Real-time optical subtraction of photographic imagery

for difference detection

John F. Ebersole and James C. Wyant

Interferometric techniques described in this paper permit real-time optical image subtraction of two input
photograph transparencies without the necessity of intermediate processing steps (e.g., holograms or con-
tact-print transparencies). These interferometric techniques allow the use of a white-light source as well
as an extended light source, small input-collimator optics, and optical components with minimal require-
ments on wavefront quality. Experimental results with NASA LANDSAT (formerly ERTS) photographs

are presented.

Introduction

This paper describes new techniques for real-time
optical subtraction of photographic imagery.! The
primary goal of this work was the development of a
difference detection capability. There are many ap-
plications for such a technology, including earth re-
source studies, meteorology, automatic surveillance
and/or inspection, pattern recognition, urban growth
studies, and bandwidth compression. In general,
there are several methods for obtaining optical image
subtraction. Among them are interferometric and
holographic methods, coding methods, and positive—
negative superposition methods. A review of these
techniques is given elsewhere.? The techniques de-
scribed in this paper are interferometric.

Triangular Interferometer Method

Figure 1 shows one technique used for real-time
optical subtraction of photographic imagery for dif-
ference detection. A triangular interferometer (com-
prised of two mirrors and a beam splitter) is used to
superimpose the beams illuminating the photograph-
ic transparencies P; and Ps. The three output
beams (actually four, with two superimposed) imaged
by the output optics are shown in Fig. 1. If the am-
plitude transmittances of P; and Py are ti(x,y) and
ta(x,y), respectively, the output I3 is

I; = Ct + ¢ — 2t ity cosl(2n/A)OPD]}, (1)
where C is a proportionality constant and where
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OPD is any optical path difference between the two
beams carrying the P; and Py information. This
equation assumes that the beam splitter equally di-
vides the beam. The minus sign in front of the third
term in Eq. (1) is due to an additional net phase
change of = radians suffered by the P beam (with re-
spect to the P; beam) as a result of reflection from
the beam splitter. When OPD = mA\ (m an integer),
destructive interference occurs, and Eq. (1) can be
written as

: (2)

»

.[3 = Crt1 —tz

where any possible phase variations caused by the
transparencies P; and P are eliminated by using a
liquid gate holder. If P; and P; are exactly superim-
posed (i.e., exact image registration is achieved),
image subtraction will occur. [Image addition can be
achieved if OPD = (2m + 1))\/2.]

A triangular interferometer can produce shear, i.e.,
move one beam parallel to another, by displacements
or rotations of the mirrors or btam splitter.> Thus,
lateral superposition (i.e., x superposition) of P; and
Py can be achieved in two ways: (a) by translating
mirror 1 (or, equivalently, by translating mirror 2) or
(b) by rotating mirror 1 (or mirror 2) about the y axis
by an appropriate amount, say . Vertical superposi-
tion (i.e., y superposition) can be achieved by tipping
one mirror through an appropriate amount, say ¢,
about an axis perpendicular to the axis of rotation for
9. (Lateral and vertical superposition can also be
achieved using the beam splitter, but in our experi-
ments it was more convenient to move one of the mir-
rors.) Rotation of a mirror will produce a change in
the OPD. Thus the adjustment # can serve a dual

. function—superposition and subtraction. The only

other adjustment required is angular registration, say
¥ adjustment, of the photographs back at the P; — Ps
photograph plane and perhaps tilt adjustment so
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Fig. 1. Triangular interferometer to achieve, in real time, super-

position and subtraction of two photographic transparencies (P;

and Ps) and capable of using broadband or monochromatic as well

as incoherent or coherent light sources. The outputs I, and I cor-

respond, respectively, to P and Pg; the difference between Py and
Py is present in I,

MIRROR 2 ;’

that P; and P, are in line with each other and are not
tilted with respect to the incident collimated light.
The superpositioning using z (or §) and ¢ as well as
the subtracting using 0 are real-time procedures.
The operator views the output I3 while varying z, ¢,
and § (and perhaps ¥ and tilt) until registration and
subtraction occur.

