CONSIDERATIONS FOR THE DESIGN OF A PROJECTION PLOTTER

It should be easy to arrange for the height
scale to be readable from both sides.

(11) The depth of focus should be as large
as possible without very adversely affecting
the model resolution. This is probably best
achieved by employing small apertures and
very bright lighting, with, if necessary, silent
running fans to effect cooling.

(12) Resolution should be as high as pos-
sible. With rotating shutter viewing the con-
siderable loss of resolution which is the worst
feature of most projection plotters employ-
ing anaglyph viewing would be very substan-
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tially avoided. It is considered that a resolu-
tion performance should be obtainable which
approaches closely that of binocular in-
struments provided the instrument is worked
close to its level of optimum projection. The
depth of focus provided should thus be used
for accommodating the model relief and not
as a means of changing model scale.

(13) An accessory should be provided as an
optional extra in the form of a pantograph, or
coordinatograph for the purpose of adjust-
ing the plotting scale without introducing
plottable error.

GILBERT LOUIS HOBROUGH,
The Photographic Survey Corp. Lid.,
Research and Development Division,

Toronto, Ontario

ABSTRACT: The mechanical function of detecting and removing X and Y paral-
lax from the stereo model is performed automalically by the instrument de-
scribed.

The clearing of parallax between two images requires that corresponding
points in the images be identiﬁed and located with respect to each other. In the
Stereomat, a small area is scanned by a spot of light mowng in a_random pat-
tern. Fluciuations in the light produced by the scanning spots crossing image
boundaries are sensed by a separate pholo electric cell for each photograph.
Signals from the two photo electric cells are processed electronically and X and
Y parallax information is obtained therefrom in the form of separate X and Y
error voltages. The Y error’” is used to orient the projectors in the relative

orientation operation, and “‘X error” is used to acluate a Z motion so as to

bring the platen or floating mark to the surface of the model.

INTEREST in automation of the tedious proc-
ess of stereo plotting has increased steadily
over the past decade, following the develop-
ment of electronics computation, information
theory and servo techniques.

As a result, various co-ordinate read-out
systems have been devised for plotting instru-
ments, and direct coupling to computers has
been used to achieve rapid data reduction for
highway planning and other engineering ap-
plications of photogrammetry.

Two years ago Mr. D. N. Kendall, the
president of the Photographic Survey Corpo-
ration, Toronto, Canada, gave support to,

and provided funds for, a research project
aimed at automatizing the basic stereo opera-
tions of clearing parallax, and driving the
floating mark to produce profiles or contours
automatically.

The essential sensing operation to be per-
formed by a stereo perception system (human
or mechanical) is that of relating correspond-
ing points in two similar images. In general a
fiducial mark or optical axis defines a point
in one image; another mark or axis is then
positioned by the system to the corresponding
point in the other image.

It is essential that the operation of locating

* This publication is made without prejudice to any rights of the author, his associates and licensees
concerning subject matter in respect of which patent applications have been and may hereafter be filed

in the United States and forelgn countries.
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corresponding image points should be as inde-
pendent as possible of the nature and struc-
ture of the image itself, provided of course
that there is sufficient image detail properly
and unambiguously to define points in the
images. In addition, the degree of image simi-
larity required must not be greater than may
be expected from stereo pairs having a base
sufficiently wide for aerial stereo-photogram-
metry. Likewise, the presence of minor image
flaws, and film granularity must not inhibit
the recognition of corresponding image areas.

Stereomat takes the form of an attachment
to a conventional stereo plotter and provides
the necessary motions of the projectors and
of the floating mark, for relative orientation
and location of the terrain surface respec-
tively.

The following is a description of the Stereo-
mat System. Correlation techniques are used
to maximize response to similarities in the
stereo images.

In order to examine an image, such as a
photograph, electronically, it is desirable to
reduce the information content of the image
to a single valued function with respect to
time. This may be accomplished by scanning,
i.e. by examining the image, point by point,
in some order or pattern (Figure 1) and gen-
erating an electrical signal which is simply re-
lated to the image density at each point.
When the entire image has been examined in
this way, all the image information has been
extracted and is available as an electrical sig-
nal, the amplitude of which is an analogue of
the image point densities in order.

The actual pattern traced out by the scan-
ning spot may be chosen to optimize the ex-
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traction of information significant to the
problem at hand. The pattern used in the
Stereomat System is the Random Scan shown
at the lower right of Figure 1.

