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PREFATORY ABSTRACT

An instrument is described that permits the registration of all the information necessary to
calibrate a precision airplane camera on a single negative. Twenty-five collimators arranged at
7.5 0 intervals along two meridians at right angles provide optically distant targets. These targets
are photographed by means 'of the camera to be tested. Measurements made on the negative yield
information on the equivalent focal length, distortion, resolving power, prism effect, orientation.
of the lines joining opposite pairs of collimation index markers, and location of the principal point.
This instrument was designed and built to make the calibration of precision cameras required for
all precision cameras used in Government mapping projects. A brief account of the calibration of
a typical camera and a discussion of the physical significance of calibrated focal length are given.

I. INTRODUCTION

T HE number of precision airplane mapping cameras submitted to the Na­
tional Bureau of Standards for calibration has increased steadily since the

first formal specification covering this type of camera was promulgated by the
United States Department of Agriculture in March 1940 (1). The demand for
calibration of precision-type mapping cameras has increased so rapidly since
1945, that new equipment (2) for this work has been developed and built to
supplement the precision lens testing camera which has been in use since 1935
(3). The precision lens testing camera was primarily developed for use in photo­
graphically determining the equivalent focal length, distortion, and resolving
power of lenses mounted in barrels or shutters. The instrument was later adapted
to measuring these optical quantities for lenses mounted in cameras and
further to locate the principal point in airplane mapping cameras (4).

With increased volume of work, it was evident that the method of calibra­
tion involving use of the precision lens testing camera possesses several deficien­
cies. First, four negatives are required, the making of which is a time consuming
operation. Second, different sizes and shapes of the various makes of cameras
cause difficulties in mounting them for test. Third, the entire field of the camera
cannot be covered with a single photograph. The new camera calibrator was
therefore designed to remedy these difficulties. .

NOTE: Comments on this paper are invited. To ensure consideration for publication in the
December Issue. receipt before October 15 is necessary.
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FIG. 1. Collimator bank of camera calibrator. The photograph shows a view of the collimator
bank before installation in the instrument. It consists of 25 collimators arranged in the form of
a cross. When mounted in the camera calibrator, the central collimator points vertically upward
with the remaining 24 collimators spaced at 7.5° intervalJ along the two meridians. Accuracy of
pointing of the collimators depends upon the special castmg in which they are mounted.

Inasmuch as the optical characteristics of lenses intended for use in airplane
mapping cameras can be measured on the old precision testing camera prior to
their installation in cameras, the new calibrator was designed primarily as a
pointing instrument. It provides 25 beams of parallel light from known direc­
tions. The information derived from it is therefore mainly of a directional nature
and includes data on the uniformity or lack of uniformity in the distortion
characteristics of lens-cone combinations. It permits more rapid and accurate
location of the principal point, together with a determination of the equivalent
focal length of the lens as mounted in' the camera. It provides quantitative in­
formation on the magnitude of the prism effect and tangential distortion. More­
over it provides all this information on a single negative thus avoiding possible
changes that result from small movements between successive exposures. It
provides a more stable support for the camera during test, and also greater ver­
satility in the types of cameras that can be tested.

The scope of the present paper is limited to a description of the instrument
and the instruments developed for use in its calibration. In addition, the calibra-
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tion of a precision-type airplane mapping camera as conducted on the new cali­
brator is described. The manner of interpreting the negative is given for com­
pleteness.

II. DESCRIPTION OF THE CAMERA CALIBRATOR

The camera calibrator and the details of its construction are shown in the
photographs of Figures 1 and 2. Figure 1 shows the heart of the new instrument
which is a bank of 25 collimators arranged in the form of a cross. In use, it is
mounted beneath a table as shown in Figure 2. The central collimator points
vertically upward and the remaining 24 collimators are spaced at 7.5° intervals
along the four arms of the cross from 0° to 45°. Departure from the 5° interval
used in the Bureau's lens testing camera (3) is necessitated by space limitations.
The collimators are of the fixed-focus type with the tubes cut to proper length
so that each reticle lies in the focal plane of the corresponding objective. The
collimators are mounted in a special casting whose inner and outer envelopes are
spherical. The collimator axes are normal to the spherical surfaces and corre­
spondingly point toward the center of curvature. Accuracy of pointing of the
collimators depends to a large extent upon the accuracy of counterbored ho!e3
and flanges by which the collimators are mounted, but the reticles lTay be

FIG. 2. Photograph of the camera calibrator. This view shows the instrument as arranged for
use., The camera under test points vertically downward. I ts proper orientation is effected by the
auto-collimating telescope and the plane-parallel piece of glass placed on the focal plane of the
camera. Images on a finished negative appear every 7.5 0 along each diagonal, with the collimation
index markers registered on each side of the negative.
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moved about in the focal planes of the collimators a small amount so as to correct
small deviations in the pointings. These adjustments are made with capstan
screws, so arranged as to afford complete translational freedom of the reticle.
After adjustments, clamping by appropriate screws guards against any subse­
quent movement. The clear apertures of the collimators are 18 mm. in diameter
which is somewhat smaller than those of the lenses commonly used on precision
mapping cameras. This however does not impair the instrument so far as its
main purpose is concerned. To guard the collimators against disturbance, the
lamp housings, mounted independently on the arms of the cross, completely
surround the target end of the collimators but do not touch them at any point.
A 6-volt frosted flashlight bulb serves to illuminate the reticle. Provision is made
for the insertion of a filter and glass diffusing screen between the lamp and the
target.

The complete instrument is shown in Figure 2. The table top is a flat steel
plate having a large circular opening in its center. The collimator bank is
mounted beneath the table and centered with respect to this opening in the
table top. The camera holder consists of a tripod placed over the central opening
in the table. A circular opening in the center of the tripod permits the light from
the 25 collimators to reach the lens of any camera placed on the holder. The
focal plane of the camera can be adjusted to normality with the axis of the
central collimator, with the aid of the adjusting screws on the tripod and the
auto-collimating telescope whose axis is bent 90° by the prism mounted in front
of its objective. The adjusting screws also provide a limited amount of vertical
adjustment to compensate differences in distance between the front surface of
the camera lens and the front end of the camera of the various types of camera.
Four flashlight bulbs mounted on adjustable arms reaching out into the circular
opening of the table top serve to illuminate the collimation index markers of the
camera under test.

