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1 Introduction

Several techniques have been proposed for image multi-
plexing in holography. In particular, Leith and Upatnieks1

used different spatial carriers by employing a diffuser for
different spatial signals. Caufield2 suggested recording each
wavefront on a spatially distinct area of the hologram, but
allowing spatially distinct areas to occupy the full area of
the hologram. Also, the angular selectivity of volume ho-
lograms has been exploited to increase the multiplexing
capability. For this purpose, photorefractive media have
been widely employed.3

Photorefractive crystals, in particular those of the sille-
nite family, combine real-time response, reversibility, and
high sensitivity in the visible region of the spectrum, which
make them very attractive for holography, optical data stor-
age, and optical information processing.4 In addition, crys-
tals of the sillenite family have been found to be very at-
tractive for real-time speckle applications.5–10 The use of
BSO crystals for recording and processing double-exposure
speckle patterns has been demonstrated experimentally;5,6

they are used instead of photographic plates, in conven-
tional arrangements, for real-time andin situ measurement
of displacements. Analysis of speckle-pattern movement is
a well-known noncontact technique to measure displace-
ments, deformations, tilts, and vibrations of real objects
having optically rough surfaces.11,12 In addition, the intro-
duction of suitable spatial-frequency carriers, by internally
modulating imaged speckles, allows concentrating the
spectral content into spatially separated regions in the Fou-
rier plane.12

In this paper, an alternative image multiplexing tech-
nique, employing a multiple-aperture pupil for each expo-
sure, is outlined. The aperture arrangement of the pupil is
modified between exposures. The use of different multiple-
aperture pupils for recording each image has a definite ad-
vantage in that it allows concentrating the spectra compo-
nents of individual or several speckled images selectively

into isolated spots in the Fourier plane. A thick photorefrac-
tive BSO crystal is used as the recording material; its main
advantages are its large information capacity, high diffrac-
tion efficiency, and real-time response.

In the next section we describe the recording and recon-
struction processes. A registration procedure using four dif-
ferent pupil arrangements is presented. In the third section,
applications to multiple storage using selected aperture pu-
pils are analyzed.

Two possible applications are proposed for the use of
multiple apertures in a multiple-exposure scheme. In image
processing, a real-time binary OR operation between im-
ages is carried out. Another application consists in storing
in the crystal the information belonging to several in-plane
displacements. The possibility of employing different
multiple-aperture pupils combined with the advantage of
using a photorefractive medium is exploited to implement a
quasi-real-time extension of speckle photography. The use
of BSO crystal as the recording medium is appropriate for
the applications proposed because it permits multiple stor-
age in real time.

2 Multiplexing with Multiple Apertures

The experimental setup is shown in Fig. 1. An optically
rough surface located in thex-y plane is illuminated with a
laser of wavelengthlW5514 nm. This input is imaged
onto a photorefractive BSO crystal. A multiple-aperture pu-
pil maskPk is located immediately in front of the imaging
lens L1 in theu-v plane. This mask consists of an arrange-
ment ofq identical circular aperturesa1

k ,a2
k , . . . ,aq

k . The
distance between the lens and the crystal isZC , and the
distance between the input and the lens isZ0 . A speckled
image of the input is produced through each aperture of the
pupil. The complex amplitudes of waves going through dif-
ferent apertures are statistically independent, because dif-
ferent components of the angular spectrum of the scattered
light are accepted by them. Moreover, the resulting speckle
pattern in the BSO crystal arises from the interference of
speckle distributions produced by each aperture pair, be-*Permanent address: Universidad EAFIT, Medellı´n, Colombia.
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cause they are coherent. In summary, in the crystal, the
speckle pattern is modulated by a complex system of
fringes existing in the whole volume of individual speckle
grains.

Let ai
k and aj

k represent two apertures belonging to the
pupil maskPk associated with thekth exposure. The dis-
tance between the respective centers (ui

k ,v i
k) and (uj

k ,v j
k)

of the aperturesai
k and aj

k (1< iÞ j <q) is di j
k 5@(uj

k

2ui
k)21(v j

k2v i
k)2#1/2, and the line that joins them forms

an anglea i j
k 5tan21@(vj

k2vi
k)/(uj

k2ui
k)# with theu axis. Tak-

ing into account this definition, each elementary fringe sys-
tem f i j

k in the imaged speckles has a spatial periodpi j
k

5ZClW /di j
k , and its orientation is given bya i j

k . The di-
rection of each fringe system can be described by the versor
f̂ i j
k 5(cosaij

k)û1(sinaij
k)v̂, where û and v̂ are the versors

associated with theu andv axes.
Let us consider the case of a multiple-exposure experi-

ment using different multiple-aperture pupils. The input
complex amplitude and the pupil associated with thek’th
exposure are represented asAk(x,y) andPk(u,v), respec-
tively (k51,2, . . . ,N). The input complex amplitudes
A1,A2, . . . ,AN are sequentially encoded into the BSO
crystal by using a different pupil during each exposure. It
should be noted that the numberq of apertures of each
pupil can vary between exposures.