The random pattern was chosen for the fol-
lowing reasons:

1. The irregular and constantly changing
pattern cannot react with a particular
image configuration, such as circles,
lines, etc. to produce an anomalous reac-
tion.

2. Each image point is subject to scanning
in many directions so that the image in-
formation is extracted in many permuta-
tions.

3. The velocity of the scanning spot varies
over wide limits thereby automatically
varying the emphasis between the fine
and the coarse detail in the images.

4. The random pattern is symmetrical and,
when averaged over a period of time,
tends to weight the scanning time in
favor of the center of the pattern where
the reference point is located.

5. The random scan is reasonably simple
to produce electronically by means of
random noise generators.

In order to examine two similar images,
such as a stereo pair, for any comparative
purpose, it is usually expedient to scan the
images simultaneously with identical scan-
ning-patterns.

Figure 2 illustrates a well-known method,
called “flying Spot’’ scanning, of extracting
information from photographic transparen-
cies. A cathode ray tube light-source and pho-
toelectric cell-sensing means are employed.
The spot of light produced by the electron
beam striking the fluorescent screen in the
cathode ray tube, may be moved about the
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F16. 1. Scanning patterns.
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screen area in response to voltages applied to
coils which deflect the electron beam from its
normal central position. Separate X and V de-
flection coils are usually employed to give in-
dependent control of the spot in mutually
perpendicular co-ordinate directions on the
face of the tube. Images of the light spot, pro-
duced by the objective lenses, execute corre-
sponding movements on the surface of each
photograph. The amount of light reaching the
photo-cells will be a function of the image
densities at any instant. As the spot image
moves over the photographs, the light reach-
ing the photo-cells varies, producing thereby
electrical signals responsive to the image
density variations from point to point.

Separate photo-cells are used to provide
separate electrical signals from each photo-
graph.

It can be seen that, when the optical axes
intersect corresponding image points in the
two photographs, the electrical signals from
the two photo-cells will be similar. It is the
object of subsequent circuitry to process these
two signals, and to extract therefrom informa-
tion as to the degree and direction of mis-
alignment of the optical axes with respect to
corresponding points on the two images.

The Stereomat is at present applied to a
plotter of the Kelsh type which provides an
optical-mechanical arrangement similar to
that shown in Figure 2. The cathode ray tube
is installed in place of the usual viewing table,
and the photo-electric cells are added to the
light projectors normally provided. (See Fig-
ure 3.)

PHOTO ELECTRIC CELLS
/
/ /

STEREO PAR

)

~

:

Fi1G. 2. Dual flying spot scanner.

~r
(=)}
o

PHOTO ELECTRIC CELL —

BLUE FILTER

BLUE LIGHT FROM CR.T

LIGHT SOURCE
DICHROIC MIRROR —

b RED OR GREEN
TT—ANAGLYPH FILTER

FROM LIGHT SOURCE

/lmorocﬂmuc TRANSPARENCY'
-

F1c. 3. Optical duplexer.

Viewing of the model by the operator is ac-
complished by means of an auxiliary illumina-
tion system optically separated from the
photo-cells by means of dichroic mirrors and
colored filters. The terrain model is visible on
the face of the cathode ray tube.

Figure 3 is a detail of the illumination sys-
tem and photo-cell assembly which we call an
optical duplexer. The cathode ray tube emits
blue light which passes up through the photo-
graph and dichroic mirror to the photo-cell,
while the viewing light is reflected downward

Fi1G. 4. The complete Stereomat as applied to a
Nistri dual projection machine. The electronics
rack is in the lower left corner. The optical
duplexers are just visible at the top of the figure.
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Fi1G. 5. Stereomat system block diagram.

through the photograph to form an image on
the C.R.T. face for monitoring by the opera-
tor.

Red-Green rather than Red-Blue anaglyph
spectacles are used in order to mask the blue
scanning-pattern produced by the C.R.T.
During normal operation, the area of image
scanned is sufficiently small (12 millimeters)
to allow the operator to monitor the opera-
tion through the spectacles. Should precise
positioning be required for reading spot
heights, the flying spot on the cathode ray
tube can be stopped by depressing a button;
the resulting dot then becomes the floating
mark, which the operator can position pre-
cisely in the place required. Upon release of
the button, the dot commences scanning the
area again. Mechanical details of the C.R.T.
assembly can be seen in Figure 4.

