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PREFACE

The authority for the tests and evaluation of this Earth Curva-
ture Correction Device is contained in Task 4A623501D85301 (formerly
8T35-l4-oo1-o1), "Engineering Studies and Investigations, Global
Mapping and Geodesy (U)." A copy of the task card is included as an
appendix to this report.

Work on this project was accomplished by I. R. Jarrett, Q. C.
DeAngelis, W. E. Boge, and F. R. Norvelle, under the supervision of
J. W. Halbrook, Chief of the Mechanics and Optics Branch. All work
in these tests and evaluation was carried out under the direction of
Randall D. Esten, Chief of the Photogrammetry Division.
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SUMMARY

This report covers the tests and evaluation of an internally
developed Earth Curvature Correction Device for use with an anaglyph-
ic projection-type stereoplotter in military mapping. Tests of the
device were carried out on the High Precision Military Stereoplotter.

The report presents evidence of the state of calibration of the
plotter, the flatness of a stereoscopic grid model, and the accuracy
of the curved surface developed by the correction device when com-
pared to computed values. The corrections were measured by elevation
readings in a grid model with the device in operation and by dial
gauge readings referenced to the plotter table.

The report concludes that:

a. The basic principles incorporated in the device to compen-
sate errors in a model due to earth curvature proved to be sound and
effective in operation on an anaglyphic projection plotter.

b. Refinements ir the general design and minor changes in the
moving parts of the Earth Curvature Correction Device should result
in an attachment to the tracing table which will aid in obtaining
accurate vertical height readings and greatly facilitate the contour-
ing operation for topographic mapping.



TESTS AND EVALUATION OF AN

EARTH CURVATURE CORRECTION DEVICE

I. INTRODUCTION

1. Subject. This report covers the engineering tests and
evaluation of an Earth Curvature Correction Device to determine the
practicability of the design for use with the High Precision Kelsh-
Type Stereoplotter.

2. Background. An Earth Curvature Correction Device attach-
ment for the tracing table was developed in connection with the de-
velopment of the High Precision Military Stereoplotter. The device
employed a single ball-type cam actuated by one guide rod to impart
corrective motion to the platen. Tests, however, proved the design
to be basically unsound and inadequate both mechanically and in ease
of operation.

1

Because of the potential advantages of reduction in time
and improvement in accuracy envisioned by application of such a de-
vice, the Mechanics and Optics Branch designed a new earth curvature
corrector and a test model was fabricated in the U. S. Army Engineer
Research and Development Laboratories (USAERDL) shops.

II. INVESTIGATION

3. Description. The device tested was designed to be attached
to the platen holder arm of the tracing table and to receive its
motion from both light guide rods of a projection-type stereoplotter.

a. Theory. The computation of dropoff due to earth curv-
ature is based on the assumption that the earth is spherical. Also,
a portion of the assumed sphere can be closely approximated by a
section of a paraboloid represented by Az = 0.67 m2, where Az =
correction in feet on the ground and m = distance from the center in
miles. Correction cams could be computed by a more exact (circle)
formula if necessary. Different cams are needed for different scales.

The correction for a stereomodel could be provided by
a single asymmetrical ball-type cam, but it would be almost impossible
to machine. Therefore, in the design of this compensation device,

1. USAERDL Technical Report 1627-TR, Stereoplotter, Topographic,
Projection-Type, High Precision, dated 29 April 1960.
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two cams which allow flat construction are used, an X-cam moving in
the X-Z plane and a Y-cam moving in the Y-Z plane. The combined
motion of the two cams is applied by means of a lever arm operating
on a pivot attached to the platen which moves vertically a short
distance (Fig° I). Each of these cams may be interchanged with cams
designed to correct the effect of earth curvature for other flight
heights.

UNIVERSAL% PLATEN /HINGE

SPPING ,)SPRING

Fig. 1. Schematic diagram of the earth curvature correction
device.

The two flat cams for use in tests of the device were
designed to provide correction for a flight height of 60,000 feet.
Figure 2 presents a diagram of departures from flat caused by curva-
ture of the earth at distances on the ground represented by the grid
used-in these tests.

This device, although designed to compensate for the
effect of earth curvature, could be used to correct other systematic
elevation errors present in a stereomodel.

b. Description of Device. The test model developed (Figs.
1 and 3) uses a cam moving only in the X-Z plane which is actuated
by the left guide rod and a cam moving only in the Y-Z plane which
is actuated by the right guide rod. The two correction increments
thus obtained are applied to the moveable platen by the attached
lever arm which is spring loaded and in point contact with the two
interchangeable cams. The structurally rigid outer frame lever arm
and the mechanism are allowed to pivot horizontally by a bearing
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37.0 42.5 45.7 6.5 45.7 42.5 37.0 E.
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30.7 37.0 40.2 40.2

23.6 29.9 32.3 33.1

12.6 18.9 22.0 22.8

0.0 5.5 8.7 9.4 0.0

7.46 Mi.

Fig, 2. Computed earth curvature correction values in feet at
distances on the ground in ,.iie , as shown. Model B/H = 0.65,
flight height equivalent - 6 'eet.
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Fig. 3. Earth curvature correction device.
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within a connector collar whenever it is necessary to rotate the
tracing table. The hinged stabilizer and springs maintain alignment
of the device parallel to the flightline of the model which is re-
quired for accurate positioning of the cams.