It is assumed that for any pair of pupilsPk andPl , some
of their apertures can coincide exactly and the remaining
apertures do not overlap at all. Let the functionsan

k(u,v)
and am

l (u,v) represent two apertures belonging to the pu-
pils Pk and Pl associated with thek’th and thel’th expo-
sure, respectively, where n51,2, . . . ,q and m
51,2, . . . ,w. They are called common apertures if
an

k(u,v)[am
l (u,v), and noncommon apertures if

an
k(u,v)am

l (u,v)[0.
Furthermore, an

k(u,v)5a(u2un
k ,v2vn

k), am
l (u,v)

5a(u2um
l ,v2vm

l ), where a(u,v) denotes the aperture

shape. That is, all the aperture pupils are identical. In the
following, circular apertures are considered.

As mentioned above, a photorefractive BSO crystal is
employed as the recording medium. These crystals are ap-
propriate for speckle applications where it is necessary to
detect in real time any change of the patterns.

The BSO crystal is 3 mm thick and is cut normal to the

^1̄10& crystallographic direction. Moreover, the directions

^1̄10&, ^001&, and^110& coincide with theX, Y, andZ axes,
respectively, along which the linear dimensions areLX ,
LY , and LZ . The crystal exhibits the linear electro-optic

effect: if a voltageV is applied between the (11̄0) faces,
separated by a distanceLX , it becomes birefringent due to
the external fieldEa5V/LX . The intensity distribution pro-
jected by the lens L1 in the crystal creates photocharges,
which drift due to the external fieldEa into the dark re-
gions, where they are trapped. This gives rise to a space-
charge field that modulates the refractive index via the lin-
ear electro-optic effect.

In the readout step, a collimated plane wave of unit am-
plitude that is linearly polarized in theY direction is used. It
should be noted that if the readout wavelengthlR coincides
with the write-in wavelength, then the readout is destruc-
tive and the stored gratings are all progressively erased dur-
ing this process. This occurs because of the space-charge
relaxation~charge redistribution! produced by the reading
light. This problem can be partially solved by reading out at
a wavelength at which the crystal has low sensitivity. We
used a collimated readout beam from a He-Ne laser~10
mW! with lR5633 nm, which is outside of the spectral
sensitivity range of the crystal. Nevertheless, over many
cycles, and particularly when using strong beams, this pro-
cedure is still destructive.

Then, the reading light transmitted through the crystal is
Fourier-transformed by the lens L2 of focal length f and
observed on its back focal plane (P1).

The field amplitude in the Fourier plane,G(U,V), can
be expressed as the superposition of Fourier-transformed
wavesGk(U,V), k51,2, . . . ,N, each one representing the
complex amplitude associated with an individual
exposure:13

G~U,V!5 (
k51

N

Gk~U,V!, ~1!

whereGk(U,V) is the autocorrelation given by

Gk~U,V!5$Sk
^ ~Sk!* %~U,V!. ~2!

In this equation ^ means complex autocorrelation and
Sk(x,z) is defined as

Sk~x,z!5PkS 2x
lW

lR

ZC

f
,2z

lW

lR

ZC

f DTk

3S 2x
ZC

Z0f
,2z

ZC

Z0f D , ~3!

where

Fig. 1 Experimental setup: R, random diffuser; L1 , L2 , and L3 ,
lenses; M1 , pupil mask; M2 , filtering mask; CS, collimator system;
BS, beamsplitter; FR , inteference filter (l5633 nm); P1 , Fourier
plane; P2 , image plane.
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TkS 2x
ZC

Z0f
,2z

ZC

Z0f D
5E Ak~x,y! expS i

2p

lR

ZC

Z0f
~xx1zy! D dx dy. ~4!