In order to obtain useful results from the subtrac-
tion of Py and Py, it is necessary that P; and P, be si-
multaneously in focus at the output plane. As long
as the mirrors and beam splitter are set so that the
angle of incidence on both mirrors is the same for
both beams, the optical pathlengths for both P; and
P3 will be equal. If one mirror is slightly misaligned
by some amount Af, the OPD introduced is only on
the order of XpA#f, where Xp is the width of each
transparency. Experimentally, it is convenient to
choose the angles of incidence on the beam splitter
and each mirror to be 45° and 22.5°, respectively. It
is then fairly straightforward, using retroreflection
techniques, to align the system very accurately so
that any residual OPD will be very small or, at the
very least, smaller than the depth of focus of the out-
put imaging lens. Having performed this initial
alignment, an operator can then increment the rota-
tion so that OPD = mA in order to achieve subtrac-
tion.

There is another real-time capability that can be
added to the system. By inserting an appropriate
neutral density filter (which may be N.D. = 0.0) in
front of either P; or Ps, the average density levels of
the two photographs can be matched or equalized.
In this way it is possible to compensate for different
sun illumination levels or different photographic pro-
cessing of the two transparencies, thus eliminating a
large amount of spurious noise caused by real differ-
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ences between the photographs, but not caused by
differences between the actual scenes.

If desired, a hard-copy output photograph can be
taken of I's (and of I; and I, which also appear in the
output plane). Since differences betweeni P; and Ps
appear bright in I35 to an observer, in a short-expo-
sure (positive) photograph of I3, the areas of P; and
Py that are identical (i.e., that have no differences)
will be almost completely dark, the partially similar
areas will appear as various shades of gray, and the
very different areas will appear brightest. If instead
a photograph is taken with a longer exposure, the
identical portions will then be faintly present, assist-
ing the observer in determining the actual location of
any changes (which appear even brighter) with re-
spect to the constant background. In other words,
use of variable-exposure photographic hard-copy
output provides a capability for variable density level
slicing.

Returning now to Eq. (2), the expression for I5 can
also be written as

13 = C|(11)l/2 - (12)1/2|27 (3)

assuming I3 = t;2 and Ip = t32 For applications
where simply the existence of the differences (due,
for instance, to temporal changes or to differences
between multispectral data) is to be detected, the
output I3 described by Eqs. (1)-(8) will indeed pro-
vide positive evidence of changes. [In the experi-
mental results, the Itek difference photograph and
the LANDSAT imagery difference photographs are
representative of Egs. (1)-(3).] In some applications
it is desired to know the difference Is = C|I; — I in
addition to confirmation of the existence of any

Z¢=Xp/tan®
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Fig. 2. Single shear plate interferometer for real-time superposi-
tion and subtraction of two photographic transparencies for use
with monochromatic coherent light sources only.



Fig. 3. Triangular interferometer to serve as a replacement for

the collimating optics in Fig. 1, permitting use of smaller input col-

limater optics with less strict wavefront requirements as well as
use of an extended light source.

change. It is possible to achieve this result by means
of intermediate steps; however, real-time operation is
thereby precluded. One procedure is to record indi-
vidually P; and P, onto another transparency and
then make a contact print of each such that after

both steps the net film gamma of the transfer process-

is —2. (These might be combined by recording di-
rectly onto positive film with a gamma of —2.) When
these new transparencies are subtracted, the output
is I3 = C|t;2 — t2?? instead of Eq. (2). By recording
this I3 on film with a gamma of —1%, the result is I3 =
C|t12 - t22l or .[3 = Clll - I2|

Plane-Parallel Plate Interferometer Method

Real-time optical subtraction of photographic im-
agery can also be accomplished by using a plane-par-
allel plate of glass instead of a triangular interferom-
eter, as shown in Fig. 2. This method is simpler (in
terms of the number of optical components), but re-
quires some additional considerations. The beam il-
luminating P; travels through the shear plate, where-
as the beam illuminating P; does not. Thus some
astigmatism and spherical aberration will be intro-
duced into the P; beam. The astigmatism can be
compensated? by placing in the P; beam either (a)
another plate of equal thickness 7' tipped by an equal
amount but about an axis 90° to the first plate or (b)
a wedged plate with the proper wedge angle. How-
ever, any spherical aberration from the first plate will
be increased by the addition of a second plate. An-
other consideration involves the focusing of P; and
Py at the same output image plane by the imaging
lens. In order for P; and Ps to be at the same conju-
gate distance from the lens, P; must be moved closer
to the lens by some amount Z;. From a simple geo-
metric argument, the required value of Z is Xp/tand
(or 2Xp/tand if an astigmatism compensating plate
described above is used). When 6 = 45°, at which
the shear is approximately a maximum, Zy = Xp (or
9Xp). If, for instance, it is desired to place P; and

P, in the same liquid gate (and thus in the same
plane), it would then be necessary to insert in the Py
beam a separaté plate to compensate for focus. This
plate (of index n) would be set at § = 0° (normal inci-
dence); from geometrical arguments it can be shown
that this plate would require a thickness 7' = Xpn/(n
— 1) tanf [or 2Xpn/(n — 1) tand] so that the Py path
is foreshortened an appropriate amount. Although
this would increase spherical aberration for the P»
photograph, it would tend to balance out some of the
spherical aberration in the P; beam.

