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ABSTRACT: The preliminary design of the T'SS, an automatic system of
map compilation using no photography, is described. Terrain information
is obtained by scanning the ground photoelectrically along a longitudi-
nal line and two transverse lines simultaneously. The resulting electrical
signals are stored on magnetic tape in the aircraft. At the conclusion of
the flight, the tape is rerun and the signals are automatically oriented,
scaled, corrected for relief, and adjusted to control by electronic means.
The signals are then used to print a corrected photomap, carve a relief

model, or produce a map manuscript.

INTRODUCTION

AUTOMATION of map compilation is a
logical result of modern advances in
electronics. Several approaches to auto-
matic map compilation and electronic
photogrammetry have been described pre-
viously,! including automatic electronic
ground scanning systems.

The PRA TSS (terrain scanning system)
is a system for acquiring all necessary ter-
rain information by scanning the ground
photoelectrically, and automatically pro-
ducing a corrected orthographic photo-
map. No photographic processes are used
to acquire the terrain information. The
varying light intensities received by the
airborne scanning components of the 7'SS
are converted to electrical video signals by
photomultiplier tubes; these signals are
immediately stored upon magnetic tape in
the aircraft. The magnetic tape takes the
place of the photographic film in conven-
tional mapping. The procedures equivalent
to orientation, scale adjustment, and relief
measurement are carried out electronically
in the 7SS by automatically matching and
modifying the electrical waveforms pro-
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duced when the tape is read out. The pro-
posed system is designed to print a fully
corrected photomap and carve a relief
model automatically. The 7'SS can also
produce a corrected map manuscript with
the aid of a photo interpreter.

A preliminary design study of the T'SS
has been made and the results are pre-
sented in this paper. The major potential
advantages of the system, as presently
conceived, are:

1. The mapping operation can be carried
out with the characteristic high speed
of electronic computers.

2. The system is completely automatic
except for photo interpretation.
Therefore fewer technically trained
personnel are required to map with
the T'SS than with conventional com-
pilation methods.

3. Under certain conditions, the 7SS
can operate at lower levels of ground
illumination than conventional aerial
photography.

4. Photographic processes are dispensed
with. The T'SS is not affected by
radioactive dust in the atmosphere.

5. Size and weight of the airborne com-
ponents of the T'SS, including the
magnetic tape, are practical for in-
stallation in aircraft.

Several major difficulties of the T'SS re-
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quire further study. These include high
stabilization of the airborne scanner and
complexity of some of the electronic cir-
cuitry.

DESCRIPTION OF THE SYSTEM

The components of the T.SS are de-
scribed and discussed below in the approxi-
mate sequence in which they handle the
flow of terrain information, as shown in the
block diagram of Figure 1.

The light from a small spot on the
ground is collected on the cathode of a
photomultiplier tube through a telescopic
lens of restricted field. (See Figure 2.) The
photomultiplier tube gives an electrical
output signal proportional to the total light
intensity received from the spot on the
ground at any instant. The telescopic lens
serves as a light collector rather than an
image-forming device. The light comes to
the telescopic lens by reflection from a ro-
tating mirror or prism; hence the spot be-
ing viewed moves along the ground in a
path called a scan. Other laboratories (e.g.
Haller, Raymond & Brown, Inc., and
Boston University Optical Research Labo-
ratory) have previously demonstrated the
feasibility of gathering ground information
by photomultiplier scans of this type.

The TSS incorporates a set of three
simultaneous, continually recurring scans,
as shown in Figure 3. One scan covers a
line in the ¥ direction perpendicular to the
heading and forward of the aircraft. A
second scan views a similar line in the ¥V
direction subtending the same stereo angle
behind the aircraft. A third scan proceeds
along the line of heading perpendicular to
the other two scans. The two transverse
scans (Y direction) provide detailed stereo
coverage of the terrain. The longitudinal
scan (X direction) is used for ground track
recording only. All three scans not only
cover the area to be mapped but extend to
and beyond the horizon in each direction.
The horizon signals are an aid in rectifying
the transverse scans.

As the aircraft moves along the flight
line, the transverse scans advance corre-
spondingly. The spacing between adjacent
transverse scans is chosen equal to the
width of the scans, so that neither under-
lap nor overlap occurs. The transverse
scans are designed to cover the mapped
ground area with uniform angular speed
and the desired resolution; however, be-
yond the edges of the flight strip, resolu-
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tion can be sacrificed and the speed of the
scanning spot can be increased as the scans
extend to the horizon. A variable speed
scan of this sort is obtained by suitably
curving the reflecting surfaces of the ro-
tating prism or mirror.