According to Eqs.~1!, ~2!, and ~3!, the pupil limits the
spectral content of the encoded image that contributes to
the amplitude field in the Fourier plane. Moreover, it is
assumed thatSk(x,z) is geometrically similar toPk. Thus,
from Eq. ~3! it can be inferred that for each exposure the
spectral content of each image is gathered into the diffrac-
tion spots associated with the respective pupil. Meanwhile
the overlapping of the two spectra occurs exclusively in the
spots where the two diffraction patterns coincide. In the
U-V Fourier plane the spectral components of the input
Ak(x,y) are concentrated in the regions where

H PkS 2x
lW

lR

ZC

f
,2z

lW

lR

ZC

f D
^ PkS 2x

lW

lR

ZC

f
,2z

lW

lR

ZC

f D J ~U,V!Þ0,

and the components ofAl(x,y) are located exclusively
where

H Pl S 2x
lW

lR

ZC

f
,2z

lW

lR

ZC

f D
^ Pl S 2x

lW

lR

ZC

f
,2z

lW

lR

ZC

f D J ~U,V!Þ0.

The main advantages of employing thick photorefractive
materials for this implementation are their large informa-
tion capacity and high diffraction efficiency. Due to the
volume nature of the medium, each speckle grain displays
information in addition to that observed in two-dimensional
media.

It was established in a previous paper13 that the diffrac-
tion efficiency of each speckle grain volume grating be-
haves like that of a transmission volume hologram. The
diffraction efficiency obtained by using coupled-wave
theory, taking into account the off-Bragg parameter, pre-
dicts a sharp peak at the Bragg angle.14 When the reading
beam is oriented within a small angle around the Bragg
angle, the diffraction efficiency is not negligible, but it is
clear that such an angular mismatch produces a drop in the
diffraction efficiency. This behavior does not represent a
disadvantage, because it is possible to obtain diffraction
spots with high efficiency by suitably addressing the recon-
struction beam. Then, the diffraction efficiency of each
speckle grain volume grating can be expressed as

h5
k2

k21~j/2!2 sin2H LzFk21S j

2D 2G J , ~5!

where

k5
pn Dni j

k

lR@n22sin2~lRdi j
k /lW32ZC!#1/2

and the off-Bragg parameter is

j5
2pdi j

k

ZClW

cos~lRdi j
k /lW32ZC!

@n22sin2~lR•di j
k /lW32ZC!#

Du i j
k ,

in which Du i j
k is the off-Bragg angle for the fringe system

f i j
k , n is the refractive index at the wavelengthlR , and

Dni j
k is the index-grating modulation depth forf i j

k .
It is necessary to point out that the diffraction efficiency

of the diffraction orders not only depends on the fringe
frequency determined by the distancedi j

k , but also depends
on the orientation of the fringe systemf i j

k . In our experi-
mental conditions, the diffusion transport of photocharges
is negligible and the carrier drift mechanism predominates
in developing the index grating. In fact, the external applied
field Ea introduces anisotropic behavior as the grating is
built up. That is, the projection of the fieldEa onto the
direction of the fringe systemf i j

k that modulates the speckle
grains establishes the strength of the carrier drift contribu-
tion, which in turn develops the index grating. Note that the
index-grating modulation depthDn is proportional to the
scalar productEa•f i j

k . Therefore, the diffraction efficiency
depends on this scalar product. In particular, if the two
directions are perpendicular to each other (a i j

k 590 deg),
then the drift mechanism does not contribute to the index-
grating formation and the diffraction efficiency is zero.

If several images are multiplexed by using the same
multiple-aperture pupil, the encoded speckle distributions
are modulated by identical index gratings. Then, in the
readout process, the spectral information of all images con-
verges to the same Fourier regions. In contrast, on using a
different pupil during each exposure, the loci of the spectral
information of the various images in the Fourier plane do
not in general coincide. In the observed diffraction patterns
corresponding to multiple exposure by using multiple-
aperture pupils, some spots of one diffraction pattern coin-
cide exactly in position with some spots of another,
whereas the remaining spots do not overlap at all. The ap-
propriate selection of the multiple-aperture pupils allows
concentrating the information in chosen regions in the Fou-
rier plane.

