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We demonstrate a new optical technique for velocity filtering and feature extraction of time varying optical images. The tech-
nique exploits the recording of complementary (multiplexed) gratings with a relative phase shift of 180° in a photorefractive
material. BSO. via a degenerate tour wave mixing (DFWM ) configuration. For experimental parameters, such as grating response
time and optimised total input intensity. aimost complete subtraction is achieved in the phase conjugate output. When motion
occurs 1n the object plane a bright output image is observed depending on the experimental variables of feature size and velocity.
We present results for motion detection of features ot various dimensions at a range of speeds in both x and y directions and via

Fourier plane observation.

1. Introduction

Motion detection, velocity filtering and the detec-
tion of change in a given scene are all important as-
pects for optical processing architectures and sys-
tems. Fields in which this capability has immediate
applications include industrial inspection. bio-med-
ical screening techniques. machine vision, and arti-
ficial intelligence techmiques. So far several different
techniques have been reported in the literature that
use either all optical [1-4]. or hybrid (optical plus
electronic) [5.6], schemes to implement novelty fil-
ter [1] type operations.

A recently reported hybrid technique {5] uses an
active matrix liquid crystal TV in conjunction with
a position sensitive device and a TV frame memory
to track a moving object within a TV image. This
technique however may have only limited applica-
tions due to the sequential nature of the process and
cannot easily be adapted to track more than one
moving object. Another hybrid technique has used
a white light source and two liquid crystal spatial light
modulators in a cascaded configuration to imple-
ment optical delay [6]. Both of these techniques rely
upon pixel by pixel subtraction between a previously
stored (or reference) image and a second constantly
updated image.

For essentially all-optical schemes the intrinsic ad-
vantages of parallel image subtraction are clear. So
far several different optical techniques have been re-
ported which rely either on phase conjugate Mich-
elson interferometer arrangements [1.2], or alter-
natively two beam coupling schemes [3.4] and
depend on differential response time. and transient
energy transfer respectively. Apart from ref. [2], all
these schemes use photorefractive BaTiO;, which has
the drawback of a comparatively slow response time.
Also for transmission devices (for the two-beam
coupling schemes) distortion of the output images
may occur,

In this paper we report a different scheme for mo-
tion detection and velocity filtering which uses a sin-
gle object beam with a periodically phase modulated
reference beam to write two spatially multiplexed
gratings with a phase shift of 180 degrees. Under
static conditions in the output plane the diffraction
from these multiplexed gratings leads to destructive
interference. In the case of motion however, an out-
put image is seen as the former complete subtraction
no longer occurs.
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2. Theoretical considerations

Volume holographic gratings recorded via induced
nonlinear electro-optic effects in materials such as
Bi,.Si0,, and Bi,.GeO-, have been studied exten-
sivelv for more than ten years now. and are discussed
in detail in ref. { 7]. Spatial multiplexing of two such
gratings is also possible in these materials with an
arbitrary spatial phase shift between the two grat-
ings. For a 180° phase shift these two gratings are
termed complementary and such complementary
grating recording has already been implemented in
a LiNbO, crystal [8]. where sequential recording
followed by continuous readout gave rise to sub-
traction between the two phase conjugate outputs:
the “exclusive OR™ operation was also demon-
strated for non-identical sequential inputs.

Optical motion detection however can benefit
considerably from the use of a reasonably fast ma-
terial. such as photorefractive BSO. Multiplexing is
also easy to achieve and four simuitaneous multi-
plexed gratings have been recorded in BSO [9] using
tour different object beams forming different angles
with a common reference beam. Using such angular
multiplexing we have already reported a technique
that uses two gratings to detect motion via DFWM
in a BSO crystal [2].

Here we consider a different approach that uses
complementary grating recording, in which the ref-
erence beam is subject to a periodic phase modula-
tion. When the two gratings recorded in this way ex-
perience a relative phase shift of one half of the
grating period. a subtraction in the phase conjugate
output occurs.

The principle of subtraction can be described by
considering the photoinduced index modulation An,
and Ang of the two volume holograms recorded for
the same object beam with the 180° phase modu-
lated reference beam. The resultant superposed in-
dex modulations are thus

Any =N, cos[Kx+g¢,(x)],
Ang =Ng cos[Kx+¢g(x) ],

where x is the spatial co-ordinate and K is the grating
wave vector. Subtraction is realized when both mul-
tiplexed gratings are of identical strength and
An, + Ang=0. Here N, and Nj contain all the in-
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formation regarding grating modulation strength etc.
and 0., ¢g are the relative lateral phase shifts of the
two gratings.

In the case of a static object these grating profiles
are identical and the phase conjugate output is ide-
ally reduced to zero. If any movement occurs in the
object plane however these multiplexed gratings will
undergo dynamic change and any resuitant output
will indicate motion within the object plane.