The output of the photomultiplier is a
time-varying voltage containing a range
of video frequencies. The voltage signals
from each of the three scans are stored on
magnetic tape within the aircraft; hence
the magnetic tape is analogous to the
photographic film of conventional aerial
photography. However the arrangement of
information in the two storage devices is
different. On the photographic negative
the ground image retains its identity as a
two-dimensional area display of informa-
tion. On the magnetic tape the information
is stored in a one-dimensional form. Since
an area display of information is not avail-
able in the magnetic tape, optical projec-
tion methods of compilation are no longer
appropriate, On the other hand, electronic
circuitry is particularly well adapted to
handling the time varying quantities stored
on tape, and automatic electronic compila-
tion techniques become possible.

The very great sensitivity of photo-
multipliers allows the T'SS to operate at
extremely low light levels (see Figure 4).
Resolution in the 7°SS is limited only by
the size of the object spot on the ground, as
determined by the telescopic lens system
and not by the characteristics of the stor-
age medium. By narrowing the field, reso-
lution can be made high. However, resolu-
tion and the minimum useful light level
cannot both be pushed to extremes be-
cause they are dependent upon each other
and upon a third quantity, the signal-to-
noise ratio. Photo-emission is essentially
statistical in nature, and for a given avail-
able light level there is a probability dis-
tribution of the output voltage. The width
of this distribution becomes narrower rela-
tive to its maximum value (the signal-to-
noise ratio becomes higher) when the
available light is greater. The width of the
distribution of output voltages about the
desired or expected signal level is a measure
of the “noise” inherent in the system. This
noise has a different cause but produces the
same effect as those ‘‘noises’ in conven-
tional photography which arise from lens
aberrations, image creeping, emulsion
grain size, etc. An optimum choice of sig-
nal-to-noise ratio, sensitivity to low light
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F1G. 1. Block diagram of the PRA Terrain Scanning System.
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F16. 2. Airborne scanning components.

intensities, and resolution will give values
for all three of these quantities which, for
a useful range of flying altitudes, are sig-
nificantly better in the 7'SS than in the
photographic case.

Since the photomultiplier output signal
varies in time, the frequency response of
the over-all system is important. For a
flying altitude of 30,000 feet, an aircraft
velocity of 600 m.p.h., and a resolution
distance of ten feet between distinguish-
able objects on the ground, the calculated
maximum frequency response required is
approximately 450 kilocycles. This speed of
response is easily exceeded in photomulti-
plier circuits, as well as in available TV
magnetic recording systems.

When the survey aircraft returns to the
ground, the magnetic tapes are attached to
the input of the automatic compilation sys-
tem shown in block diagram form in Fig-
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Fi16. 3. Pattern of ground scans.

ure 1. The airborne tapes for each of the
three ground scans are represented in
Figure 1 by the first three sections of stor-
age A. The fourth section of storage 4 car-
ries continuously recorded altimeter indi-
cations and other information as to air-
craft position and orientation. Although
the amount of information acquired by the
scans in a normal mapping flight is very
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F16. 4. Ground illumination required by the
T'SS as a function of altitude. Solid curve is for
constant angular resolution with a ground spot
diameter of $H X 1073. Broken line curve is for
constant ground resolution with a ground spot
diameter of 10 ft. Dotted line is for conven-
tional aerial photography with Super XX film,
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large, the required bulk and weight of the
tape reels is surprisingly small. A single
reel of tape will hold all the information
acquired by one of the scans during a nor-
mal mapping flight.

As a first step in the compilation process,
the transverse scans held in storage 4 must
be corrected for irregularities of the air-
craft flight. Changes in scale as a result of
altitude fluctuations will cause an expan-
sion or contraction of the video wave
forms of the longitudinal and transverse
scans. The effects of scale variation are re-
moved by expanding or contracting the
scan time bases and by varying the separa-
tions between adjacent parallel scans.
These adjustments are carried out by
sending the transverse scans to storage B
(Figure 1), a magnetic drum storage, and
controlling the rate of write-in and the
spacing at the drum recording heads in
accordance with the previously recorded
altimeter readings.

Correction of each scan for the instan-
taneous effects of crabbing, roll, pitch, and
forward and sideward motion (the ele-
ments of rectification and orientation) in-
volves great technical difficulty. Con-
ceptually these corrections could be made
by differentially expanding, contracting
and displacing the video information upon
the scan time bases in accordance with
measured aircraft orientation parameters
(horizon signals, error signals from match-
ing successive longitudinal scans, etc.). In-
stead, the problem has been approached
from the standpoint of suppressing un-
desired motions of the camera platform
within the aircraft. For the remainder of
this discussion, it is assumed that the
scanning platform is so highly stabilized
that, within the limits of accuracy and
resolution required, subsequent correction
for tilt is unnecessary. Aircraft ground
track is measured independently and re-
corded in channel 4 of storage A. The
ground track record, in conjunction with
the altimeter record, controls the spacing
and timing of the read-out from magnetic
tape into storage B so as to properly orient
each new transverse scan with respect to
preceding ones. Thus the corrections ap-
plied to the tape read-out are merely those
of relative displacement and orientation of
successive waveforms; deliberate distortion
of the waveforms themselves is avoided.