III. TEST CHART

The test charts of the new instrument include resolving power patterns al­
though the limited size of the collimator objectives precludes the evaluation of
the resolving power of the camera lens at its maximum aperture. However, the
inclusion of the chart does permit study of the resolving power at reduced aper­
ture. Since a new test chart for use in the precision lens testing camera had been
under co~sideration for some time, it was decided to make a new chart at this
time and to use a reduced version of it as the target reticle of the camera calibra­
tor. This new test chart is shown in Figure 3. The chart was first made on a large
scale and then photographed to the desired size using Eastman High Resolution
Plates, Type 649GH. The size of the target in the 0° collimator is 8 mm. square.
Large scale charts are also made and subsequently reduced for each of the vari­
ous angular separations from the axis, so that the cosine correction in the verti­
cal dimensions and cosine-squared correction in the horizontal dimension of
each target pattern can be made. These corrections are necessary in order that
the corresponding patterns will all be imaged at the same size regardless of
angular separation from the axis for a given lens-camera combination. The t~ree

line patterns reduce in size in a geometrical progression, the ratio being Vi2 or
approximately 1.189. Closer steps in the series are admittedly desirable, for
example {l2, but this smaller ratio could only have been achieved at the ex­
pense of compressing the range of permissible values because of the small size of
the reticle. The spacings present in the patterns in the reticle range from 2.3 to
161 lines per mm. in 26 steps. These patterns, when imaged by the lens under
test, are changed by the ratio of the focal length of collimator lens and lens under
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FIG. 3. Test Chart. The test chart which is used in preparing the reticle for use in each col­
limator consists of patterns of parallel lines in two orientations with spaces varying in geometric
progression by steps equal to ~2, The circle targets are included for camparative study' of line and
circle targets.

test. Table 1 shows the range of resolution in the image plane for the three focal
lengths most frequently encountered. The nominal maximum J-number of the
lenses are given. Since the diameter of the collimator lens reduces the effective
aperture of the lens under test, the effective operatingJ-number is given for each
lens. The line showing limit of resolution shows the maximum theoretical re­
solving power for each lens at its effectiveJ-number. With this chart therefore,
the upper limit of resolution is determined by the performance of the lens and
limitations of the emulsion of the photographic plate and not by insufficient
range of the resolving power patterns. A considerable amount of work has been
done in other laboratories wherein a circular target is used instead of a line
target. A series of circular patterns is therefore included in the test chart for
comparison of results obtained with it with the results obtained with the 3-line
patterns.

The cross in the center of the chart is the fiducial mark with reference to
which the angles separating the collimators are measured. When imaged on a
camera test negative, the measured separations of the crosses for various col-
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limators serve for the determination of equivalent focal length and distortion.
The National Bureau of Standards is at present using a high contrast target

and high contrast fine grained plates in the testing of photographic objectives
and airplane mapping cameras. This is being done because existing government
specifications require that lenses for use in aerial mapping projects be tested
under these conditions. It is recognized that there may be merit in the pro­
cedures followed in other laboratories which require the use of low contrast
targets and fast emulsions comparable to those used in actual aerial photog­
raphy. Investigations are now in progress at the National Bureau of Standards
on the effect of contrast of target on performance of lenses. When this investiga­
tion is concluded, it is probable that a different type of target will be recom­
mended for use in the testing of photographic objectives and cameras with cor­
responding changes in the required values of the resolving power for certification
of lenses for government use.

TABLE 1. THE LIMITS PLACED ON EFFECTIVEj-NuMBER BY THE DIAMETER OF THE COLLIMATOR

OBJECTIVES OF THE CAMERA CALIBRATOR FOR THREE LENSES OF DIFFERENT FOCAL LENGTHS;

THE MAXIMUM THEORETICAL RESOLUTION OF THESE LENSES OPERATING AT THESE

j-NUMBERS, AND THE RANGE OF THE RESOLVING POWERS OBTAINABLE FOR

THESE DIFFERENT FOCAL LENGTHS PROVIDED BY THE TEST CHARTS

OF THE CAMERA CALIBRATOR

Equivalent focal length in mm. 130
Usual nominal j-number 6.3
Effective i-number 7.2
Maximum theoretical resolution in lines/mm. as determined by

effectivej-number 198
Minimum resolution in lines/mm. provided by test chart 4.7
Maximum resolution in lines/mm. provided by test chart 332

150 210
6.3 6.8
8.3 11.7

172 122
4.1 2.9
289 205·

IV. CALIBRATION OF THE INSTRUMENT

Adjustment of the angular relationships and measurement of the angles
separating the collimators in each meridian is necessary before the instrument
can be used in the calibration of precision cameras.

1. ADJUSTMENT OF ANGULAR RELATIONSHIPS

It is required that the angles between corresponding collimators on opposite
sides of the center be as nearly equal as possible, and that moreover the axes of
the beams of parallel light emerging from the collimator in a given meridian be
parallel to and in near coincidence with a common plane. This adjustment is
made before the collimator bank is mounted under the table. The collimator
bank is placed face downward over the opening in the table top, as shown in
Figure 4. The lamp housings are removed to expose the target reticles. A front
surface mirror is placed at the center of curvature of the spherical casting. The
mirror, shown at A, is mounted in a special device which permits easy leveling
and rotation about a horizontal axis.

