output amplitude at BSI proportional to the
second order differential.

2

out IT(x+Ax,Y)I2 + 1T(x-Ax.Y)I2 - 21T(x,y)12

Results are given in Figure 7.

(9)

Fig. 6. Experimental arrangement used to demonstrate second order image differentiation

Fig. 7. Image of Fig. 5(a) after second order differentiation

Discussion

Extensions to higher order image differentiation can be obtained by adding up appro-
priately shifted images into two groups which are then subtracted at the final beam split -
ter. While the final beam splitter reflectivity can be arbitrary, the remaining ones must
have their reflectivities chosen to perform the image additions in the correct proportions.
The many shifted images required for higher order derivatives may cause difficulties in
focusing all the images into a single crystal. In that case, two or more crystals phase
locked through spontaneous oscillations9 could be used to handle the many images. Efforts
are also under way to couple the multiple images into the crystal using a single optical
fiber

Using methods similar to those used for image differentiation, a device can be construc-
ted whose output amplitude is proportional to 02I(x,y), where I = 1T(x,y) 12. A beam is
expanded and split into two beams. One of the beams will read T(x,y). The other beam will
be split into four beams of equal intensity using 50% beam splitters. These beams will then
read images of T(x,y) shifted by ±Ax or ±Ay. These beams will then recombine at the first
beam splitter giving an output proportional to 02I(x,y).
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Conclusions

In summary, we have demonstrated a real time 'exclusive or' operation, image subtraction,
intensity inversion, and first- and second -order differentiation by an interferometer with a
phase conjugate mirror. Methods of extending the operation to higher order differentiation
as well as a method for obtaining the Laplacian were discussed.
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