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We demonstrate a technique for the differentiation of time varyin
response time of grating formation in photorefractive BSO. The
varied via a tunable response time for each arm of a Michelson interferometer arrangement.
for various rates of change of the input signal by chopping at different speeds, displacing an i
motion of the object. To illustrate this last operation, results are akso presented for the Fouri

1. Introduction

Robotic vision, security applications and various
industrial situations may require the nullification of
any static or unchanging portions of an image or
scene while highlighting those areas showing motion.
This operation has been given the name image dif-
ferentiation in time [1] and has been achieved to
date by the use of computer techniques that subtract
a stored image from the current image on a pixel by
pixel basis. The current upsurge towards achieving
optical analogues of these electronic devices may
open up many areas for new optical techniques which
could prove more compact, versatile or simple than
their conventional counterparts.

An optical tracking novelty filter that performs Jjust

g optical images that exploits the spatiai frequency dependent
detection characteristics for such a differential signal can be
Experimental results are presented
nput transparency, and directional
ef plane of an output image.

tal so that the transmitted images do not suffer from
any spatial distortion. In this paper we report a novel
arrangement for optical differentiation of images in
time that uses an optical processor based on the spa-
tial frequency dependent response time of photore-
fractive Bi,»SiOsp in a phase conjugate Michelson in-
terferometric configuration. The device is capable of
differentiating both amplitude and phase objects. To
our knowledge this is the first time that BSO with its
inherent fast response time, some two to three orders
of magnitude faster than BaTiO,, has been used for
such optical differentiation.in time.

2. Theory

Hlumination of photorefractive BSO by two or

such a process of optical image differentiation using
an interferometric arrangement involving BaTiO; has
recently been demonstrated [2]. This devices ex-
ploits differential optical phase changes and is there-
fore restricted to highlighting or tracking phase ob-
jects only. Other schemes for coherent optical image
differentiation based on two beam coupling in
BaTiO, have also been demonstrated [1,3]. These
two devices rely on destructive interference between
reference and signal beams under static conditions
but require high optical quality for the BaTiO; crys-
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more coherent beams in a spectral region from the
uv 1o near infra-red allows the recording of real time
phase volume holograms. The recording mechanism
(in diffusion case) is accomplished by the creation
of a varying space charge grating which is, in general,
out of phase with the illumination grating. This space
charge grating is balanced by a corresponding spa-
tially varying electric field in accordance with Pois-
son’s equation. This in turn modulates the refractive
index within the crystal volume, through the linear
electrooptic effect. Simultaneous multiple gratings
can be recorded by the interference of more than one
object beam with a common pump beam. A readout
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beam, counter propagating with respect to the pump
beam, simultaneously reads out the gratings thereby
generating multiple phase conjugate output beams
[4]. In photorefractive materials the recording and
decay times of a grating depend on several param-
eters such as grating spacing, total incident light in-
tensity, crystal orientation and any external applied
field [5,6]. The erasing time 7, can be represented
through the expression [7],

Te =T [l +/6(4) +/(A)EF] , (1

where 14;=¢€,/0 is the dielectric relaxation time, and
o is the conductivity. E, is any externally applied
electric field and

Io(d)=4rutg Ko T fed?,
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Here A is the grating fringe spacing, and g is the car-
rier recombination time. It is clear from the above
equations that in the diffusion regime the response
time for writing holograms with large fringe spacings
is faster than for those with small fringe spacings,
while the dielectric relaxation time 7 is inversely
proportional to the total incident intensity. By con-
trolling the respective intensity and fringe spacing
therefore, the response time of a photorefractive ma-
terial can be varied. More importantly for several
different simultaneous inputs, the response time of
each grating can be independently tuned for appli-
cations such as the differential device described here.
The basic requirement for this optical image differ-
entiation in time is the principle of coherent sub-
traction between two simultaneous phase conjugates
under static conditions. For the differential device
described here, in practice a suitable combination of
angles and relative intensities for the two beams can
always be found, thus ensuring complete subtraction.