4. Test Procedure. Two methods of testing the compensation
device were used to obtain earth curvature correction data from
positions within a stereoscopic grid model. One method required
the stereoscopic observation of the grid intersections of the model
with the device in operation. The other method consisted of taking
dial gauge measurements of the vertical displacement of the platen
effected by the device as the tracing table was moved parallel to
the X- and Y-axes. These data were later compared with computed
correction values.

a. Preliminary Plotter Tests and Adjustments. The High
Precision Plotter was tested and adjusted to minimize the plotter
errors. These tests consisted of a plotting table flatness test and
a grid model flatness test to check the general calibration of the
plotter.

(1) Table Top Flatness Tests and Adjustment. A
preliminary grid model test for flatness revealed that the
honeycomb aluminum plotting table had a large low area in the
middle; consequently, a comprehensive test of the table flat-
ness was performed. A Brown & Sharp, 72-inch straightedge was
suspended above the table by supporting it on two 4- by 4- by
34-inch wooden members resting on the floor. A dial gauge was
attached to a surface indicator block, and clearance readings
were taken at numerous locations along the straightedge at four
positions on the table top. By adjusting the center support,
a correction of 0.005 inch was applied at the center of the
table to flatten the surface to a tolerance of ±0.0015 inch.

(2) Grid Model Flatness Tests. After the table top
had been flattened, a stereo-pair of 9- by 9-inch grid plates
with 20-millimeter grid spacing was obtained. When the stereo-
grid model was formed of 5 grid blocks of forward overlap by
10 grid blocks front to rear, the B/H ratio was 0.65. With the
projection distance set for a five-time magnification, three
independent sets of data of the 66 grid intersections within
the neat model were obtained by two experienced operators.

b. Earth Curvature Corrector Grid Model Tests. The
Earth Curvature Correction Device was attached to the platen support
arm of the tracing table and connected to the light guide rods. A
stereogrid model similar to that described in paragraph 4a(2) was
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checked for level at the four corners. Then height determinations
were made by lowering the floating dot at each intersection. The
readings so obtained were found to be erratic even though they were
made by approaching all points in the same direction and by keeping
the device aligned to the X-axis. It was discovered that consider-
able backlash was present in the tracing table and that more con-
sistent readings were obtained when the floating dot was brought up,
rather than down, to the intersection. The first set of data was
therefore discarded, and thereafter all elevation determinations
for the four succeeding tests were made by using the second method
of reading the points.

c. Earth Curvature Corrector Dial Gauge Tests. The dial
gauge tests consisted of measuring the correction displacement im-
parted to the platen by each cam operating individually to show the
accuracy of each. A dial gauge attached to a stand was used to
measure the height changes referenced to the plotting table. Mea-
surements of the platen height were taken at grid intersections as
the tracing table was moved along the principal X-axis; thus only
the X-cam was in operation. The dial gauge was indexed at the cen-
ter of the model and to a point located near the reference mark of
the platen. This same point on the platen was used at each position
to eliminate error caused by a minor sloping of the platen. Similar
measurements were made along the major Y-axis with only the Y-cam
in operation.

d. Observations. During the course of testing, observa-
tions of the performance of the correction device were made. It was
noted that backlash or lost motion occurred in some of the moving
parts of the mechanism; no serious problems of friction or binding
of moving parts were encountered, even for awkward positions of the
tracing table; and only small errors in cam position were introduced
by a minor twist of the tracing table. The design was generally
satisfactory but, of course, could be improved.

5. Test Results. Test data were reduced, compared, and ana-

lyzed statistically to deteraine the accuracy of the Earth Curvature
Correction Device. A standard deviation2 (a) was computed where it
was believed that valid and sufficient data had been obtained, al-
though the errors were not completely random. For this investiga-
tion, the standard deviation is used to indicate the general accuracy
of the flat grid model and of the correction surface.