A microscope equipped with a vertical illuminator is mounted over the
reticle of the central collimator, and the mirror surface is brought into a position
normal to the axis of the central collimator by means of the leveling screws, with
the collimator, mirror, and microscope serving as an auto-collimator. If now the
-7.5° reticle on one side is illuminated with the desk lamp, the second micro­
scope may be used to view the reticle of the +7.5° collimator on the opposite
side while adjusting the reticle to bring it into coincidence with the reflected
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image of the -7.5° reticle. The two 7.5° angles are then equal and the axes of
the +7.5°,0°, and -7.5° collimators fall in one plane. The microscope with the

.vertical illuminator is then brought over the + 7.5° reticle and the mirror rotated
and made normal to the axis of this collimator. The + 15° and + 22.5° collima­
tors are then adjusted. The process is repeated using the +22.5° collimator as
the auto-collimator to adjust the +30°, +37.5°, and +45° collimators. On re-

FIG. 4. Photograph showing the arrangement of apparatus for adjust­
ing the angular relationships.

turning and using the 0° collimator as auto-collimator all of the remammg
collimators on the same meridian can be adjusted. Following this adjustment, it
can be stated that the axes of all collimators in a given meridian lie in the same
plane, opposite angles are equal, and moreover angles between adjacent col­
limators are equal. The entire process is repeated to adjust the collimators on
the meridian at right angles to the first meridian. It must be mentioned that
while the angles separating collimators along a given meridian are equal, the
corresponding angles between collimators in different meridians are not exactly
equal. The accuracy of the initial boring of the casting is attested by the fact
that no difficulty was encountered in equalizing the angles and making the
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collimators co-planar although the amount of lateral adjustment available was
less than 1 mm.

2. MEASUREMENT OF THE ANGLES

The angles between adjacent collimators are determined by a comparison
method using a reflecting biprism and telescope as shown in Figure 5. The stand­
ard of comparison is a biprism having a known angle between the two surfaces
forming the obtuse angle. The two surfaces are aluminized and form two mirrors
that maintain a constant angle with respect to one another. The angle formed
between one surface and the extension of the other is 3.7600°. Ideally this angle

FIG. 5. Photograph showing reflecting biprism:for measurement of angles.

should be one-half of the 7.5° angle between the collimators, but its present
value is sufficiently close and moreover the amount of departure from 3.75° is
known. The biprism is mounted in a special device, that permits rotation of the
biprism about a horizontal axis coincident with the edge separating the two
aluminized surfaces. As shown in the figure, this device is mounted on the camera
holder in such a manner that the edge of the biprism coincides with the center
of curvature and is normal to the plane in which the collimator axes for a given
meridian lie. The error that arises from unsymmetrical use of the collimator
objectives is made negligibly small by the use of collimator objectives that have
very small longitudinal spherical aberration and making certain that the reticles
lie in the focal plane of the objectives.

To measure an angle, the telescope equipped with a micrometer for varying
its pointing, is sighted at the center line of the biprism. The biprism is rotated
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about its edge until the image reflected by one face of the biprism of the reticle
in one collimator coincides with the cross-hairs of the viewing telescope. The
lower telescope micrometer reading is recorded. The reticle of the first collimator
is darkened and the second one illuminated. The image reflected by the second
face of the biprism then appears in the field of view of the telescope. If the angle
between collimators is exactly twice the biprism angle, no shift is evident. If the
second image is shifted, the lower telescope micrometer is used to correct the
pointing, and the difference in micrometer reading noted. The difference in
micrometer reading for the two pointings when translated into angular shift
gives the difference in angle between the telescope and twice the biprism angle.
By rotating the biprism, the angles separating each successive collimator can be
determined for all the collimators lying in the meridian. The biprism holder and
viewing telescope are then rotated 90° about a vertical axis, and the above
process is repeated to obtain the angular separations of the collimators in the
second meridian. The measured values of the angles are given in Table 2 to show
the agreement between the various angles together with their departure from
7.5°. The tolerance on angle for boring the casting was ±1 minute (±0.0167°);
the table shows that the results obtained indicate the accuracy of boring was
amply close.

TABLE 2. VALUES OF THE INDIVIDUAL ANGLES SEPARATING ADJACENT COLLIMATORS

AND THEIR DEVIATION FROM 7.5 0 FOR EACH COLLIMATOR BANK

Col1imator Bank II III IV

Nominal Angle Angle Dey. Angle Dey. Angle Dey. Angle Dey.

D-7.5 7.4963 - .0037 7.4946 - .0054 7.5032 + .0032 7.5041 +.0041
7.5-15 7.4972 - .0028 7.4978 - .0022 7.5038 +.0038 7.5038 +.0038

15-22.5 7.4985 - .0015 7.4960 - .0040 7.5061 + .0061 7.5096 +.0096
22.5-30 7.4937 - .0063 7.4955 - .0045 7.5021 + .0021 7.5138 + .0138
3D-37.5 7.4940 - .0060 7.4930 - .0070 7.5069 +.0069 7.5080 +.0080
37.5--45 7.4981 - .0019 7.4992 - .0008 7.5070 +.0070 7.5082 +.0082

V. OPERATION OF THE CAMERA CALIBRATOR

To calibrate a camera on the instrument, one must be sure that the focal
plane of the camera is normal to the axis of the central collimator. To do this
the operator adjusts the micrometers on the viewing telescope until the image
of the center cross on the 0° collimator coincides with the cross-hairs of the
viewing telescope. The camera cone is then placed on the camera holder, ad­
justed laterally until the lens of the camera is co-axial with the 0° collimator.
The camera is then adjusted vertically until the images formed by the outer
collimators show a minimum of vignetting, the camera cone is rotated until the
two diameters along which the two perpendicular rows of images fall coincide
with the diagonals of the focal plane. The camera is then clamped to prevent its
further motion. An optically flat plane-parallel glass plate aluminized on its
upper surface, is placed on the focal plane of the camera. Then using the viewing
telescope as an auto-collimating telescope, the focal plane of the camera is ad­
justed to normality with the axis of the auto-collimating telescope by small
adjustments of the screws supporting the camera holder. Flashlight bulbs at­
tached to the ends of small rods supported by the table top are then moved
about until the light from the bulbs illuminate each of the four collimation index
markers mounted in the camera cone. The rods are then clamped. The plane
parallel is removed; the room is darkened, and a photographic plate is placed on



FIG. 6. Schematic drawing of test negative
obtained with camera calibrator.
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the focal plane of the camera and an
exposure is made. I t is customary to
place a heavy piece of flat glass over
the photographic plate during expo­
sure to hold the plate in place and
help to flatten it.