Figure 5 is a block diagram of the complete
Stereomat and shows the relationship be-
tween the various functional units. The scan-
ning generator in the lower left corner pro-
vides signals to the deflection coils as shown.
X and Y reference voltages are also supplied
to the correlation circuitry. These reference
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F1G. 6. Random scanning generator.
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voltages are a measure of the position of the
scanning spot at any instant in the X and ¥V
co-ordinate directions.

The signals from the two photo-cells are
processed by the correlation circuitry so as to
provide an X and ¥ parallax signal. These sig-
nals are amplified and used to excite servo-
motors to execute the corrective movements
required.

The X parallax signal is shown operating
the Z servo-motor which moves the C.R.T.
in a vertical direction as required to locate the
surface of the stereo model. The ¥ parallax
signal is used to effect relative orientation.
When the orientation switch is pressed by the
operator the signal from the ¥ parallax ampli-
fier is passed to the appropriate orientation
motor. Selection of the orientation motor to
be energized is automatic and depends upon
the parallaxing station being scanned. The
selector switch consists of a series of mercury
tilt switches attached to the machine linkage.

Figure 6 shows the scanning generator in de-
tail. Separate X and Y noise generators are
employed so that the X and ¥ motions of the
scanning-spot are completely independent of
each other. The band pass networks limit the
portion of the noise spectrum utilized. After
further amplification the noise signals pass
through two separate potentiometers which
control the amplitude of the signals, and
thereby the size of the scanning pattern.
These potentiometers are controlled auto-
matically by a pattern size servo-motor in re-
sponse to signals from the correlation cir-
cuitry. In this way the pattern size is always
as small as the detail of the image will allow.

Figure 7 shows a breakdown of the correla-
tion circuitry into functional units. The sig-
nals from the photo-cells are processed by a
registration discriminator to be described.
There are two outputs from this discrimina-
tor. The sum output is a measure of the aver-
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FiG. 7. Block diagram of correlation circuitry.
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age correlation or similarity of the images.
This signal is used to control the size of the
pattern through the pattern size servo previ-
ously described. The difference output signal
is a measure of the registration error or total
parallax between the images. The difference
signal is combined with the X and Y refer-
ence signals in the parallax analyzer, to be de-
scribed, to produce the desired X and ¥ paral-
lax signals.

Before the continuing with the details of
the registration discriminator, let us consider
the nature of the signals from the photo-cells.

The first curve in Figure 8 shows an ideal
wave-form, such as would be produced by an
infinitely small scanning-spot traversing per-
fectly sharp boundaries. The vertical height
of the wave-form is of course a measure of the
difference in light level across the boundaries.
Any image is made up of areas of differing
density separated by boundaries, and it is
these boundaries which contain information
useful for alignment purposes. Transient sig-
nals as shown here are produced whenever the
scanning spot traverses a boundary.

The second curve shows the smoothing ef-
fect of a finite dot size which, of course, must
be used in practice. In the Stereomat the spot
size has been set equal to the resolution of the
film, to avoid loss of detail.

The signals from the photo-cell are filtered
to reduce the effect of the random noise gen-
erated by photo-cells operating at low light
levels. The effect of the filters is shown in the
third curve. It will be noticed that the filter
produces further smoothing of the wave-form

[ 1
=—DARK———==—— LIGHT ————DARK—
1 [

IDEAL BOUNDARY
WAVEFORM

EFFECT OF FINITE
SPOT SIZE

EFFECT OF LOW
PASS FILTER

FINAL WAVEFORM AFTER
DIFFERENTIATION

Fi1G. 8. Wave-forms associated with the boundaries
in the image being scanned.
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F1c. 9. A simple multiplying correlator.

and also introduces a delay in the response.

The last wave-form shows the effect of dif-
ferentiating the boundary signal. Differentia-
tion is used to facilitate the alignment sens-
ing.

The signal filters in Figure 9 perform the
low pass and differentiating functions just de-
scribed. When the left and right images are in
alignment, the scanning-spot crosses image
boundaries simultaneously to produce the
conditions shown in the first set of curves.
The product wave-form at C consists of a
positive pulse whenever a boundary is crossed
by the scanning-spot. Since the polarity of
the pulses is always the same in both input
channels, the multiplied output is always
positive. The low pass filter smooths the
output to provide a more or less steady signal.

Misalignment of the images results in the
left and right boundary signals reaching their
maximum values at different times. The prod-
uct wave-form is therefore small as shown.