2. The standard deviation for a grid test was computed: a =2d2

where d is the deviation from the mean and n is the n

number of points.
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a. Plotter Test Results. Height errors about a flat
plane of reference were computed for each of three tests. The maxi-
mum error from the flat plane of reference found in any of the tests
was 0.04 millimeter. From the three values, an average error for
each point was computed (Fig. 4). The standard deviation calculated
from this data was ±0.016 millimeter.

b. Earth Curvature Corrector Device Test Results. The
data for each of the four tests were mathematically levelled to the
corner points and direction signs were changed so as to be directly
comparable with the computed correction values. Correction values
in millimeters were computed for all intersections within the neat
model in a manner similar to those in Fig. 2. Data from the four
tests were reduced as follows: (1) An average error was obtained
for each point and was considered to be the error of that point,
(2) a mean of these errors was found, and (3) a standard deviation
about the mean was computed as a general indication of the accuracy
with which the correction surface was generated. The diagram in
Fig. 5 shows the residual error at each point from the four sets of
data of the correction surface. The standard deviation for 66
points was slightly under ±0.02 millimeter.

c. Dial Gauge Test Results. Average values were derived
from the Az displacements measured at positions on the X-axis which
were plotted for drafting of a curve to indicate the X correction
surface (Fig. 6A). Random errors about the computed curve were
slightly larger than ±0.01 millimeter.

The average Az displacement values obtained for
positions on the Y-axis were plotted, and the resulting curve was
drawn (Fig. 6B). These points plotted from the measured values,
with the exception of one point, departed systematically from the
computed curve, outwards from the center position in the model.

d. Observed Results. Certain minor faults in the design
of the device (mentioned briefly in paragraph 4a) that possibly af-
fected the general operation but not the results of these tests are:

(1) The frames of the mechanism were cumbersome, and
the design was somewhat impractical for fabrication and assem-
bly. The inaccessibility of parts resulting from the design of
the frame and lever arm made adjustment of parts difficult.
Lost motion of the follower on the Y-cam resulted from lack of
a good fit of these two members which made it necessary to add
shims to the frame so as to obtain better repeatability of
readings in the tests.
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+0.010 +0.003 0. 000 +0.003 +0. 003 +0.017

+0.027 +0.017 +0.010 +0.013 +0.013 +0.003

+0.027 +0.027 +0.007 +0.023 +0.013 0.000

+0.023 +0.020 +0.007 +0.003 +0.010 +0.007

+0.017 D.000 0.000 -0.007 -0.003 -0.001

+0.003 -0.013 -0.013 -0.010 -0.020 -0.003

0.000 +0.007 -0.003 -0.007 -0.007 -0.010

-0.007 .-000 0.000 -0.010 0.000 -0.007

0.000 -0.003 -0.010 -0.007 0. 000 -0.010

-0.013 0.003 0.000 -0.007 +0.007 -0.013

-0.013 -0.003 +0.007 +U.007 ÷ -0.003

Fig. 4. Grid model flatness test (20-mm grid, B/H = 0.65).

Residual departures are in millimeters from a flat grid.
Values are averages as determined from three independent sets
of data.



0.00 -0.01 +0.02 +0.01 +0.01 +0.01

-0.02 -0.03 -0.03 -0.01 -0.02 +0.01

-0.05 -0.03 -0.04 -0.04 -0.03 -0.02
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Fig. 5. Diagram showing res:.dual error from correction surface
of each point from four sets of measurements. Cam corrections
were computed at a scale of 1. ,4,000 at ground distances as
shown in Fig. 2. Values are in millimeters.
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(2) The design of the mechanism limited the size of

the cams which were not large enough for ease in machining or
for convenience in adjusting. The mountings of the cams did
not provide good accessibility for replacement or allow adjust-
ment to set the correct operating radii.

(3) The bearing used to allow the device to pivot

in respect to the tracing table let too much looseness occur
between the mechanism and the connector collar.

(4) The size of the pivots of the hinged stabilizer,
although adequate in this application, probably would get too
loose in constant use due to the ever changing forces exerted
upon them. This looseness could then lead to poor repeatabil-
ity of the followers on the cams.

III. DISCUSSION

6. Examination of Test Results.

a. Grid Model Reference Datum. The check of the cali-
bration of the High Precision Plotter by a series of height readings
of a stereogrid model proved the condition of the plotting instru-
ment to be satisfactory and, in turn, served as an adequate refer-
ence datum. The flatness of this datum as read by one operator was
substantially verified by readings made by another experienced in-
strument operator.

The standard deviation of the mean errors for the
grid tests of ±0.016 millimeter is believed to be about the range
of the minimum height difference that can be accurately determined
by an operator reading a model. The relatively small random errors

(not greater than 0.04 mm) may have been caused by backlash in the
tracing table, by residual parallax from the orientation solution,
or by operator error in the heighting operation.

b. Earth Curvature Corrector Grid Model Tests. The

basis of reference as resolved from the grid model flatness tests
effectively established the validity of the plotting instrument and
the method used in tests for the determination of the accuracy of
compensation provided by the device. It is believed that sufficient
precautions were taken by the instrument operators in setting the
floating dot to the grid intersections to insure representative but
accurate height data from the cam-developed correction surface.
Also., enough observations were made of this surface to allow a valid
comparison to be made with the computed correction surface. Each
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height determination for each test was made three times to minimize
operator error, and. only the average value was recorded.