Between storages B and C in Figure 1,
the blocks of the diagram are concerned
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with the measurement of relief and re-
moval of relief displacement from the
transverse scan waveforms. The forward
and backward transverse scans which
cover the same ground area are compared
to find the amount of relief displacement.
However, these video wave forms are not
compared in the form in which they are
held in storage B. Instead, a set of “short-
scans’’ is constructed by reading out of
storage B along short distances in the X
(longitudinal) direction, whereas the scans
originally entered storage B in the V
(transverse) direction. The reason for this
is easily seen from Figure 5. The symmetry
of the scanning pattern causes the relief
displacement of any given ground point
appearing on both the forward and back-
ward transverse scans of storage B to be
equal and opposite in the X direction, and
equal and of the same sign in the ¥ direc-
tion. Therefore the relative displacement
on the forward and backward scans will
be greatest in the X direction, and the short
scans constructed by sampling the original
transverse scans in this direction will be
most sensitive to the effects of relief. On
the other hand, the short scans in the X
direction (constant ¥) are insensitive to
the ¥ component of relief displacement,
because the displacement in this direction
is the same for the short scans constructed
from sections I and II of storage B. Thus,
when the proper X locations of the cor-
responding short scans have been estab-
lished, the similarity of the two short
scan waveforms will not be impaired by
the Y displacements. The matching process
is one of searching in the X direction for
pairs of short scans which carry nearly
identical video waveforms. The relative
locations of these corresponding short
scans indicate the relief displacement, and
therefore the amount of relief, which is
present.

The short scans are matched in a dif-
ferential amplifier (video matching short
scans, Figure 1) the output of which is the
amplified difference of the input voltage
waveforms. Actually a sequence of ten
short scans lying adjacent to each other in
the Y direction in the two sections of
storage B are matched. The resulting dif-
ference voltages from the matching of all
such pairs are integrated in a storage con-
denser; the magnitude of this condenser
voltage is then a measure of the matching
error. Thus sections I and II of storage B
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F1G. 5. Relief geometry of the transverse scans.

are compared for relief by matching small
square blocks of scan wave forms. The
dimensions of the small blocks are ap-
proximately ten times the resolution
spacing of the information in storage B.

The integrated error from the matching
is then sent to a decision unit (Figure 1)
which decides whether the error signal lies
within or without the tolerance limits for
a match. When a good match is not ob-
tained, a mismatch signal is sent to section
II of storage B to control the search pat-
tern for subsequent blocks of short scans.
When the best match is found, a gating
signal is sent to the elevation finder
(Figure 1), an analog subtractor and
multiplier, which computes the elevation
h from the best-matched small block co-
ordinates (in storage B) according to the
formula

X1 — ,Xﬁ
2 tan B

h=

where

X1, X1 =small block coordinates in sec-
tions I and II, respectively, of
storage B.
B =the stereo angle of the trans-
verse scans.

Prior to matching, the short scan wave-
forms are deliberately distorted in the

short scan adjustment unit (Figure 1) in
order to: (1) emphasize object boundaries
and suppress indications from areas of lit-
tle detail; and (2) remove the foreshorten-
ing and elongation effects produced by
oblique viewing of sloping ground. In the
first case, the short scans are enhanced by
adding or subtracting derivatives of their
waveforms. In the second case, the time
base of the short scan from section IT of
storage B is stretched with respect to the
short scan from section I by the factor

r=1-42mtan B

where myr=the apparent slope of the
ground in the X direction as seen by the
backward looking transverse scans (in sec-
tion I of storate B). The formula for »
given above is a valid simplification of a
more exact expression that has been de-
rived to relate the time bases of the two
short scans.

The elevations & of all points are sent
to section III of storage C, where they are
stored opposite the appropriate (X, V)
position values. The elevation finder also
sends the elevation % to a slope finder (an
analog function generator) which com-
pares recent values of /& with earlier values
in order to find the rate of change my of &
with X. The small blocks of short scans in
section I of storage B are treated in se-
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quence in the X direction. Therefore the
apparent ground slope myy, as seen by the
scans of section II, can be used to predict
the most probable X coordinate of the
short scans in section IT which will match
with the next block of short scans in section
I. Such a prediction allows an immediate
selection, called selective search, of the two
blocks of short scans in sections I and II
of storage B which are most likely to cor-
respond to each other in information con-
tent, and eliminates the need to examine
all such blocks in an ordered search pat-
tern. The slope my; determined by the slope
finder is also used to find the factor 7 in
time base compensation. The various feed-
back and control connections between the
relief measurement components are shown
in Figure 1.