The finished negative shows the
images of the targets every 7.50 from
the center to the corner along each
diagonal. A schematic drawing of a
finished negative is shown in Figure 6.
The collimation markers are regis­
tered on the sides of the negative, so
that there is little likelihood of the
target images being fogged by the
light that registers the markers.

Eastman type V-G spectroscopic
plates are generally used. In those in­
stances where a precision camera is to
be used for infrared photography,
Eastman type IV-R spectroscopic plates are used.

VI. CALIBRATION OF A PRECISION CAMERA

Calibration of a precision camera consists of the location of the principal
point with respect to the collimation index markers, determination of the angle
formed by the intersection of lines joining opposite pairs of collimation index
markers, determination of the equivalent focal length of the lens as mounted in
the camera, determination of the distortion and resolving power from the center
to the corner of the image plane. Detail requirements relating to all these quanti­
ties are contained in specifications set up by various governmental mapping
agencies concerning cameras that are to be used in Government mapping proj­
ects (5). It is further stipulated that precision type cameras intended for use in
these projects be tested for compliance with specifications by the National
Bureau of Standards.

It frequently happens that a camera on final examination does not comply
with the requirements but that it can be brought into compliance with the re­
quirements by small lateral movements of the lens with respect to the collima­
tion index markers or by small movements of the markers themselves. Following
these adjustments, a recheck of the camera shows that it complies. To ensure
that nothing can then happen to change this adjustment, holes are drilled and
dowels placed so that the movable members remain fixed with respect to one
another.

VII. INTERPRETATION OF THE NEGATIVE

With the new camera calibrator, all of the information necessary to evaluate
a performance of the lens-cone combination is contained in a single negative.
However, it is customary to make two negatives and combine the results of
measurements from these to minimize any possible error. A schematic drawing
of a typical negative is shown in Figure 6. The markers are designated A, B, C,
and D for convenience. The letter A is reserved for the markers bearing the ar­
row indicating direction of flight. The Roman numerals I, II, III, and IV serve
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to designate the rows of images formed by the four collimator banks radiating
out from the center. The central image formed by the 0° collimator is designated
the center cross (CC). The intersection of lines joining opposite pairs of colli­
mation index markers is designated the center of collimation (C of C).

1. DETERMINATION OF THE 90° CONDITION

The first measurements on a given negative are made to determine whether
or not the lines AB and CD are perpendicular within ±1 minute. This determi­
nation is made on a special device shown in Figure 7.

FIG. 7. Photograph of equipment used in the determination of the 90° condition.

The central feature of this device consists of a piece of plate glass bearing
four short radial diamond lines cut in the surface near the end of a 4.5 inch
radius. The error in the positioning of the lines does not exceed ±5 seconds.
This plate is embedded with the lines uppermost in the metal frame that bears
the plate clamps so that the surface of the metal frame and the upper surface of
the glass lie in the same plane. The negative is placed, emulsion side down, over
the glass plate in such a manner that the index lines of the collimation markers
and the four diamond lines are in near coincidence. The negative is then clamped
down so that no relative movement can occur during measurement. The metal
frame is mounted on a spindle so that a given marker can be brought under the
viewing microscope. The separation of diamond line and index line on the nega­
tive are then measured. This process is repeated for the remaining three markers.
From these four measurements, the departure and the direction of departure of
the collimation index markers from the 90° condition can be determined.

TOTE: The authors wish to express appreciation to Mr. William P. Tayman who developed
this device for holding the 90° standard plate and the negative in contact during measurement
which represents a definite advance over the earlier equipment used in making this determination.
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2. LOCATION OF THE CENTER CROSS WITH RESPECT TO THE CENTER OF COLLIMA­

TION

The center cross, as used herein, is the point where an infinitely distant ob­
ject point lying on a line perpendicular to the focal plane is imaged by the
camera lens. The coordinates of the center cross are determined with respect to
the rectangular coordinate system formed by the lines joining opposite pairs of
collimation index markers having the center of collimation as origin. These
measurements are made with the aid of the device shown in Figure 8. The nega­
tive is placed, emulsion side uppermost, upon the flat metal plate and so oriented
that the line AB is approximately parallel to the bench ways upon which the
slide rests. The negative is then clamped to prevent any movement with respect
to the metal plate. By moving the slide along the bench ways, the measuring

FIG. 8. Photograph of eqt:ipment used in locating the center cross with
respect to the center of collimation.

microscope can be set in turn on marker A, center cross, and marker Band
readings taken. From these data the lateral displacement of the center cross
from the line AB can be obtained. The negative is then rotated 90° and similar
settings made to determine the lateral displacement from the line CD. The re­
sults of measurement on a typical negative are shown schematically in Figure 9.
The magnitudes of the displacement are exaggerated for purposes of clarity in
the figure.

3. LOCATION OF THE PRINCIPAL POINT WITH RESPECT TO THE CENTER CROSS

The principal point of precision-type aerial mapping camera is defined as
that point where a perpendicular dropped from the rear nodal point of the lens
meets the focal plane (6). For an ideal lens, the principal point and the center
cross coincide. In practice, however, the center cross is shifted away from the
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FIG. 9. Schematic drawing showing the cen- FIG. 10. Schematic drawing showing the im-
ter cross with respect to the center of the collima- age shift produced by interposing a thin prism in
tion. front of an ideal lens.

principal point either because of prism effect in the lens or because of non­
parallelism of the surfaces of the filter on the front of the lens which forms a
part of the optical system of the camera. This is illustrated in Figure 10 which
is a schematic drawing showing the displacement of the axial ray and rays in­
clined at angle {j with the axis before and after placing a prism in front of an
ideal lens.