The technique for subtraction that we use here re-
lies on a phase conjugate Michelson interferometric
configuration that has been reported earlier [8.9].
This technique is predicted by the Stoke's relation
that holds for a lossless dielectric beam splitter. The
intensity at the output port of the dieiectric beam
splitter can be described by

=0, (3)
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where r and r’ are the amplitude reflection coeffi-
cients for the two phase conjugate beams, incident
from opposing directions at the beam splitter under
conditions of true phase conjugation. Exact image
subtraction can be achieved when the intensities of
the phase conjugates are equal in both arms of the
interferometer. This Stoke’s principle has a physical
interpretation, which is that under complete time re-
versal, no input from the image plane to the beam-
splitter guarantees no corresponding output. As the
input image plane is behind the dielectric beam split-
ter therefore, any temporal change in the image will
be input simultaneously into both arms of the inter-
ferometer. Due to the differing response times of each
arm however, one phase conjugate output may lag
behind the other, and destructive interference will
not occur at the beam splitter until a certain time has
elapsed. Therefore, in a transient regime the revers-

1RC4%-142 i AL IS

ibility in time is not valid. During the recording cycle

the hght amplitude at the output port of the beam
splitter BS2 can be written as,

Ao (X, ) A(x, [t—1])—A(x, [t-12])

=04(x, 1) /ot(1)c—72) s : (4)

where 1, and 1,, are the response times for recordmg
holograms with small and large fringe spacings re-
spectively. Similarly, the output at BS2 during the
erasure cycle can be given as

Aoulz(aA/at) (Tie_TZc) . . (5)

where 1. and 1, are the grating decay times for small
and large fringe spacings respectively. From equa-
tions (4) and (5) above it is evident that the in-
sertion of any time varying signal at the input will
resull in the output predicted above. corresponding

o either the recording cycle or the erasing cycle. De-
tection of an output signal relies on two factors, the
rate of change of the input signal, 34/0¢, and the dif-
ference in the response time for writing and erasing.

It is not necessary for the interference between the
two phase conjugate signals to be destructive. as the
amplitudes of the associated space charge fields are
(1) not in steady state, (ii) may not have equal mag-
nitude and (iii) the spatial phase shift will not equal
n/2 in a non steady state regime. The temporal de-
velopment of the output signal is related to the de-
velopment of amplitudes and phases of the two space
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charge fields in time. The difference between the re-
sponse times of the two gratings may be arbitrarily
increased. This can be achieved by either reducing
the total intensity of all the interacting beams or the
readout beam alone. thereby limiting the differential
output 1o the erasing cycle. Another possibility for
increasing the response time difference between the
two signals is by using an appropriate wavelength for
example orange or red in the case of BSO, since the
differentiation will then occur on both writing and

erasing cycles.

3. Experimental and results

Fig. | shows the experimental arrangement used.

ISINT V¥ LiiNe b.\y‘ull
A krypton ion laser operating in multilongitudinal
mode at 568 nm with a total power [, of 14 mW and
a single BSO crystal of dimensions 10 mm X 10 mm

X 2 mm were used. The beam was spatially filtered,

expanded to a diameter of ~7 mm, and subse-
quently split by BS1. The transmitted beam was di-
vided by a dielectric beam splitier BS, into two input
beamns I, and I.. A neutral density filter was placed
in beam I, to reduce the intensity of the conjugate
beam to equal that of I, and simultaneously to in-
crease the response time of the grating. The mea-
sured intensities of the two input beams I,, I, and the

pump beam I; were 0.8 mW, 1.5 mW and 1.6 mW

St
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respectively. The pump beam on passing through the
BSO crystal, half wave plate and converging lens L,
was looscly focussed into the BaTiO; crystal. The
BaTiO; crystal acts as a sclf-pumped retroreflector
[10]. and provides a readout beam that is the exact
phase conjugate of I5. The use of BaTiOQ, greatly sim-
plifies the experimental procedure for positioning of
counter propagating pumps, and also provides op-
timum fidelity for the phase conjugate output. as the
two pump beams are therefore mutually phase con-
Jjugate. Lenses L, and L, both of 300 mm focal length
were used for 1:1 imaging of the input transparency
into the crystal and of the phase conjugate to the im-
age plane respectively. Beam I, was at an angle of
50° and beam I, at an angle of 7° with respect to the
pump beam. Under the optimum conditions of over-
lap, two independent phase conjugates were ob-
tained free of crosstalk. The two phase conjugates
were subsequently recombined at BS2 to produce
mutual cancellation at the output.