The small residual departures from a flat grid (Fig.
4) were not considered significant to these tests in the determina-

tidn of errors of the cam-developed correction surface. It is be-
lieved that the standard deviation of ±0.02 millimeter, which was
determined from the four tests of the device, proved the high accur-
acy of the correction surface obtained. Since the standard devia-
tion from tests without correction was 0.016 millimeter and with
correction 0.020 millimeter, it is considered to indicate that error
contributed by the correction device was very small.

The occurrence of random errors in the tests, some
as large as tO.05 millimeter as shown in Fig. 5, must be considered
and analyzed even though errors of this size were not frequent.
These random errors may have been contributed from several sources
such as the device, the plotting instrument, and/or the operator.
A different tracing table no doubt would reduce the systematic error
such as occurred in test 1 and probably would lower the incidence
and size of the random errors. Operator error is dependent mainly,
of course, upon the operator's ability to obtain a refined orienta-
tion solution of the model and upon his performance of the height-

ing operation.

c. Dial Gauge Tests. These tests of the X- and Y-cams
operating individually did isolate the height measurements for a
check of the accuracy of each cam.

A comparison of the curve for the measured values of
the X correction cam (Fig. 6A) with the curve for the ingputed
values, indicated the correction surface to be accurate within ±0.01
taillimeter. This indicates that the Az displacements provided by
the X-cam were about correct.

The graph for the Y-cam (Fig. 6B) shows that all the
points for the measured values except one fall on a smooth curve.
But these Az displacements were systematically erroneous, which
caused the actual correction curve to deviate from that for the
computed values. The correction surface from the Y-cam therefore
did not conform exactly to the computed shape (Az = 0.67M2 ), but it
would not be difficult to correct (the parabolic shape was empiric-

ally estimated to be, Az = 0.59M2). The magnitude of the depart-
ures at the ends is larger than the maximum from the stereogrid
test; consequently, it is concluded that some errors were slightly
compensating. The inaccuracy of the correction surface developed
from the Y-cam indicates that either the curvature of the Y-cam was
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not exact or the operating radius of the cam was perhaps too small.
Each cam could be centered laterally along a chord of the curved
correction surface. However, no adjustment was provided in the
mounting of the cams by which the length of their operating radii
might be changed.

d. Design Improvement. It is believed that most of the
deficiencies observed during testing and mentioned in paragraph 5d
can be eliminated by the following design changes:

(1) The frames of the mechanism should be designed
to provide clearance for larger cams and a larger diameter
pivot bearing, easier access of parts, strong but thinner mate-
rial, and closer tolerances between some of the parts to reduce
lost motion.

(2) Size of cams should be increased for greater
correctional surface, easier machining, and adjusting. The
mounting for the cams should be designed to facilitate adjust-
ment or replacement of cams for different flight heights.

(3) A larger diameter or different type of bearing
should be used in the pivot of the mechanism within the con-
nector collar to provide greater overall stability and to re-
duce the height of the device.

(4) The size of the pivots of the hinged stabilizer
should be increased. This sturdier pivot would help hold the
device parallel to the flightline, which would consequently
aid in minimizing the random heighting errors.

7. Evaluation of the Device. The operation of the earth
Curvature Correction Device proved to be both effective and accurate
as was discussed in paragraphs 6b and 6 c. However, the errors in
the correction surface that occurred from the device may have been
caused by errors in the cam, looseness in the mechanism, or changes
in lateral movement of the tracing table. The addition of shims
(paragraph 5d(l)) between the outer frame and the lever arm on the
Y-side helped to maintain the follower in the correct position on
the cam for better repeatability of readings. Also, only small
errors were introduced by a minor twist of the tracing table (para-
graph 4d) which meant that the stabilizer and springs performed
their function, keeping the device aligned to the X-axis. Undoubt-
edly, some errors in the correction surface were contributed by
looseness of the platen holder arm on the columns and by looseness
of the spindle of the tracing table, which could not be reduced as
no adjustments were provided.
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IV. CONCLUSIONS

8. Conclusions. It is concluded that:

a. The basic principles incorporated in the device to
compensate errors in a model due to earth curvature proved to be
sound and effective in operation on an anaglyphic projection plotter.

b. Refinements in the general design and minor changes
in the moving parts of the Earth Curvature Correction Device should
result in an attachment to the tracing table which will aid in ob-
taining accurate vertical height readings and greatly facilitate the
contouring operation for topographic mapping.
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