FiG. 10. Wave-forms associated with the
registration discriminator.
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Since the output of a multiplier is zero when
either input factor is zero, a greater displace-
ment than that shown could produce zero
output.

A simplified registration discriminator cir-
cuit is shown in Figure 10. It contains, in ad-
dition to signal filters and multipliers, two
delay lines, the purpose of which is to retard
signals by a fixed amount. The delay line op-
erating on the right signal introduces a delay
equal to approximately  the width of a bound-
ary pulse; the delay in the left signal channel
is twice this amount. In practice a more elabo-
rate arrangement of constant phase and dis-
persive networks is used rather than the sim-
ple delay lines shown, in order to improve the
efficiency of the correlating process.

With perfect image alignment, Signal 4
will be delayed with respect to B as shown.
Also Signal B will be delayed with respect to
A by the same amount. The product Signal
AB will therefore be somewhat less than the
maximum value that would occur if the Sig-
nals 4 and B were simultaneous. Likewise the
product A B’ will also be less than the maxi-
mum and in fact equal to the product 4B,
since the timing differences in each case are
equal. The Signal E is the difference between
the products AB and AB’ which after
smoothing is zero as shown.

The second column of curves shows the re-
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sult of a misalignment such that the right
signal is leading the left signal. The delay in
left signal has reduced the time difference be-
tween Signals 4 and B and increased the time
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F1c. 11. Block diagram of parallax analyzer.

difference between Signals 4 and B’. The AB
product is therefore increased and the 4B’
product is reduced to produce a net positive
output after smoothing.

The third column of curves shows the re-
verse condition of the left signal leading the
right signal. Since in this case AB’ is greater
than 4B, the resulting output is negative.

To summarize the action of the registration
discriminator:

1. With perfect alignment of the optical
axes with corresponding image-points,
the output is zero.

2. With moderate misalignment, the out
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put will be positive or negative depend-
ing upon the direction of misalignment.

3. Reversal of the scanning direction will
reverse the sign of the output, since the
leading channel now becomes the lag-
ging channel and vice versa.

4, Misalignment in a direction at right
angles to the direction of scan will not
produce timing differences in boundary
wave-forms and will therefore give zero
output.

Since the direction of scan using a random
pattern is constantly reversing, the output
from the registration discriminator will also
reverse or become zero, even in the presence
of a constant alignment error. It is the pur-
pose of the parallax analyzer (Figure 11) to
sort out the fluctuating signal from the regis-
tration discriminator into steady X and ¥V
parallax signals. The output from the regis-
ration discriminator is separately multiplied
with the differentiated X and YV reference
signals. Since the X and Y reference signals
are a measure of the scanning-spot position,
the differentiated signals will be a measure of
the spot velocities in the X and V directions
respectively.

The purpose of the delays shown is to com-
pensate for the delays already introduced by
the registration discriminator, thereby to as-
sure that the reference signals and the dis-
criminator signals will arrive at the multi-
pliers coincidentally. The low pass filters are
to smooth the output signals.

Figure 12 summarizes the effect of mis-
alignment in the different scanning situations
which occur in rapid successions with ran-
dom scanning. The X and V parallax signals
so obtained are utilized as previously out-
lined.

By driving the scanning head steadily in a
straight line, the Z motion of the head, as the
X parallax is cleared, may be coupled to an
external recorder to produce a profile of the
terrain. Alternatively, using the X parallax
signal in a different manner, XV steering for
the scanning head is obtained so that con-
tours may be drawn for each setting of the
Z axis.
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F1G. 13. Rear of the electronics rack. The rack
also contains contouring circuitry in addition to
that described in the text. On the front of the rack
are the five operating controls and the servo ad-
justments.

Stereomat is applicable to stereo plotters of
other types, including first-order machines,
and the accuracy of a machine is not affected
thereby. The fitting of Stereomat to a plot-
ting instrument involves considerable engi-
neering, and will require close liaison between
the manufacturer and ourselves. We expect
that a number of machines will be available
with Stereomat in the near future and hope
that the Stereomat principle will benefit the
industry in one of its most difficult areas.

Production and marketing rights to the Stereo-
mat system have been assigned to the Benson-
Lehner Corporation of Los Angeles. Requests for
further information should be directed to the
licensee rather than to the author or to the Photo-
graphic Survey Corporation Ltd.