Fig. 2 illustrates a basic operation of the device
when the input beam I, was subject to chopping at
a low frequency (1 Hz). Figs. 2(a) and 2(b) show
the phase conjugates of beams I, and I, respectively
when the input was static (unchopped); fig. 2(c)

- ge pine

Fig. 1. The experimenial arrangement for Optical Motion
Detection.
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Fig. 2. Basic operation of the device. (A ) Phase conjugate of beam
1,. (B) Phase conjugate of beam I,. {(C) Mutual cancellation of
both beams under static conditions. {D) Output in the image
plane when beam I, is chopped at a frequency of | Haz.
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shows the resultant image subtraction obtained from
the output port of BS2 at the image plane, in which
almost completely destructive interference has been
obtained. When I, was chopped however, the vari-
ation of response time for beams | 1 and I, does yield
an output in the image plane, fig. 2(d), as com-
pletely destructive interference no longer occurs. It
is clear therefore that any temporal change in the ob-
Ject plane may be observed as an output in the image
plane.

Using an input wavelength of A= 568 nm, and at
the low intensities available, the results shown in fig.
2 were obtainable up to a maximum chopping fre-
quency of = 10 Hz. Above this the rise time for grat-
ing formation for both beams was sufficiently long
that no image was obtained at the image plane. When
the 2=520.8 nm green line was used however, the
maximum chopping rate at which almost complete
subtraction occurred extended to ~ 50 Hz. Retween
=70 Hz and ~130 Hz, incomplete destructive in-
terference occurred, and the phase conjugate for one
beam only appeared at the image piane.

Fig. 3 shows twelve oscilloscope traces, recorded
on a digital storage scope, of the light arriving at a
photodiode placed at the image plane, when chop-
ping of beam I, occurred at I, 5 and 10 Hz respec-
tively. In the figure, the first column (A) shows the
output from the interferometer arm whose response
time was slower. while (B) shows the output from
the “faster™ arm. In each case these traces were re-
corded with the other arm blocked. Traces (C) show
the results from the output port of BS2 at the image
plane when both phase conjugates interfere at BS2,
and traces (D) show the residual noise detected by
the photodiode when the readout beam was blocked.
This represents the amount of scattering, largely from
the crystal surface. that was the main problem en-
countered in trying to achieve complete cancellation
at BS2. All the data shown was recorded at A=568.2
nm.

At a | Hz chopping rate. which is close to the re-
sponse time of BSQO at this wavelength and input
power density, fig. 3(a), for the slower arm. shows
that the intensity of the phase conjugate neither sat-
urates nor decays completely during the chopping
cycle, whereas in fig. 3(b) the faster response results
in a conjugate output that follows the chopping pro-
tile much more accurately. Fig, 3(c) is the output at
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the image plane which results from interference of
the two conjugates at BS2. Analysis of this profile is
complicated, as we mentioned earlier, for several
reasons: the temporal development of both ampli-
tude and phase of the two space charge fields is not
independent, and mutual depletion must also occur
during this non-steady-state regime. The profile here
also has a contribution from the scattering that is seen
in fig. 3(d).

At chopping rates of 5 Hz (figs. 3(e)-3(h)) and
10 Hz (figs. 3(i)-3(1)), the results while qualita-
tively similar, show distinct differences at 5 Hz, the
slower arm (3(e)) can clearly no longer follow the
rate of chopping. The output is smoothed or aver-
aged and the contribution from noise is more ap-
parent than at | Hz. The faster arm (3(f)) has an
output that appears more saw-toothed than at | Hz,

ncomplete growth and decay of the
. At 10 Hz, the effect of the increased chop-
ng rate is to reduce the output from the slower arm
i
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effectively a low dc comporient, and to re-
e utput from the fasier arm 1o resembie that
in 3(a). Comparing 3(a) with 3(j) therefore we see
the ratio of the response times for “fast™ and “slow”™

rms 16 be roughly 1:10. The corresponding output
from BS2 as shown in fig. 3(k) shows very little apart
from the scattered noise contribution. When a TV
camera is exchanged for the photodiode at this chop-
ping rate. very low output is observed other than
noise, a situation which holds for all higher chopping
speeds.

The performance of this device was also studied
when a resolution test chart was placed in the object .
plane shown in fig. 1. Fig. 4(A) is the conjugate im-
age from beam 1 of the interferometer {with-beam
2 blocked), and 4(B) the result of static cancellation
as viewed in the image plane. When the test chart
was moved slowly. or temporarily displaced. a bright
image transiently appeared fig. 4(C), which disap-
peared again when static conditions resumed.