3. Experimental arrangements

Fig. | shows the details of the experimental ar-
rangement for motion detection via this multiplexed
degenerate four wave mixing configuration. An ar-
gon 1on laser operating in multi-longitudinal mode
at 514.5 nm was spatially filtered and expanded to
a diameter of =~ 5 mm and split by beam splitter BS,.
The reflected beam was directed towards mirror M,
which was mounted on a piezo-electric pusher dri-
ven by a variable frequency square wave ac voltage.
M, reflected the incident beam towards the BSO
crystal. The transmitted beam through BS, was split
by BS. to form an object beam I, and a mutually in-
coherent counter propagating readout beam I;. Beam
I, was incident on the BSO, after traversing an ob-
ject. beam splitter BS;. and imaging lens L, (f=15
cm).

The intensities of the beams I,, I, and I, were ar-
ranged to be 7.0 mW, 3.5 mW and 1.7 mW respec-
tively. Lens L, was used for 1:1 imaging of the input
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Fig. 1. The experimental arrangement for velocity filtering using
complementary gratings in photorefractive BSO.
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light distribution into the BSO crystal. The angle be-
tween the beams I, and I outside the crystal was 40°.
Under normal conditions (i.e., when no voltage was
applied to the piezo-electric pusher) normal DFWM
occurred. To write the complementary gratings a
square wave ac voltage was applied to the piezoe-
lectric pusher in the reference beam with a control-
able frequency in the range of 0-100 Hz and driving
voltage 0-30 V.

Fig. 2 shows the phase conjugate output, measured
by a photodiode at the image plane. versus the am-
plitude of the square waveform ac voltage applied to
the pusher for the above input laser intensities. The
curve shows several minima in the output intensity
which correspond to subtraction of the two outputs.
At these voltage values the pusher introduces a net
phase shift of 7 (or odd multiples of 7) between the
two gratings. It was observed that at higher incident
laser intensities. appropriately higher frequencies of
the ac waveform were required due to the shorter re-
cording and erasing time of the multiplexed gratings.
After the first maximum in the phase conjugate out-
put. a decrease in the subsidiary intensity maxima
occurs. which may be due to the erasure caused by
“sweeping” of the gratings through the BSO for pro-
gressively larger ac voltages applied to the piezo-
electric pusher.

The subtraction by complementary gratings can be
illustrated via a model shown in fig. 3, which con-
siders the simultaneous presence of two spatially
multiplexed gratings of variable photoinduced index
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Fig. 2. Phase conjugate output from complementary gratings ver-
sus amplitude of the square waveform ac voltage applied to the
piezo-electric pusher (fit to data points is visual only).
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Fig. 3. Result of simulation for the complementary gratings build
up. decay. and the differential output. Dotted and dashed lines
indicate decay and growth of the two gratings respectively. The
solid line indicates differential output.

modulation. For this simulation both curves (dashed
and dotted lines ) have a single exponential decay and
growth constant during each of the 100 time step in-
tervals. For this case we have assumed that the decay
and growth time constants 7, and 7. are not equal.
and have set them at 25 and 20 time steps respec-
tively, so that the exponentially decaying grating
strength is of the form

A(t)y=Aoexp(—t/1,),

and the growth curve, during this interval, follows
the form given by

B(t)=By[1—exp(—1/15)].

Between time step 1 to 100 in fig. 3, the pusher is
stationary, and the resultant subtraction is shown as
the solid curve. It is clear from this idealized model,
that a time occurs when the output is reduced to zero
(time step ~ 15) and complete subtraction has been
obtained. This situation however will not last for the
whole of the cycle covered by this time-step range,
due to the growth and decay dynamics; therefore the
subtraction curve shows an imperfect subtraction for
much of this range.

If however, we choose to either increase the time
constants 1, and 7,, or equivalently, to increase the
pushing frequency (for given values of 1, and 1,), we
would expect to see improved subtraction over es-
sentially the complete cycle. Note that in both cases,
the sequence above is reversed for the interval be-
tween time steps ¢=101 and 200. The subtraction
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curve demonstrates a frequency doubling compared
to the pushing frequency. For practical implemen-
tation of such a scheme. one must consider the tem-
poral build up. and decay, of both these sequentially
recorded gratings. If either the writing or erasure
times are comparable with the applied periodic phase
modulation. then any such subtraction is also dy-
namic. and ideal subtraction will therefore be com-
promised. Deliberate motion of the input object will
also produce non-optimum subtraction, so that mov-
ing areas within an input field will be seen in the
output.

Fig. 4 column (i) shows oscilloscope traces re-
corded on a storage scope of the phase conjugate out-
put from the complementary gratings detected at the
image plane by a photodiode. The intensities of
heams ;. I.. and [; were 7.0 mW, 3.5 mW and 2 mW
respectively. Curve (a) shows the output when no ac
square voltage waveform was applied to the pusher.
and therefore one grating is present only. Traces (b).