An interesting example of multiple exposure by using
multiple-aperture pupils is described in Fig. 2. In this case
the input imagesAk (k51,2, . . . ,N) are sequentially en-
coded into the crystal by using different pupilsPk. For
simplicity, we denote the pupils associated with the first
exposure asA, with the second exposure asB, with the
third asC, and with the fourth asD. In the first row of Fig.
2 these pupils are schematized. In the second row are
shown the diffraction patterns obtained from exposure
through the pupils. The first diffraction pattern corresponds
to one exposure using the pupilA. The successive patterns
were obtained by multiple exposures by using the pupilsA
andB; A, B, andC; andA, B, C, andD, respectively. The
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capital letter or letters inside each diffraction spot symbol-
ize the information corresponding to each exposure that
contributes to that spot.

From the scheme of the diffraction patterns belonging to
multiple exposures in Fig. 2, it is apparent that when pairs
of pupils are considered there are common and noncommon
spots. The pupil arrangements are selected to concentrate in
each spot the spectral information corresponding to not
more than two exposures. Note that the zero order is always
a common spot for arbitrary pupils. The spectral amplitude
components for a pair of exposures are added into the com-
mon diffraction spots, whereas in the noncommon spots
their individual spectra are isolated. In particular, for the
four exposures all the diffraction spots contain information
about a pair of inputs.

Moreover, it is useful to define the common and non-
common apertures for each pair of pupils. In this context it
is assumed that common and noncommon spots can be
identified when observing the diffraction patterns corre-
sponding to the multiple-exposure experiment schematized
in Fig. 2.

From the diffraction pattern, it is apparent that there is at
least one pair of apertures in the pupilA that generates in
the read out step a pair of lateral diffraction spots that are
not obtained when using the pupilB. Thus, the light in
these~noncommon! spots will carry only spectral informa-
tion about the input signalA1. A similar conclusion holds
when considering the pupilB and the inputA2. Meanwhile,
in the diffraction spots that one pupil diffraction pattern has
in common with the other, the spectra of the two encoded
images will be overlapped.

3 Applications

The experimental setup is shown in Fig. 1. We employed a
BSO crystal of dimensionsLX5LY510 mm and LZ

53 mm, with a voltageV'8 kV applied between the

(1̄10) crystal faces. The distancesZ0 andZC were 135 and
485 mm, respectively. In the write-in process, light of
wavelengthlW5514 nm from an Ar laser was utilized. The
incident light intensity onto the crystal was less than 0.4
mW/cm2. In these experimental conditions, for recording
the speckle pattern a time of about one second is needed. In
the readout process, we used a plane wave from a He-Ne
laser (lR5633 nm), propagating along theZ axis. This re-

construction geometry is the same as used in conventional
speckle photography, which implies an off-Bragg readout
angle.

As stated above in Eq.~5!, the diffraction efficiency of
each diffraction spot not only depends on the off-Bragg
readout angle, but also depends on the write-in conditions
and the crystal parameters. Clearly, the reconstruction can
be optimized by Bragg-matching the readout angle. How-
ever, making the readout beam incident perpendicularly on
the crystal plane~as usual when using a plane recording
medium! does not represent a restriction on our setup. In-
deed, this arrangement is implemented to display simulta-
neously all the diffraction spots.

Good tolerance for off-Bragg reconstruction is achieved
by using a thin crystal and a small aperture separation. This
selection can be done according to the analysis of the dif-
fraction efficiency of the speckle grain volume gratings, as
investigated in Ref. 13. From Eq.~5! it can be inferred that
the angular half-width of the Bragg peak strongly depends
on the writing angleu0 i j

k 5 1
2di j

k /ZC and the crystal thick-
nessLZ . In the readout step, when the beam impinges per-
pendicularly on the crystal plane, this implies an off-Bragg
readout angleDu i j

k 5u i j
k , whereu i j

k 5(lR /lW)u0 i j
k is the

external Bragg angle for the fringe systemf i j
k . In this read-

out condition, the diffraction efficiency decreases asdi j
k in-

creases. It was shown in Ref. 13 that an increase of the
crystal thicknessLZ will produce an increase of the diffrac-
tion efficiency. On the contrary, a relatively high off-Bragg
condition will produce a lower efficiency as the thickness
LZ increases. Also, it is shown that forLZ51 mm, the side
orders’ diffraction efficiency hardly decreases as the aper-
ture separationdi j

k increases. In particular, fordi j
k 514 mm

good diffraction efficiency is observed, which is in accor-
dance with the low angular selectivity corresponding to a
thin crystal (LZ51 mm). A very different situation appears
for a thick crystal (LZ510 mm), and a strong decrease of
the efficiency is observed for increasing values of the pa-
rameterdi j

k . In this case, to obtain high efficiency,di j
k must

range up to 6 mm, which agrees with the high angular
selectivity exhibited by a thick crystal (LZ510 mm).