Directional motion was also examined. by slowly
translating the object in one direction only. Fig. 5(A)
and 5(B) show a different part of the test chart un-
der conditions similar to those in fig. 4. When the
chart was translated slowly in the v-direction (hor-
izontally). the output mainly consists of those fea-
tures which are in the p-direction (vertical). Al-
though the quality of these results in poor, it does

=
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Fig. 4. Phoiograms showing the response of system to sudden
motion in the object plane. (A) Output image of part of test chart
from one of the arms of the interferometer. (B) Subtraction of
the two images under static conditions. (C) Appearance of the
object when displaced slightly from its static position.

show the application to spatial differentiation. The
difference in response times for each arm resuits in
the appearance of two simultaneous shifted images
which are subtracted preferentially in those areas of
maximum temporal overlap. The width of the re-
sulting lines, which have a similarity 10 edge en-
hanced features. may be used to measure velocity for
example. The minimum detectable velocity here
would be determined by the minimum between
(fie—=7s) and (7),—12) according to

I'= d
min{(rlc—tlc)‘(rlr—rk)l )

where d is the minimum resolvable feature.

A final technique for observing motion involves
examination of the Fourier transtorm of the infor-
mation generated via interference at BS2 and output
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Fig. 5. Results of directional motion of object seen at the image
plane. (A) Qutput from one of the arms. (B) Cancellation of the
two images when object is static. (C) Image of the moving object
observed at the output port of the BS2.

at the image planc. When a second lens is used to
generate the transform of the output. a typical spec-
trum of the input transparency is-observed as shown
in fig. 6(A) for beam I alone. On static cancellation.
fig. 6(B) shows near pertfect subtraction for all Four-
ier orders other than the dc. which is present largely
due to the unavoidable residual background noise.
In principle. this residual noise content can be quan-
tified. and steps taken. such as index-matching. to
reduce these deleterious effects to a minimum. Such
steps were not taken here. as clearly further refine-
ment is possible at a later siage. As the chart was
translated slowly in the v-direction however. only
Fourier orders also in the x-direction appeared, cor-
responding to those features in the image in the or-
thogonal y-direction. tig. 6(C). An entirely similar
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Fig. 6. Fourier transforms of image demonsirating directional fil-
tering. (A) Fourier transform of image from one arm only. (B)
Fourier transform of resuitani oulput at image plane under con-

atic cancellation. (C) Output when object undergoes
transiation in the horizontal direction, Note output is also in hor-
izontal plane. (D) Similar results to (C) above for vertical mo-

tion only.

resuit was obtained for corresponding motion in the
J-direction, fig. 6(D).

For fig. 6(C) for example. the number or exten:
of the Fourier orders that appear is a measure of the
speed of translation of the original object. The greater
the speed. the less orders appear. This technique has
a clear application in directional filtering or velocity
selection of moving objects.
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4. Conclusion

A technique for optical motion detection and im-
age differentiation in time is described that uses the
variable response time of grating formation in two
arms of a BSO phase conjugate Michelson interfer-
ometer. This allows tunability in the characteristics
of the device, for programmable velocity filtering for
example. The device is sensitive to temporal changes
of amplitude as well as phase for the input image.
Future work will concentrate on insertion of real time
images via a spatial light modulator.

References

[1} M. Cronin-Golomb. A.M. Biernacki. C. Lin and H. Kong.
Optics Lett. 12 (1987) 1029,
{21 D.Z. Anderson, D.M. Liniger and J. Feinberg, Optics Lett.
12 (1987) 128.
[3]R.S. Cudney, R.M. Pierce and J. Feinberg, Nature 332
{1988) 424,
[4] N.A. Vainos and R.W. Eason, Optics Comm. £2 {19875 131
{51 G. Valiey and M.B. Kiein, Opt. Eng. 22 (1983) 704,
[6] P. Gunter, Phys. Rep. 93 (1983) 199.
[7]J. Strait and A.M. Glass, J. Opt. Soc. Am. B 3 (1986) 342.
[8] N.A. Vainos, J.A. Khoury and R.W. Eason, Optics Lett. 13
(1988) 503.
{91 A.E. Chiou and P. Yeh, Optics Lett. 11 (1986) 306.
[10]J. Feinberg, Optics Lett. 7 (1982) 486.