It should be mentioned that the beam splitter in
the triangular interferometer of Fig. 1 does introduce
some astigmatism, as does a shear plate. However,
the shear plate thickness must be sufficiently large
that P; and P5 can be superimposed, i.e., T' must be
large enough to produce a sufficient amount of shear.
As an example, for § = 45° and a glass plate of index
n = 1.5, T must be greater than approximately
1.3Xp, which can be a problem with large photo-
graphs. (However, an auxiliary lens system might be
used to demagnify in real time the images of the pho-
tographs before they are subtracted.) On the other
hand, the beam splitter in the triangular interferome-
ter can be as thin as physically feasible, limited only
by the mechanical strength necessary to hold a high-
quality optical figure. This results from the fact that

_ the shear, and thus the superpositioning, depend

only on the separation and angular orientation of the
two mirrors with respect to the beam splitter. In ad-
dition, the beam splitter makes an equal contributor
to the optical paths of the P; and Py beams, so by
correcting whatever astigmatism there is for one
beam, the astigmatism in the other beam can be cor-
rected at the same time.

Modifications

There is a modification to Fig. 1 that greatly im-
proves the operation of the triangular interferometer
technique. Figure 3 shows another triangular inter-
ferometer for use as the input optics in place of the
collimating optics in Fig. 1. Since the effect of the
two triangular interferometers is to shear the input
beam (shown at the top of Fig. 3) and then superim-
pose again, the output pattern I3 is the result of the
interference of two nearly identical beams (excluding

Fig. 4. Double shear plate interferometer showing improvements
to Fig. 2 similar to those that Fig. 3 provides for Fig. 1, including
the use of a broadband extended light source.
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Fig. 5. Results of real-time optical image subtraction of two pho-
tographic transparencies (the letter e and the name Itek) using a
single plane-parallel-plate interferometer.

the effect of P; and P3). Hence, even relatively low-
quality input collimating optics should be acceptable
since the input wavefront deviations will be common
to both interfering beams and will thus cancel when
the two beams are superimposed. This reduces the
over all requirements on the optical quality of the
mirrors and beam splitters as well. In addition, the
diameter of the collimator lens in Fig. 3 need only be
as large as one photograph transparency, since the
input beam is sheared by the first triangular interfer-
ometer into two beams, one for each photograph.
This translates directly into size, weight, ease of fab-
rication, and thus cost savings. Finally, the intro-
duction of another triangular interferometer permits
the use of an extended light source as well as an inco-
herent white light source. [With one triangular in-
terferometer, a white light source, but not an extend-
ed source, can be used for subtraction, because, after
the geometrical paths for the P; and P, beams are

made equal, there is a broadband w-radian phase
shift introduced in the P3 beam upon reflection from
the beam splitter, as indicated in Eq. (1).] In prac-
tice it may be desirable to use a broadband spectral
filter in conjunction with the white light source. The
primary advantage of using an incoherent source is
the elimination of speckle noise and extraneous inter-
ference effects that often accompany laser illumina-
tion. The primary advantage of an extended source
is greater intensity in the input illumination to the
system.

Figure 4 is a modification of Fig. 2 and provides
advantages similar to those that Fig. 3 contributes to
Fig. 1, i.e., smaller input collimator optics with less
strict wavefront requirements as well as use of an ex-
tended light source. An incoherent white light
source can also be used if the back surface of one
plate is coated with a film of refractive index higher
than the plate thus causing P; (or Pj, depending on
which plate is coated) to sustain an additional broad-
band w-radian phase shift. (In fact, with no compen-
sating plates, the setup in Fig. 2 can use neither an
incoherent nor an extended source because the OPD
can never be made zero.)

Experimental Resuits

Figure 5 shows results of optical image subtraction
using a single plane-parallel-plate lateral shearing in-
terferometer. The two input photographic transpar-
encies are the letter ¢ and the name Itek shown at the
top and bottom. The subtraction of the e from Itek .
is shown in the middle. A He-Ne laser (A = 0.6328
pm) was used as the light source.

