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"Field Resolution Tests with the Metrogou Lens™

A+ INTRODUCTION

l. Tests of resolution have come to be accepted generelly as a
mes.sure of the amount of information that can be obtained from & pho-
tographic system. Howlettl states that, "Resolution is the ability of
& lens, in combination with a particular kind of device for detecting
energy, to distinguish detail under certain specif'ic conditions among
which are the shape and contrast of the test terget and the quality of
the illumination". There are many methods of measuring the resolution
of the lens only. Likewise, there asre & number of methods for measur-
ing the resolution of the sensitized materisl used in such tests. For
the purpose of comparing or rating lenses or sensitized materials, most
of the methods in present use are satisf{actory. However, when it is
desirable to measure the interpretable detail which can be obtained by
8 given lens~cemera=film combination, the requirements are different.
It then is no longer & question of how many lines per millimeter that a
lens can resolve visually or on a fine-grained spectroscopic piate but,
rather, how much information is obtainable by using a certain lens,
with a given aerial film emulsion, at practical aperture settings.
Furthermore, it is necessary to define the conditions under which the
tests are conducted if the results are to be meaningful., The pertinent
conditions which must be defined sre: (&) the design, contrast, and
illumination of the resolution target; (b) the type of tests-=i.e.,
whether optical bench test, outdoor test with the camera mounted hori-

zontally, aerialvtest, or others; (c) the method of processing the

1. Howlett, Dr. L. Ee rhotography for survey purposes. Fhotogream=
metric Engineering, Vols XIV, Noe 3, September, 1948,



film; and (d) methods for reading and analyzing the resclution data.

2. luch research on optical resolution was done during the last
war by groups in Great Britain, Canada, and this country. In this re-
search, various types of targets were used, and resolutions were de-
termined under varying conditions of photography. The Aerial FPhoto=
graphic Branch, kngineer Research and Development Laboratories, Wright-
Patterson Air lForce Base, Dayton, Ohio, recently has undertaken a
program of resolution testing which has, as its primary object, the
establishment of allowable resolution velues (for various lens-f{ilm-
camera combinetions) to be used in the preparation of specifications
for serial mapping cemeras. An attempt has been made, therefore, to
eliminate as many variables as possible in the photography. Resolution
targets, both line and annulus, were installed on the ground in a
straight line normal to the camera axis and at e known distance f{rom
the lens., The targets were spaced along this straight line at given
angles outward from the camera axis (See IFig. 1), With the camera in a
horizontal position, exposures were made with the line of targets pos-
itioned across each diagonal ol the format for the various combinations
of’ shutter speed, apefturo size, and filter type. It is apparent that
this method eliminstes factors found in actual flight photography, such
as camers vibrations, relative motion of the aircraft with respect to
the ground, differences in flight altitudes at the instant of exposure,
atmospheric haze, etc. It is emphasized that these tests were con-
ducted with a specific purpose in mind which called for this elimina=
tion of variables. The possibility of reaching satisfactory conclu=

sions from normsl photography taken in the air would be very unlikely,
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since no two exposures ever would be obtained under the same photo-~
graphic conditions. Later sections of this report will show that the
conditions required for significant resolution tests, as deascribed by

(1)

Howlett and others (2), heve been fulfilled,

B« The first portion of this treatise is devoted to a compilation
of general knowledge concerning photogrephic resolution testing--sn
explanation of' certain optical terms; the drafting of resolution tar-
gets; methods for averaging resolution values, measured at various
positions on the format, to obtain one over-all value for an exposure;
and & description of the factors involved in conducting the photo~
graphic operations. In the second part of the paper, anelyses of the
results obtained from line-target resolutions are made with the purpose
of determining those combinations of aperture, filter, and shutter
speed which result in high photogrephic resolutions. This information
will be of particuler value to a person who is called upon to operate
the camere, but whose knowledge of photography is limited. The final
gection includes a determination of that position of photographic focus
in an aerial camera which produces best over-all definition. All
phases ol the resolution testing program described herein require no
complex scientific equipment other then cameras for their execution.
This system of testing produces adequete data and is sufficiently sim-

ple to warrant its consideration as a field method in which trained

laboratory personnel, although desirable, ere not essential for its

accomplishment.

l. Howlett, op. cit.