In Figure 10, a is the principal point and is the point where light from an
infinitely distant object point lying on the axis of an ideal lens would be imaged
if no prism effect is present. On interposing a prism having a refractive index 1.5
and of angle a, the axial ray is bent away from the normal by an amount Eo = a/2
and now cuts the focal plane at 0' which is now referred to as the center cross.
To locate the position of the principal point with respect to the center cross the

. distance 0'0 must be determined.
The determination of 0'0 is made possible because the rays inclined at angle

{j are also displaced by amounts El, and E2, and cut the focal plane at points
Xl' and X 2 ' instead of Xl, and X 2• By assuming that the ray passing through
the prism and meeting the focal plane at 0' is near the region of minimum devia­
tion, it follows that we may regard El as equal to E2 and can compute the relative
magnitude of f in terms of Eo. The magnitude of E is the average value of El and
E2 and always greater than Eo and X 2 ' X 2 = Xl'Xl> 0'0. None of these quantities
can be measured directly but their magnitudes may be obtained as follows:
From the figure,

O'X2' = f[tan ({3 + E2) - tan EO] = OX2' - 0'0

O'Xl ' = f[tan ({3 - El) + tan EO] = OX!, + 0'0
or

O'X2' = OX2 + X 2'X2 - 0'0

O'Xl ' = OXl - Xl'Xl + 0'0
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and

since

X 2'X2 = XI'XI and OXI = OX2•

In the case of an actual lens having prism effect, Xl', a', and X 2 ' are the observed
images and the separations O'XI ' and O'X2 ' can be measured. Consequently the
value of ilD can be determined for each pair of equal known angular separations
from the axis from measurements on the negative. This information is used most
conveniently by comparing the measured values of ilD with values of ilD com­
puted for a definite set of values .of prism angle a, focal length i, and separation
angle (3. The computations can be readily performed and the observed values of
ilD can be interpreted in terms of a sufficiently accurately by this process be­
cause ilD is linear in a for a fixed angle (3 for small values of prism angle a.
Table 3 gives the computed values of E, X 2'X2, 0'0, and ilD for the case of a
lens having a focal length of 150 mm. combined with a prism of index 1.5 having
an angle a of 0.05°. It may be noted from the table that ilD increases rapidly
with increasing a. For the case shown, ilD is negligible at 7.5° but increases to
0.3 mm. at 45°. It is evident from the table that the value of 0'0 deduced at
the wider angles is more sensitive than the value determined at the narrow
angles. It is also clear that the presence of appreciably large prism effect may
cause marked asymmetric distortion.

TABLE 3. IMAGE DISPLACEMENTS OF VARIOUS POINTS IN THE FOCAL PLANE FOR A PRISM OF

INDEX 1.5 AND ANGLE a=0.05° COMBINED WITH A LENS WHOSE FOCAL LENGTH Is 150 MM.

{3 E X 2'X2 =X/X1 0'0 !J.D=O'X2'-O'X1

degrees degrees mm. mm. mm.
0 0.0250 .065 .065 .000

7.5 .0254 .068 .065 .006
15 .0265 .074 .065 .018
22.5 .0283 .086 .065 .042
30 .0316 .110 .065 .090
37.5 .0364 .151 .065 .172
45 .0435 .228 .065 .326

While it is feasible to determine the prism effect from a single negative from
the camera calibrator by this process, it is customary to combine the results
from two negatives with the camera being rotated 180° about its axis of sym­
metry between the marking of each negative. This procedure increases the ac­
curacy and simplifies some of the computations. The coordinates of the principal
point PP, with respect to the center cross are measured along the diagonals of
the focal plane as indicated in Figure 11 because the calibrator is so constructed
that the images from the various collimations lie along the diagonals.

4. LOCATION OF THE PRINCIPAL POINT WITH RESPECT TO THE CENTER OF COLLI­

MATION

To locate the principal point with respect to the center of collimation, it is
only necessary to combine the results obtained in sections VII, 2 and 3. Care
must be taken to avoid errors in sign and to make allowance for the fact that the
measurements are made in two coordinate systems rotated 45° with respect to
one another. Figure 12 shows the resultant obtained by combining the measure­
ments illustrated in Figures 9 and 11.
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FIG. 11. Schematic drawing showing the principal
point with respect to the center cross.

B

FIG. 12. Schematic drawing showing the
principal point with respect to the center of col­
limation.

The usual requirement in precision mapping cameras is that the principal
point must not be distant from the center of collimation by more than 0.03 mm.
In the event that this requirement is not met, it is customary to adjust the
markers with respect to the lens until the separation of principal point and center
of collimation is less than 0.03 mm. When this has been done, dowels are placed
so that no relative movement of principal point and center of collimation can
occur.

5. DETERMINATION OF EQUIVALENT FOCAL LENGTH AND DISTORTION

The same negative from which the location of principal point is made is used
to determine the equivalent focal length and distortion. In fact the same meas­
urements, described in section 3 for use in locating the principal point with re­
spect to the center cross are used.

The equivalent focal length (6) is defined theoretically by the equation

y'
f = lim-- (1)
{3~O. tan {3

where y' is the distance from the principal focus to the center of the image in
the image space focal plane of an infinitely distant object point which lies in a
direction making an angle with the axis of the objective. If a photographic ob­
jective were free from distortion, the quotient would be invariant with respect
to {3. For many photographic objectives the distortion is negligible for points
distant from the center of the useful field by not more than one-fifth of its
radius. Consequently, it is often possible to obtain a satisfactorily accurate
value of f by a single determination of {3 and y' for a point lying near the axis.