A CCD camera and an image processor were employed
to record the images. In addition, a red filter prevented the
Ar-laser light from impinging on the camera. In our case,
circular apertures of diameterD52.65 mm were used.
Then the speckle grains have average depthsSZ

'4lW(ZC /D)2'85 mm andSX'lW(ZC /D)'0.1 mm.11

Note that the speckle depth is larger than the crystal thick-
nessLZ . Thus, it is possible to replace in the write-in pro-
cess the depth of the speckle by the crystal thickness. The
aperture pupils are centered at the vertices of an 8-mm-
side-square. As stated in Sec. 2, there is generated in the
crystal a multiple system of interferometric fringes in the
imaged speckles, whose orientation and frequency are de-
termined by the geometric parameters of the experimental
setup.

On using multiple circular apertures, all with the same
diameterD, the intensity in the Fourier plane consists of
circular distributions having all the same spectral width,
which is determined by the aperture diameterD of the pu-

Fig. 2 Scheme of the pupil arrangement and diffraction patterns
corresponding to a single, a double, a triple, and a quadruple expo-
sure by using the pupils schematized above.
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pil. As D increases, higher input frequency components
will be admitted by the system.

The appropriate selection of multiple-aperture pupils in
each exposure allows isolating or combining selectively the
spectral information of several multiplexed images into
separated zones of the diffraction plane. The spectral am-
plitude components for each pair of exposures are added
into the common diffraction spots, whereas in the noncom-
mon spots their individual spectra are isolated. In this work
we present two possible applications of these techniques: to
obtain the operation OR between images, and to detect in-
plane displacements.

3.1 Image Operations

One application of this multiple exposure schema is to per-
form simultaneously the operation OR between each pair of
input images. To this purpose it is necessary to select the
pupil arrangements, for example as shown in Fig. 2. For
this application the transparency is attached to a random
diffuser ~R in Fig. 1!.

In the first row of Fig. 3 are shown three different input
signals. In the second row of this figure are shown the
output images obtained by digitally realizing the OR opera-
tion between each pair of input images.

The Fourier pattern schematized in the middle of Fig. 4
corresponds to the four exposures made with the pupils
shown in Fig. 2. In the first exposure the pupilA is used. In
this case, the imageI 1 shown in Fig. 3 is registered. Then,
for the second exposure, the pupilB is used, and the image
I 2 is registered. Finally, for the third and the four exposures
the pupilsC and D, respectively, are used. In both cases,
the imageI 3 is registered. By this procedure, the diffraction
spots contain information about a pair of inputs.

In Fig. 4 the dashed circles indicate absent diffraction
orders corresponding to vertical apertures (a i j

k '90 deg!.
Note thatDn'0, which implies negligible diffraction effi-
ciency.

In addition, the diffraction efficiency depends strongly
on the readout-beam orientation. In this case, the recon-

struction can be optimized by Bragg-matching the readout
angle. Under this condition the retrieved images can be
obtained by using the angular selectivity characteristic of
the volume medium.

However, it is possible to reconstruct the stored infor-
mation in a fixed geometry with the readout beam imping-
ing perpendicularly on the crystal face as in a 2-D medium.
In this case, to obtain good performance, it is convenient to
employ a thin crystal and a small write-in angle. Under this
condition, to retrieve each image a filtering in the Fourier
plane is necessary.

In our case, the retrieved images are obtained through
properly filtering out the light of each spot in the Fourier
plane. To achieve this without cross talk between the im-
ages, the diameter of the hole in the filtering mask must
coincide with the spot diameter. The image reconstructed
through each diffraction spot carries the spectral informa-
tion for a single pair of exposures. The information stored
in each spot is reconstructed by means of lens L3 at theP2
plane. The image reconstructed correspond to the operation
OR among the input imagesI 1 , I 2 , and I 3 . This is con-
firmed by comparing the images of Fig. 3 with the images
reconstructed through the different diffraction spots. Rather
low spatial resolution of the retrieved images is observed,
mainly because only some spectral components~those ad-
mitted by the pupils! contribute to the images.

In summary, this procedure allows an alternative imple-
mentation of the operation OR between input images.