2+« Pestrecov, Dr. Ke Resolving Power of Photographic Lenses.
Photogremmetric Engineering, Vole XIII, Nos 1, March, 1947.



B. RESQOLUTION TARGETS.

4. Tests of resolution were accomplished at liright Field on the
range customarily used for the field calibration of aerial cameras.

The clusters of targets were positioned along a straight line which was
perpendicular to the line formed by the camera axis and at & distance
of 400 feet from the camera station. The central target was installed
at the intersection of the cemers axis with the terget line. Other
targets were installed along this line on each side of the central tarw
get at angles of 5°, 10°, 15°, 20°, 30°, and 40° outward from the cam-
era axis. The layout of the resolution target range, with pertinent
dimensions, is shown in Figure l. The distances from the central tar=
get, at which other targets were placed, were calculated by & simple
trigonometric relationship in which the distence (D) is equal to the
product of the distance (R) from the central target to the camera sta=
tion and the tangent of the angle (©) outward from the camera axis.

For example, the desired distence along the line of targets to a point
30° from the central target is D = R tan © = 400 x 0.577356 = 231'.

Se Included within each target cluster was a line target of the
standard Air Force, high-contrast type, having 22 target blocks whose
sizes varied consecutively as the \e/_g_. In Figs 2 i8 illustrated the
design of a typical target block in which the width of the white line
is equal to the distance between adjacent black lines. This width is
represented by A. The three vertical lines in the block are used in
measuring tangential resolution, while the three horizontal lines pro=
vide a measurement of radisl resolution. The displacement between the
vertical and horizontal groups of lines is equal to twice the width of

& line, The length of a line is equal to five times its width. The
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dimensions of e target block are HA by 12A, while the distance from
a block to the smaller block adjacent to it is 3A, in relative terms.

6. The various dimensions for the 22 line-target blocks are given
in Table 1 (pe 63). Keadings of resolution in column 2 are based on 10
lines per millimeter for target l. At the central target, with a 400!
distance from cemera to terget and & 163 mm., camera focal length, the
photographic scale (S) is equal to 153/(400 x 12 x 25.4) = 1/796.8,
expressed as a representative fraction. The reading of a2 line of reso-
lution involves the distinguishing of separation between two target
lines. Thus, e resolution line includes both the target line and the
space between lines, or the distance in Table 1 and Fig. 2 represented
by 2As Yor readings of ten lines per millimeter on the photograph, one
line should equal O.1 mme which is equivalent to the distance 24, or A
= 0,06 mm. The eguivalent distance for A, to be drafted on the target,
is 0,05 x 796.8 = 39.84 mm, (See column 4, Table 1).

7« The value of A for target 2 is calculated by dividing $9.84 by
the \6/_2, or 1.,12246, which gives e value of 35,50 mm, The number of
lines per millimeter then is computed by multiplying 10 (lines per mil-
limeter for target 1) by the \8/—5— to give a velue of 11,23 lines per
millimeter for target 2. lMultiplying 11,23 by the / 2 gives 12,61
lines per millimeter in resolution obtainable on target 3. Values for
other targets are determined in like manner. The complete line target
is shown in Fig. 3. The resolution for any terget position on a given
negative is determined by running the eye down the row of target
blocks, from large to small, and selecting the smallest block on which
lines may be separated visuallye. For example, ii target block 10 is

the smmllest one in whioh definition is mpparent, then the resclution
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for thet terget is 28 lines per millimeter (See Table 1)s The above
process is accomplished sepearately for tangential and redial resolu-
tion.