The negative made for an airplane camera cone on the camera calibrator has
images at the center of the field and at six known angles proceeding in 7.5 0 steps
from the center to the edge of the useful field. Consequently, on substituting the
measured separation from the 00 to 7.5 0 image and the measured value of tan {3
into eq. 1., the value of the equivalent focal length can be determined. The 0 0 to
7.5 0 separation occurs four times on the negative along radii separated by 90 0

of azimuth, so that four independent determinations of f are possible from a
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single negative. The accuracy of this determination is further increased by the
fact that the measurements made on opposite sides along the same diameter
automatically compensate for any error of plate tipping. It must be mentioned
that the term practically equivalent focal length at; used for a lens cone combi­
nation is actually the scale factor for use in interpreting distances measured on
our aerial photograph in the central area. Inasmuch as photographic objectives
are mounted in the aerial camera in such manner as to yield best over-all defini­
tion, it is clear that the equivalent focal length as above determined is the scale
factor for the plane of best average definition.

Having. established the value of the equivalent focal length for the lens
camera combination, the distortion referred to the equivalent focal length can be
readily found. To evaluate the distortion let YI', Y2', ya', ... , be the separation of
the images on the negative from the central image corresponding to the angles
in the object space {31, {32, {3a. Let products f tan {31, f tan {32, f tan {3a, be computed.
Then the values of the distortion D I , D 2, D a, ••. , are given by the relation

D I = yt' - f tan {3I

D 2 = Y2' - f tan {32

D3 = Y3' - f tan {33

Positive values of the distortion indicates a displacement of the image away
from the center of the negative.

6. DETERMINATION OF THE CALIBRATED FOCAL LENGTH

The lenses used in aerial mapping are not free from distortion. Consequently
the value of the equivalent focal length determined for the vicinity of the axis is
not necessarily the best scale factor for use in interpreting measurements made
on the negative at points well removed from the axial area. If one holds fast to

TABLE 4. VARIATION OF THE VALUES OF EQUIVALENT FOCAL LENGTH A::-ID DISTORTION WITH

A 'GLE {J UPON VVHICH THE COMPUTATIONS ARE BASED FOR A TYPICAL LENS

7.5° 15° 22.5° 30° 37.50° 45°

y' y!' Y2' y/ y/ y.' Y6'
mm. mm. mm. mm. mm. mm.

20.064 40.847 63.182 88.112 117.086 152.345

l=y'/tan{J I, 12 13 I, I. 16
mm. mm. mm. mm. mm. mm.

152.400 152.443 152.535 152.614 152.589 152.345

Distortion referred to the equivalent focallengthl=y'/tan {J

mm. mm. mm. mm. mm. mm.

It 0.000 0.012 0.056 0.124 0.145 -0.055

h -.006 .000 .038 .099 .112 -.098

13 - .018 -.025 .000 .046 .042 - .190
I, -.028 -.046 - .033 .000 - .019 -.269

15 - .025 - .039 -.022 .015 .000 -.244

16 .007 .026 .079 .156 .188 .000

Distortion referred to the calibrated focallengthfe=152.451 mm.

Ie 0.006 -0.002 0.035 0.094 0.106 -0.106



518 PHOTOGRAMMETRIC ENGINEERING

the value of equivalent focal length determined for the axial region, the meas­
urements made on the negative in the axial region are free from distortion,
while in the extra-axial regions the errors from distortion may become serious.

The customary procedur.e for alleviating this condition is to use a new scale
factor which provides a better over-all accuracy in interpreting distances meas­
ured on the negative although it does so at the expense of introducing negligibly
small errors in the axial region. This new scale factor is called the calibrated
focal length (6). The term calibrated focal length, its significance and the man­
ner of its evaluation have been sources of considerable misunderstanding in
photogrammetric circles since the inception of the term. It is proposed in the
following paragraphs to present a study of the variation of equivalent focal
length and distortion that occur for a lens affected with distortion when the
equivalent focal length is based on the expression

y'
j=-

tan ~

and {3 is allowed to take any value at finite intervals between 7.5° and 45°. It
is hoped that careful consideration of this analysis will lead to better under­
standing of the physical significance of the calibrated focal length.

In Table 4, the row marked y' lists the measured separations from the axial
image of the images occurring at 7.5° intervals out to 45°. These measurements
are from an actual negative made on a lens-cone combination. In the second row,
values of f, the equivalent focal length, are given where each value of f is ob­
tained from the equation

y'
f=-'

tan ~

It is clear that a different value off is obtained for each value of {3. This variation
in f appears because of the distortion in the lens. It is possible to determine the
values of the distortion for each of the values of f at each angular separation
from the axis. This has been done and the results are shown in the table. One
of the natural consequences of this procedure is that for whatever value of the
equivalent focal length is determined, the distortion is necessarily zero for that
value of {3 when the distortion is evaluated with respect to that particular focal
len~th. The location and the magnitude of the positions of maximum positive
and negative values also change for each value of f. These effects are shown
graphically in Figure 13. It may be noted in Figure 13, that the curves of distor­
tion are very similar, and that the variation of the curves is very like to that
which would be produced by rotating the entire curve above the 0° point.

The map maker is primarily interested in the scale factor that introduces
the least error wherever used throughout the entire area of the photograph.
Thus while use of the scale factor equal to the equivalent focal length at 7.5°
gives zero error within the 7.5° zone, it is at the expense of large error in the
37.5° zone. Inasmuch as there is usually no preferred area in a given photograph,
it is obvious that it would be preferable to use a scale factor that would reduce
error in the region of large error even if a small error were introduced in the
region of zero error. Considering the curves in Figure 13, it is clear that use of
f2 instead offl as a scale factor will give reduced distortion in the 37.5° zone with
the introduction of a small amount of distortion at 7.5°. Selection of one of the
other values of j changes the error pattern either for the better or for the worse.