¢). (d). (e). and (f) show the output from the

(1} hi)

{h)

Fig. 4. Column (i): oscilloscope traces of the phase conjugate
output. Column (ii): corresponding simulations for piezo-elec-
tric pusher frequencies of | Hz. (b), 2 Hz (c), SHz (d), 10 Hz
(e). 20 Hz (f). 30 Hz (g), and 40 Hz (h) respectively.
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complimentary gratings for 1 Hz, 2 Hz. 5 Hz. 10 Hz.
and 20 Hz respectively.

When the pusher was driven at a frequency of 30
Hz, output trace (g) shows almost perfect subtrac-
tion. Any further increase in pushing frequency would
produce better subtraction but is less usable for mo-
tion detection, to be discussed below. due to the
higher rate of phase modulation. Fig. 4 column (ii)
shows results of a simulation based upon the model
shown in fig. 3. at pushing frequencies correspond-
ing to those used experimentally. It is clear from this
simulation that experiment and modelling are in close
agreement.

Fig. 5a shows the photograph of a resolution test
chart whose phase replica was placed in the object
plane to demonstrate velocity filtering. Fig. 5b shows
the result of image subtraction when complementary
gratings are recorded at a pushing frequency of 30
Hz, and at intensities described above.

Fig. 6 shows the results of dynamic image sub-
traction however in which several intensity features
are observed: a sequence of such output images is
shown in figs. 6a-6m. In all these figures, even though
all parts of the test chart were moved with identical
speeds. the subtraction process has isolated partic-
ular features within the general field of motion. Pho-
tograph 6a reveals only horizontal features within the
object as vertical features were moving with too high
a speed. This is clearly due 1o the limited response
time of the BSO phase conjugate mirror under such
conditions. In all cases the motion of the object was
simple harmonic (pendulum-like behaviour). The
displacement along the vertical axis was much smaller
than along the horizontal axis, which gave rise to
preferential observation of all horizontal features. In

“Hl

Fig. 5. (a) A photograph of a resolution test chart whose phase
version was placed in the object plane. (b) The image subtrac-
tion under static condition.
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Fig. 7. Photographs showing different stages of motion detection when the object was subjected to damped simple harmonic motion in

the vertical direction.

photograph 6b however, predominantly vertical fea-
tures are observed, as the induced motion was much
slower than that in 6a. Figs. 6¢c-6i show a sequence
of outputs, representing specific times within the
cyclic oscillatory motion for the same input phase
object, but revealing the feature extraction aspects of
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this velocity filtering technique. It is seen that for any
specific velocity within the overall velocity range,
only a specific dimensional feature is readily appar-
ent. The feature sizes shown here vary from 70 um
width in fig. 6¢, to the smallest features observable
with the limited numerical aperture in our experi-
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mental arrangement. of 20 um. It can therefore be
concluded that the observed features depend on a
unique combination of size and velocity, which al-
lows an accurate size estimate to be made. knowing
the velocity. and vice versa.

A different aspect of velocity detection is shown in
fig. 7 where the object was merely subjected to a fast.
small amplitude damped simple harmonic. dis-
placement in the vertical direction. Because. in this
case. a repetitive continuous range of velocities is
present, no discrimination occurs between respec-
tive feature sizes as was apparent in fig. 6. In this lat-
ter case therefore, a differentiation in time is pro-

Fig. 8. Results of directional motion detection via a Fourier
transformation stage. (a) Fourier transform of subtraction of a
static resolution chart showing faint dc term only. (b) Appear-
ance of vertical orders only due to horizontal features present in
the output image. (c) shows no discrimination between horizon-
tal and vertical orders at a lower speed. (d), (e), and (f) showa
sequence of higher horizontal orders due to the lower speeds.
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duced and the small amplitude. high frequency mo-
tion does not discriminate against size.

The final aspect of this technique illustrates the
implementation of a Fourier transform stage, in a
similar manner to that of ref. [2]. where directional
motion detection was also reported. but now. with
the added capability of identifving specific feature
sizes. Fig. 8a shows the Fourier transform of sub-
traction achieved via complementary gratings. Fig.
8b shows higher order vertical Fourier components.
corresponding to the appearance of horizontal detail
in the output image as observed in fig. 6a for ex-
ample. Figs. 8¢-8f show a similar sequence 1o the re-
sults of fig. 6. where the benetit of the added Fourier
stage are observed. In fig. 8¢ for example. the orders
that appear are directly interpretable as distinct fea-
ture size within the output image plane.

4. Conclusion

A technique for velocity filtering has been dem-
onstrated. Our technique is based on complemen-
tary (multiplexed) grating formation in a single
crystal of BSO. in a DFWM arrangement. Under
static conditions no output is observed: however un-
der induced motion, we observe a bright output im-
age whose features depend on the particular speed.
At speeds above and below this the output image is
greatly reduced and experimental results are pre-
sented to verify this velocity filtering operation. Re-
sults are also presented for Fourier transform
implementation.
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