Be Annulus targets are shown in Figs 8. The annulus target is
considered by some authorities to have advantages over the line target
because it tends to give the resultant resolution by a single readinge.
In other words, it avoids the necessity of separating the readings of
the radial and tangéntial resolutions and later of attempting to re=
solve them into & single resclution value, In construction, the
central disk within the individual annulus is the same shade as the
area surrounding the annulus. The ennulus itself{ is white. The width
of the annulus is exactly the same as the diasmeter of the central disk.
In the targets used for these tests, the width of the mnnulus (measured
radially) is equal to the width of the white line in the line-target
block; that is, the sizes of annuli in the annulus targets vary by the
\9/"5“, in the ssme manner as the terget blooks in the line targets.
The reading of resolution values on the snnulus target entails the
selection of the smallest snnulus in which the central target is dis=
tinguishable,

9. Four annulus targets of varying contrast were included in each
target cluster. The target at the upper right in Fig. 3 has & bright=
ness ratio of 36 to 1, that target at the upper left has & brightness
ratio of 7.5 to 1, the brightness ratio for the lower left target is
4,5 to 1, and that for the lower right target is 2 to ls The bright-
ness ratio, which is measured with a reflecting densitometer, is the
ratio of the density of a dark surface to that of a lighter surface.

Since density is expressed as a logarithmic function, the white of the
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annulus, which is used for a zero setting on the densitometer, becomes
unity in the brightness ratio., Table 2 (p. 64) shows the results of
densitometer tests on eight different contrasts of annulus targets. D0
represents the densitometer reading, set initially on the white of the
first target, and then checked on each additional targets DE is the
corresponding densitometer reading of the target background. In the
fourth column of Table 2 are listed the numerical differences between
DE and Dgye The fifth column contains anti-logs derived from the loga-
rithme of colummn 4; these anti-logs are used to complete the brightness
ratios of column 6.

10. The line targets, consisting of masonite sheets, 36" x 48" in
size, first were sprayed with black paint; then the white blocks were
painted on the black background, using & silk screen template. In the
construction of the ennulus targets, brass rings were machined from
shim stock very amccurately to the size of the various annuli in the
target and were superimposed on a sheet of clear acetate. This sheet
then wns‘usod as @ negative from which contact prints were made.
Different contrasts were echieved by varying the exposure time. Devel-
opment was uniform for all targetss Finally, the developed prints were
mounted on cardboard. Targets were installed on the target line using
wooden frameworks which resembled football goal posts with sn sadditi-
onal cross bar near the ground. In each cluster, the line target was
attached at the middle of the frame to the two cross bars, and two of
the annulus target sheets were tacked to the wooden uprights on each
side of the line target. Care was taken that the surfaces of all

targets were in the plane of the target line--i.e., with all targets

in a straight line perpendicular to the axis of the camere.
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C. CAMERAS USED IN RESOLUTION PHOTOGRAFHY .

1l. Air Force K=17 Wodel aerialbcameras were used in the ground
photography of resolution targets. Two types of the K=17 lodel were
employed in the resolution tests~-the K-17B, manufactured by the Fair-
child Camera Corporation (Fige 4), and the K-17C, manufectured by the
Graflex Corporation (Fige 5)e Both types have a 6" iocal length and a
9" x 9" format, Both also have lens aperture settings of £/6.3, £/8,
f/il, ﬂ/lﬁ, and f/22. The K-17B has shutter speed settings of 1/50,
1/100, 1/200, and 1/300 second, while the shutter settings on the K=17C
are 1/60, 1/100, 1/200, and 1/400 second. The K~l7B can be operated
manually a8 well as electrically, while the K-17C is operated by elec=
tricity only,

12, Four different combinations of filter were used on the camera
during photography, &s follows: (a) the normal yellow vignetting fil-
ter, (b) the yellow filter plus.a 0.1 neutral density filter, (c) the
yellow filter plus a 0,3 neutral density filter, and (d) the yellow
filter plus a 0.6 neutral density filter. The Wratten neutrel density
filters were trimmed in the proper size to fit over the yellow filter
end each was attached in contact with the filter surface by plscing it
under the metal confining rim. The various filter combinstions were
placed over the lens as required during the sequence of photographic
operations,