Figure 6 shows the three output photographs from
a triangular interferometer: I; = Py, Iy = P,, and
the difference photograph Is. P; and Py are NASA
LANDSAT (formerly ERTS-Earth Resources Tech-
nology Satellite) photographs [band 6 (0.7-0.8-um
wavelength range)] taken at two different times. In

I, (Py)
{October 21, 1972)

I; (difference)

L2 (Py)
(November 26, 1972)

Fig. 6. Results of optical image subtraction (center) of NASA LANDSAT (formerly ERTS—Earth Resources Technology Satellite) pho-
tographs using a triangular interferometer, but before compensation of the different average density levels of the transparencies. The ac-
companying text presents a more detailed description of the results.
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I; (Py)
(October 21, 1972)

I, (difference)

I, (Py)
(November 26, 1972)

Fig. 7. Results of optical image subtraction (center) of the same NASA LANDSAT photographs in Fig. 6, but after real-time compensa-
tion (during the subtraction process) of the different average density levels of the transparencies. The accompanying text presents a more
detailed description of the results.

I, differences show as various shades of gray—the
greater the difference, the lighter it appears. The
dark regions in I3 are areas that exhibit no changes.
In the lower left-hand corner of the I3 photograph,
less than pure white is evident. This is due to extra-
neous interference effects resulting from the coher-
ence of the He—Ne laser light used in the breadboard
system. For a brassboard system, an extended mer-
cury light source or an extended white light source
with a broadband spectral filter could be used, and
these effects would then not be anywhere near as sig-
nificant. New ice and snowfall in Py but not present
in P; are especially evident in the upper left-hand
corner of Is. The crosses in P; and Py were added
simply to aid in registration of the photographs with
the breadboard processor; it may be noted that they
are optically subtracted out of the I3 photograph.
Finally, although perhaps not so obvious in these re-
productions, the average density level of Py is greater
than that of Ps. As a result, although photograph I3
shows the true differences between the P; and Py
photographs, it is not representative of the differ-
ences between the corresponding irradiances of the

P; and P, scenes. This is especially evident in the
lower right-hand corner of I3, where P; and P photo-
graph differences are evident, but where in reality no
scene differences have taken place. This situation is
shown corrected in Fig. 7.

In Fig. 7 are the same Py and P3 photographs as in
Fig. 6, only now the /3 photograph is a much better
representation of actual scene differences between
P; and P,. This is due to an approximate equaliza-
tion, using a neutral density filter, of the average
density levels of P; and P as determined visually.
As a result, it may be noted that the lower right-hand
corner of I3 is now almost completely black. At the
same time, the real scene differences are enhanced or
at the very least are much more obvious, e.g., the ice
and snowfall changes in the upper left-hand corner of
Is. Also, small area changes become more obvious as
well, due to an improvement in the SNR. It might
be pointed out that there is considerable reduction of
interference noise (due to the use of laser beam illu-
mination) in the lower left-hand corner; as men-
tioned previously, this noise would be nonexistent
with a mercury or a white light source.
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Summary

The methods described above, as evidenced by the
experimental results presented in Figs. 5-7, provide
new capabilities for real-time detection of both the
existence and location of differences between photo-
graphs. A partial listing of some advantages of the
techniques include the following:

real-time subtraction of photographic imagery;

true subtraction (not multiplication) of optical
transmittances;

parallel optical processor;

no serial scanning;

no computer required;

fast;

uses original photographic transparencies;

no intermediate photographic processing steps
(e.g., hologram or contact-print transparency);

registration and subtraction adjusted simulta-
neously;

compensates for different average density levels of
transparencies (caused by different sun illumination
or by different photographic processing);

visual or photographic hard-copy output;

use of an incoherent light source (triangular inter-
ferometer only).

For the modified versions (the use of an additional

triangular interferometer or another shear plate), the
additional capabilities include for both methods

use of an incoherent light source,

use of an extended light source,

small input optics (collimator diameter need not
exceed width of one transparency),

processor technique greatly reduces required wave-
front quality of system optical components.
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Willard of Itek Corporation for their helpful discus-
sions and comments. A special note of thanks is ex-
tended to J. C. Barnes, Manager of Earth Resource
Studies at Environmental Research & Technology,
Inc. (Lexington, Mass.), who supplied the NASA
LANDSAT photographs.
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