3.2 In-Plane Displacements

In speckle photography some advantage can be gained by
utilizing different multiple-aperture pupils. As discussed
above, the use of different pupils allows one to isolate or to
combine selectively the spectral information of several
multiplexed images in separated regions of the diffraction
plane. This selection allows storing several in-plane dis-
placements.

Examples of interferometric fringes achieved by multi-
plexing one, two, three, and four modulated speckle distri-
butions are depicted in Figs. 5~a!, 5~b!, 5~c!, and 5~d!, re-
spectively. The four images were recorded according to the
scheme depicted in Fig. 2. Between the first and the second

Fig. 3 (a) Input signals registered in the crystal. (b) Images ob-
tained through a digital operation OR between the input signals
shown in (a).

Fig. 4 Diffraction pattern obtained in the P2 plane and the corre-
sponding images retrieved through filtering out each spot.
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exposure, a horizontal 80-mm displacement of the diffuser
was made. Afterwards, a vertical 90-mm displacement was
made between the second and the third exposure. Thus, the
third image was both horizontally and vertically displaced
with respect to the first image. In the third and the fourth
exposure, the diffuser was displaced in the same magnitude
with respect to the first exposure; that is, no relative dis-
placement existed between the last two images.

The registers displayed in Fig. 5 correspond to the plane
P1 in the setup depicted in Fig. 1.

In Fig. 5~a! the fringes do not appear at the diffraction
spots, because only one specklegram is registered. In Fig.
5~b! the horizontal spots exhibit fringes. The common ap-
ertures of the pupilsA and B are responsible for the dif-
fracted light in these spots. Notice that the fringe orienta-
tion corresponds to the horizontal displacement between
the first and the second image. Fringes do not appear in the
diagonal spots, because only the light diffracted by the pu-
pil A or B goes there. Nevertheless, there are noncommon
aperture pairs in the pupilsA and B responsible for that
spot’s formation. In Fig. 5~c! a fringe system appears only
in a pair of diagonal spots. The appearance of fringes in
these spots can be interpreted by considering the fact that
the spectra of the first and the third image are overlapped
there. The period and orientation of the fringes correspond
to the relative displacement between the first and the third
image. The third and the fourth image were equally dis-
placed with respect to the first. Then, as a consequence of
the overlapping of the spectral components of the second
and the fourth image, a new system of fringes appears ex-
clusively in the other diagonal spots. In fact, these~hori-
zontal! fringes refer to the relative vertical displacement
between the respective images. The remaining spots do not
change on adding the fourth image.

Finally, in the central spot the spectra of the three im-
ages are overlapped. Furthermore, a rather complex spatial

modulation appears, because horizontal, vertical, and diag-
onal fringes are also overlapped there.

In summary, in this experiment the fringe-modulated
diffraction spots correspond to three independent double-
exposed specklegrams. These fringes have optimum visibil-
ity and correspond to different relative displacements. In
addition, only four recording steps are needed, and the rela-
tive displacements between nonconsecutive images are ob-
tained.

4 Conclusions

An alternative image-multiplexing technique based on im-
age modulation through speckle patterns, by using different
multiple aperture pupils for recording, has been presented.
The use of a different pupil mask for each exposure has a
definite advantage in that it allows concentrating the spec-
tral components of individual images into isolated spots in
the Fourier plane. Image multiplexing through a suitable
selection of multiple-aperture pupils allows retrieving the
overlap between each pair of input images.

A thick photorefractive BSO crystal is used for the pro-
posed applications because of its real-time response and
large storage capability. Notice that the volume medium
employed raises the possibility of exploiting its inherent
angular selectivity either to retrieve one spot each time or
to reconstruct all the spots simultaneously in a fixed geom-
etry with good diffraction efficiency through an appropriate
selection of the geometric parameters of the pupil mask.

In this paper, two applications were discussed. In the
field of image processing, the image binary operation OR is
carried out. Another application is to storing in the crystal
the information belonging to several in-plane displace-
ments. Conventional speckle photography requires three
consecutive steps: recording, development, and readout. In
contrast, all these steps occur simultaneously in the BSO
crystal, which has high sensitivity and a short time constant
for recording and erasure.

We have restricted ourselves to demonstrating the appli-
cation of speckle photography to uniform in-plane displace-
ments. Nevertheless, it is possible to implement the tech-
nique for a pointwise displacement analysis using multiple
exposures, or for whole-body displacements. In this case,
different sets of contour fringes, each one depicting equal
displacements in a given direction, could be observed when
filtering the specklegrams.
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