13, The action of the various neutral density filters can be ex-
plained by a brief discussion of several sensitometric terms. Irans=-
migsion of light refers to light passage through any medium=--in this
case, & filter, It is expressed by & ratio in which the denominator

represents the intensity of light incident to a lens or filter, and the

numerator denotes that portion of the light which passes through the
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Fig. 5 = K]17C Camera.
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medium; the numerator is expressed as unity. Light transmission (T)
elso can be considered as a percentege value equal to its ratic frac=
tion. QOpacity (0) is the reciprocal of the transmission ratio.
Density (D) of & medium, mathematically, is the logarithm to the base
10 of the opacity (D = 1ogmo). Given D as 0.1, 0.3, and 0.6, it can
be shown by the preceding equation that corresponding values of 0 be=
come 1e25, 2.0, and 440, and Tj , z 4/5, 0.5 ® 1/2, and Ty g = 1/4.
This indicates that the O.l neutral density filter transmits 4/5 or
80% of the light onto the lens and yellow filter, the 0«3 neutral den-
sity filter transmits half of its incident light, and the 0.6 neutral
density filter transmits only 25 percent of its light.,

14. The action of the neutral density filters on light trans-
mission has somewhat the same effect on the negative as increasing the
shutter speeds Consider, for exemple, & shutter speed setting of L/lOO
second on the camera with only the yellow filter in front of the lens,
Introduction of the 0.l neutral density filter in the path of the light
rays will cause a decrease in the amount of light entering the cone
‘which is equivalent to changing the shutter speed to & setting of 1/125
second (4/6 x 1/100). Likewise, the equivalent setting for the 0.3
neutral density filter becomes 1/290 second, end that for the 0.6 fil~
ter is 1/400 seconds Hence, equivalent shutter speeds for any neutral
density filter may be obtained merely by multiplying the initial shut-
ter speed by the light transmission fraction of the filter.

15« One part of the original test progrem called for the determi-
nation of the best point of focus of the lens to give optimum over-all
resolution. According to dowlett(l), "the plane of the best average

photographic resolving power over & 9" x 5" picture area for this (the

‘Lo Howlett, ops cit.
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6" Metrogon) lens has been found to be 0,008" further from the lens then
the axial position for best visual focus on the minimum fringe oriter=-
ion", It was decided to mccept, temporarily, this position of focus for
one of the test cemeras and to check the resolutions across the picture
area against the resolutions across the picture area of another camera
focussed on=-axis. &8s & further check, & camere whose lens wes moved
0.,008" nearer the focal plane was exposed in the same manner as the
others. Chsnges in focus of the cameras were accomplished by placing
shims between camera cone and body or by removing shims from this posi=
tion (See Fig. 6)s The fact beceme apparent very quickly, on analysis of
the results of this portion of the tests, that the three positions of
focus in the cameras did not represent a sufficient range of distances
along the optical exes, Ior this reason, determination of the best pos-
ition of photographic focus was relegated to a later series of tests in
which camera magazines with adjustable locating backs were used (See
Section "R"). Tests with the three original cesmeras, however, show that
high=resolution combinations of lens aperture, shutter speed, and filter
are affected little by different positions of focus in the camera. In
other words, & combination which produces the highest resclution for one
focus position very probably will give the highest resolution for anmy
other position of focus. Of course, the series of combinstions still
will reach maximum resolution at one certain position of focus along the

optical axis.

D. RESOLUI'ION PHOTOGRAPHY.

16. Prior to photographing the resolution targets, each K-17 cam=
era was carefully plsced in & portable mount so that its lens was dir=-

ectly over the camera station, was adjusted so that the camera exis wes
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-coincident with the line of sight to the central target, snd wes hori-
zontalized by leveling. The camera also was rotated so that the line
of targets was positioned slong one of the diagonals of the formet.
With the yellow f'ilter in position in front of the lens, an exposure
then was made for each combination of saperture size and shutter speed.
Since there are five aperture stops and four shutter speed settings on
the K-17 camers, total exposures for any one filter combination equale
led twenty. The yellow filter then was replaced with the combination
of yellow filter and 0.l neutral density filter, and another set of
twenty exposures was takens This procedure was followed with the two
other filter combinations. Upon completion of the eighty exposures
teaken with the line of targets along one diaponal, the camera was
rotated 90° so that the line of targets fell along the other diagonal,
and another eighty exposures were made of the various aperture~speed-

filter combinations.