I t is, at present, standard practice to consider the preferred errors pattern
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FIG. 13. Variation of distortion in the same
image plane with equivalent focal length com­
puted from the relation j=y'/tan {J for varying
angles of {J. The lowest curve showing the distor­
tion referred to the calibrated focal length indi­
cates that the calibrated focal length is equal to
the equivalent focal length for values of {J of ap­
proximately 16° and 42.5°.

::~l ,,' :~
-/.5° ISo 22.5° 30° 37.5° 4So

fe = f + 0·

as that one where positive and maximum negative distortion are equal. The
preferred value of equivalent focal length for which this condition prevails is
called the Calibrated Focal Length. It seldom happens that the calibrated focal
length coincides with the equivalent
focal length at one of the fixed angles
(i.e. one of the 7.5° intervals) so that
it is necessary to compute the incre­
ment I1f that must be added to the
equivalent focal length determined
at one of the fixed angles (usually the
7.5° angle) to yield the calibrated fo­
cal length. This may be done with
the aid of the following formula:

where Dm and D n are the values of
distortion existing at the angles (3m
and (3n referred to the equivalent focal
lengthf. The calibrated focal lengthfe
is then obtained from the relation

Dm + D n0=-----
tan f3m tan f3n

The above formula is a general one
and the new values of distortion re­
ferred to the calibrated focal length
at angles (3m and (3n are equal in mag­
nitude and opposite in sign. Usually
(3m and (3n are the angles at which
maximum positive and maximum
negative distortion occur. These
equations are essentially the same as
those reported in a paper by Sewell
(8).

The values of the distortion re­
ferred to the calibrated focal length
are shown in Table 4 and Figure 13.
The computation is made for (3m
=37.5° and (3n =45°. It may be noted
that the same value of fe will be ob­
tained regardless of which value of f
is selected as a base of computation so
long as the corresponding values of
distortion are used.

It must be emphasized that the
determination of the calibrated focal
length involves no shift whatever of the position of the focal plane of the camera
cone with respect to the lens. The calibrated focal length is simply that value of
the equivalent focal length which serves as the preferred scale factor in inter­
preting distances measured on the photograph.
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7. DETERMINATION OF THE RESOLVING POWER

The camera calibrator provides an excellent means of checking whether or
not the camera lens as mounted in the camera is capable of producing usable
definition from the center to each corner of the field. If as sometimes happens,
the resolution along the four radii from the center to the corners of the field is
not uniformly good, this will be detected on the negative and thus minimize the
possibility of a camera being certified as satisfactory when the resolution satisfies
minimum definition requirements along one diameter of the field, but does not
do so at some points along the diameter at right angles to the first. Table 5 lists
the observed values of the resolving power for a typical 6 inch lens in the focal
plane of the camera in which it is mounted. These resolving powers are meas­
ured at effective aperture f /8.3, and may be slightly higher than the values that
would be found at maximum aperture.

TABLE 5. OBSERVED VALUES OF RESOLVING POWER FOR A TYPICAL 6-INCH LENS

AS DETERMINED FROM A NEGATIVE MADE WITH THE CAMERA CALIBRATOR

Resolving power for tangential lines in lines per millimeter
Collimator Angular separation from the axis

bank
0° 7.5° 15° 22.5° 30° 37.5° 45°

I 53 53 32 27 32 27 23
II 53 27 27 23 32 23 23

III 53 32 27 27 32 27 19
IV 53 39 27 19 27 23 23

Average 53 38 28 24 31 25 22

Resolving power for radial lines in lines per millimeter
Collimator Angular separation from the axis

bank
0° 7.5° 15° 22.5° 30° 37.5° 45°

I 53 53 39 46 39· 32 27
II 53 27 32 27 39 27 27

III 53 32 32 39 39 32 23
IV 53 39 32 32 39 32 27

Average 53 38 34 36 39 31 26

It is clear from this table that some variation exists in the values of the re­
solving power for the same angular separation from the axis on different
meridians. For the lens shown the variations are not such as to bring the resolv­
ing power down at any point to values lower than the usually specified minimum
of 15 lines per millimeter for this type of lens.

8. FLATNESS OF PLATEN

The specifications for precision airplane mapping cameras (5) usually con­
tain the requirement that the surface of the platen shall not depart from a plane
by more than ±0.0005 inch. The platen is the flat surface against which the
film is pressed to ensure its planeness during the instant of exposure. This re­
quirement is included in the specifications because small departures from flat­
ness in this locating surface would be imparted to the film and would in turn
affect the location of images on the final negative.

It is therefore customary in the course of calibration of a precision camera to
check the platen for flatness. It has not been considered expedient at this labora­
tory to make a detailed contour map of the entire platen surface. Instead the
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FIG. 14. Photograph of dial indicator device used for checking flatness of platen. The instru­
ment is graduated in microns and permits the rapid measurement of departures from flatness with
an accuracy of ±O.OOOl inch.

practice here has been to check the platen for flatness along selected lines or
diameters of the platen, and to conclude that the platen is satisfactorily plane if
no departure from a plane in excess of the specified tolerance occurs along these
lines.

A simple device shown in Figure 14 has been constructed which permits a
rapid measurement of the departure from flatness along a selected line with an
accuracy of ± 0.0001 inch. The device consists of a metal beam supported by
two legs set 8 inches apart. Midway between these two legs, a sensitive dial indi­
cator gage is mounted with the lower end of the plunger which motivates the
gage lying in the line common to the two main outer supports. The two outer
supports and the central plunger have convex spherical surfaces at the lower
portions which touch the surface to be tested. The two smaller supports serve
only to hold the instrument in a vertical position and to prevent the instrument

•
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from tipping over. The instrument may be rocked on the two outer legs. In use
the small front leg is in contact with the surface being tested and the movement
of the plunger is in a direction closely perpendicular to the surface.

The instrument is graduated in microns. Before each use, it is placed on an
optical flat to ensure that the gage reads zero for a truly flat surface. I t is then
placed on the platen under test, and the reading noted. The instrument is moved
across the platen, rotated 90°, and moved across again. It is also moved about
the platen in other orientations. If the pointer on the gage does not depart from
zero by more than ± 13 microns during the course of this operation, the platen
is adjudged satisfactory.