After the relief measurement has been
completed, the transverse scans of sections
I and IT of storage B, are read out of stor-
age B and displaced during their entry to
storage C in such a manner as to correct
instantaneously and continuously for the
known relief displacements AXy, AYq,
AXy, AV, (AY: and AV are directly
proportional to AXy abd AXjy.) Sections
I and IT of storage C, a tape-drum storage,
are identical. Each stores the terrain infor-
mation in the form of a magnetization
intensity for each (X, Y) position. The
video signals represented by the magneti-
zation of sections I and IT of storage C now
constitute a true orthographic projection
of the terrain.

Except for control adjustments, the co-
ordinates of the information in storage C
are properly corrected. When adjusting
to control, it is necessary that a photo
interpreter see the image held in storage
C, identity control points, and send their
coordinates to a control computer. For
this purpose a “black dot method” is used
in conjunction with an image storage tube.
Blocks of video signals, constituting an
image of a portion of the ground, are re-
moved from storage C and presented in
raster form as an area display on an image
storage tube (a cathode ray tube designed
to show and hold a static image on its
face). A black dot is produced on the face
of the image tube by generating a short
negative pulse and applying it with a vari-
able time delay to a control grid of the
tube. The time delay is adjusted manually
by the photo interpreter so that the black
dot coincides with an object of interest.
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The coordinates in storage C of control
points, automatically provided by the
black dot time delay, are sent to the con-
trol computer. It is the function of the
control computer to compare these co-
ordinates with ground survey values. Dis-
crepancies between the control point co-
ordinates in storage C and the ground
survey values define a four dimensional
“error surface” (plot of the three dimen-
sional vector position error versus X) for
all points of the map strip. The computer
can be required to find a straight poly-
nomial solution to the errors obtained, or a
best fit for a particular ‘“‘error surface”
(characteristic of a mapping process) con-
taining adjustable parameters. The “‘error
surface” can be made to pass through the
known errors at all control points, or , by
reducing the order of the polynomials
constituting the ‘“surface,” a smoother
shape can be obtained which is a best fit
to the errors at the control points. This
procedure simultaneously corrects for Z as
well as (X, V) values, thereby providing
all corrections as the solution of a single
control problem.

At this point in the mapping operation,
the readjusted signals in storage C can be
used to print a photomap or carve a relief
model. The photomap (not to be confused
with the famjliar photomosaic) is a fully
corrected orthographic projection of the
terrain. It can serve as an end product of
the map compilation operation, or it can
be used as a master manuscript for making
overlays and producing a color map in the
usual reproduction manner. Alternatively,
the map manuscript can be prepared by
placing map symbols semi-automatically,
as indicated by the blocks at the bottom of
Figure 1.

To produce a photomap, the video sig-
nals of section I or 11, storage C, modulate
a light source which is focused to a small
spot on photo-sensitive paper mounted
upon a rotating drum. Variation of the
light intensity produces the proper tone
shades, as the light source scans the paper
in a pattern corresponding to the read-out
pattern from storage C. This method is
very similar to that used in the printing of
facsimile copy. The photomap scale can
be changed by changing the diameter of the
facsimile drum and the pitch of the drive
mechanism. ‘

Section III of storage C is a compact
source of information for the automatic
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construction of relief models. Section ITI
contains elevation values for each (X, V)
position. Hence a cutting or forming tool
can be made to move through plastic, wax
or other material so as to produce auto-
matically an accurate three-dimensional
model. The tool is moved in the X and ¥
directions in accordance with the read-out
pattern from section II1, while the vertical
motion of the tool is controlled by the ele-
vation values recorded at the wvarious
(X, Y) positions in section III. In this
manner the tool scans uniformly in the
X and Y direction while cutting profiles
by its vertical motion. A contour cutting
operation is also possible, but is less de-
sirable than the profile operation just de-
scribed because the contour operation
abandons the simple sequential read-out
for a more complicated read-out pattern
from section IIT of storage C. Any arbi-
trary vertical exaggeration can be selected
for the Z motion of the cutting tool in
either the profile or contour operation.
Considerable engineering development

e City planning
® Rights-of-way
® Timber evaluation

Over 32 years of photographic specialization have resulted
in tremendous savings for government and industry!

e Highway planning and survey
e Mineral discoveries

® Large area inventory
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of the T'SS is still required to provide the
necessary stability and ground track in-
formation for the airborne scanner and to
reduce the electronic complexity of some
of the ground-based equipment. However,
the preliminary design indicates that map
accuracy standards can probably be main-
tained. Size and weight of the airborne
components of the 7°S.S, including the mag-
netic tape, are practical for installation in
survey aircraft.
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