17. Three camerss were taken through the above sequence of oper=-
ations~=160 exposures for eschs OUme of the three was focussed on-axis,
one camera was adjusted so that its cameres focsl length was 0.2 mm.
(0.008") longer, and one camera was adjusted with its cemera focal
length 0.2 mm. shorter. The total number of exposures taken for use in
resolution tests thus was 480.

18. Resolution photography was sccomplished during the month of
November, 1948, between 12 Noon and 3:30 P.Ma. on a clear day. Camersas
were operated electrically from e 24-volt storage battery. Vacuum for
the locating bsck of the camera was supplied by connection to the in=
take manifold of & 3/4-ton Dodge truck; this differential pressure wes

adjusted to maintein automatically a value of 4 inches of mercury
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during the period of camera operation.

19, Kodek Aerographio Super XX Panchromatic film (Type 1A, Class
L) was used in the above tests. Film was developed for 80 minutes in
Army Type C developing solution; the Smith B-4 developing set was used
for this purpose. An attempt was made to keep all elements of the
developing process as uniform as possible for the various rolls of film
in order to insure the elimination of variables in this part of the

vests.

E+ RBADING OF RESOLUTION VALUES.

20« All values of resolution were read over & light table dir-
ectly from the negatives IFor this purpose, a Zeiss binocular viewer
was used (See Fig. 7). Magnification of the viewer eyepieces was app=-
roximately 1b¢5s Resolution values were read by two persons. It was
found theat values of radial and tangential resolution on the line tar-
gets were identical in almost every case where readings on the same
targets were tested by both operators. Readings of the annulus tergets
diverged somewhat, however, especially on those negsatives in which the
brightness ratio was lowe An attempt wes made to synchronize, as f{ar
as possible, the eye indices of the operators in order to minimize
imegination effects. It is believed that any differences in reading of
resolution values in these tests will be of & negligible nature. Read-
ings on both types of target almost were identical for both observers
on negatives with relatively high brightness ratios., Meximum differ=
ences on extremely dark or very light film were of the order of one
target size on the line target velues and two terget sizes on the
annulus readings. These types of negative provide the lowest resolu=

tion readings. For low resolution readings, the difference in lines per
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millimeter between consecutive target-block or annulus sizes is corre=
spondingly low (See Table 1); for example, between readings of 10 to 20
lines per millimeter over the first seven target sizes, the difference
between any two consecutive targets is not more then two lines per mil-
limeter, while for those targets with 20 to 40 lines per millimeter,
these differences between consecutive targets are as much as four lines
per millimeter. Furthermore, the greatest interest, for purposes of
this study, lies in those settings of the camersa which provide & good
exposure with values of high resolution.

2l. A voluminous amount of readings was made, of necessity, on
each roll of filme With twenty diff'erent combinations of shutter speed
and shutter aperture, sand four combinations of filter, all of which were
exposed over each of the two diagonals, the resulting exposures totaled
160 for each camera. On each exposure, there were thirteen clusters of
targets (one at the center and six at varying angles on each side of the
vcentor). Each cluster of targets included a line target, which necessi-
tated both radial snd tangential readings, and four annulus targets of
different contrasts. Six readings per group and thirteen groups of tar-
gets required 78 readings of resolution per exposure. The number of
readings of resolution value, therefore, totalled 12,480 per csmera and
approximetely 37,500 for the three cameras. It is felt that this amount

of data should provide & comprehensive picture for the current tests.

F. AVERAGING OF LINE TARGETS.

22. After the reading of resolutions was completed, it was decided

to analyze first the results obtained from the line targets., Conse=

quently, an average resolution at the center and at each of the angles

outward from the center was computed. No differentiation was made
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initially between radial and tangential resolution, and resolutions for
corresponding angles to the right and left of center were added together
in the averaging process. Also included were corresponding values on
the second diagonal, Thus, the final figures for each target angle rep-
resented averages of eight separate values, with the exception of that
for the central target, which was an aversge of four values (See Table
3, Pa 65)a