VIII. DISCUSSION

The method used at the National Bureau of Standards for determining the
location of the principal point of airplane cameras has been in use for some
years. This type of work was first performed on the precision lens testing camera
and it is now being performed on the new camera calibrator. In recent years, the
question has been raised whether. the principal point as herein defined and de­
termined is the proper point to use in the photogrammetric sense in the interpre­
tation of aerial photographs. In the absence of lens distortion, particularly of
the asymmetric type induced by prism effect, there can be no question of the
adequacy of the method and its interpretation.

However, in the presence of unbalanced distortion, there may be some merit
in the criticisms that have been directed at this concept of the principal point.
It is not the aim of the present authors either to refute or concur in the various
other suggested concepts of what constitutes the best definition of principal
point in cameras in the presence of asymmetric distortion. Rather these matters
are included in the present paper to show that cognizance of these alternative
procedures is being taken, and it is hoped that ultimately some common basis
may be found wherein these differences can be reconciled.

The most recent publication dealing with one of the alternative definitions
of principal point is that of P. D. Carman of the National Research Council of
Canada(9). In that paper a proof is presented that indicates that a point having
properties identical with the center cross as defined in Section VII 2 of the
present paper ought to be used as the principal point. This definition of princi­
pal point is accepted in Canada as evidenced by a paper by R. H. Field (10) who
describes the method of locating the principal point used at the National Re­
search Laboratories at Ottawa.

In the September 1948 issue of PHOTOGRAMMETRIC ENGINEERING, E. D.
Sewell (8) presents the concept of a "Point of symmetry" which is a point about
which all radial distortions are to be symmetrical. This point does not coincide
with either the center cross or principal point as defined in the present paper,
although all three points coincide in the absence of asymmetrical distortion.

To illustrate the differing locations of these points, consider the following
case. A camera whose lens showed negligible prism effect was calibrated at this
laboratory and the principal point and center of collimation brought into coinci­
dence. Following this, a thin prism was placed in front of the lens with its base
facing the direction A and a test negative was made. The center cross was found
to be displaced in the direction A by 0.239 mm. The principal point as de­
termined by the method described in this paper was found to coincide still with
the center of collimation within ±0.002 mm. The point of symmetry was found
to be displaced in the direction A by 0.496 mm. (The computation being based
on targets separated 37.5° from the axis and the 0° target following the method



CALIBRATION OF PRECISION AIRPLANE MAPPING CAMERAS 523

described by Sewell.) The values herein given are far greater than one likely to
be found in practice as the angle of the prism used was approximately 12 min­
utes.

It is probable that in lens-cone combinations where little asymmetric distor­
tion exists there is little to be said in favor of anyone of these concepts
over the others. When appreciable asymmetric distortion is present, the authors
are not in a position to state which of these points ought to be used in photo­
interpretation. There is this that must be said in favor of the principal point as
located by this Bureau. It is an invariant point for a given lens-cone combination.
Its location is not appreciably affected by placing filters of differing prismatic
power in front of the lens. It is possible that our present procedure of reporting
however should be amended to include magnitude of the prism deviation and its
direction for a given lens-cone-filter combination so that the center cross can be
located by those users who prefer it in their interpretation processes.

In the opinion of the authors, there are three courses that may be followed
to eliminate these difficulties. The first course is to set an upper limit to the
amount of prism deviation permissible on a lens-cone combination, possibly
0.015 mm. for the axial ray. A lens-cone combination that has excessive prism
deviation would then be unacceptable unless it were reworked to reduce the
effect. That such a course is practicable is evidenced by the discussion contained
in a paper (11) by J. V. Sharp and H. H. Hayes of Bausch and Lomb Optical
Company.

The second course of action is to make accurate measurements of the prism
effect, either on the lens as mounted in its camera cone or on the lens alone. Hav­
ing accurate knowledge of the magnitude and direction of the prism deviation,
it should then be possible to neutralize the effect by using a filter on the front
of the lens which is itself a thin prism instead of the usual plane parallel. Other
researches in progress at this laboratory indicate that such a course is feasible.
It is possible that small residual effects may still remain, but it is believed that
such residual effects will be negligible compared to the asymmetric distortions
known to be produced by the prism effect.

The third course of action resembles the first except that an upper limit on
"tangential distortion" rather than prism deviation is set. This is preferred by
Mr. J. V. Sharp because it allows for the possibility* of the existence of a form
of "tangential distortion" that deviates from the pattern predicted by the hy­
pothesis that "tangential distortion" is produced by prism effect. Even in this
case it is possible that a compromise involving partial neutralization of the
prism effect may be advantageous.
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YOUR TAILOR'S PHOTOGRAMMETRY

Bernard J. Colner, U. S. Coast & Geodetic Survey, Washington, D. C.

ONE of the better known exclusive custom tailors in Washington, D. c.,
Jos. A. Wilner & Co., has applied photogrammetry to give his customers

"exclusive photo-tailored clothes." Besides using hand-taken measurements,
Wilner's camera records the customer's measure with the aid of a grid-pat­

terned background as shown in the
illustration., Another side view tells
the tailor the drop of the shoulders,
the sway of the back, general posture
and body contour. A try-on photo­
graph is taken before the suit is fin­
ished to check all details and drape.

The photographs are not used
stereoscopically nor are measure­
ments obtained directly from them.
They are used by the cutters and sew­
ers as visual aids which, where they
are combined with the usual written
record of measurements, have a defi­
nite value in a large establishment
where a suit is actually made by a
craftsman who may not have seen the
customer.

This is an instance in which a form
of photogrammetry has been applied in a modest way to industry. This account
may serve as an incentive for others to write of similar applications, even though
the advanced techniques of photogrammetry are not applied completely. Per­
haps suggestions can be made of how more economical advantage can be gained
from photographs in this and other instances. .