23+ The next objective was to determine & method, given average
resolutions at 0°, 5°, 10°, 15°, 20°, 30°, and 40°, for reducing all
values to a single resolution, for any filter-aperture-shutter speed
combination, which would be truly representative of the conditiones pro=
ducing that resolution and could be used in comparison with resolutions
for other combinations, It was decided to select & weighting of reso-
lutions based on the areas of aunnuli whose limits for any particular
target are defined by peoints halfway between it and adjacent targets
(See Figs« 8 & 9). For example, the area pertinent to the target at
10° would be formed by an annulus whose lesser radius would reach 7 1/2°
on the photo and ;hose greater radius would reach 12 1/2°., The calcu-
lated area of 3.6 square inches for this particular annulus represents
4,4% of the total of 8l.0 square inches for the 9" x 9" photo. The
value of 4.4%, multiplied by the resolution at 10°, gives & product
which, when added to corresponding values for the other targets, pro-
vides & single, weighted average of resolution for the exposure (see

Teble 4, ps 71).

Geo COMPUTATION OF RELATIVi LIGHT QUANTITIES.

24, In order to have a means for comparing the amouunt of light

falling on the negative for the various aperture-speed-{ilter combina-
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tions in the camera, a system was evolved which conceives of light flow=-
ing onto the negative through & given aresa of aperture for a certain
length of time, much as water flows through a weir. Addition of the
neutral density {ilters to the system lessens this flow of light by in-
creasing the effective shutter speed. The system outlined herein is
based on & unit quantity of light which flows through the lens for set=-
tings of 1/400 second in shutter speed and an £/22 aperture, and with
the normal yellow filter in front of the lens. All other combinations
of photographic conditions are expressed in relative numbers based on
this fractional inch=-second conception,

25. An explanation of the relationship in size between lens aper-
tures, as denoted by the common "f*" numbers, may be of value at this
point. The aperture number (N) mey be expressed es & ratic in which the’
focal length of the cemera (F) is the numerator and the effective diam-
eter of the shutter opening (d) is the denominator, or N = F/d. The
focal length of all K~17 cemeras used in these tests was 6". Then for
an £/22 aperture, the diameter of aperture = F/N = 6/22 m 0.27" and the

area of the aperture, A, = dzu/h = 0.0729W/4, This srea represents s

22
relative term of unity. Since the term, Tvﬁiin s constant for all
osses, we may consider, likewise, that the term, d2 = 0.,0729, also is
unity for the f/22 sperture and that reletive terms for other apertures
may be based on the squares of their respective diameters. Thus, for an
£/16 sperture, which has sn effective diameter of 6/16 = 0.375", the
square of its diameter becomes 0,141, which is spproximately twice that
of the f/zz aperture. It can be shown, by this method, thet relative

areas are 4 for the f/ll aperture, 8 for the f/8 aperture, and 16 for

the £/5a5 sperture. This mathematical relationship does not exist with
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the 6.3 aperture, whose relstive ares is 12.5 times that of the fV?Z
aperture (See Table 5, p. 72).

26. 'Relative numbers for shutter speeds are obtained by assuming a
value of unity for the speed of 1/400 seconds Since 1/200 second is
twice as long & period of time, its relative number becomes 2. Other
relative numbers for shutter speeds are 4 for 1/100 second, 8 for 1/50
second, and 1 1/2 for 1/300 second (See Table 6)e

27« Relative light quantities are obtained for any combination of
shutter speed and sperture by multiplying relative numbers, as shown in
Table 56, to give an area=time product. These products are consolidated
in Table 6, p. 72, to show light quantities for any combinstion encoun=
tered in these tests., Graph 1 (pe. 99) further demonstrates the direct
relationships involved in these light-quantity products. Relative num= .
bers for apertures and shutter speeds are plotted against each other to
present lines of constant light quantity. The effect of various filter
combinations ig shown in Table 7, p. 73, wherein light quantities are
listed for each of the 100 separate combinations of shutter speed, lens
aperture, and filter type. It is believed that this method of resolving
all conditions of photography to the common denominator of light quanti-
ties on the negative will provide material for several interesting

analyses of resolution,

He TANGENTIAL AND RADIAL RESOLUTION.

28, The use of the line target in this seriss of resolution tests
has introduced the subject of tangential and radial resolution. The
standard Air Force, high-contrast target consists of target blocks which
decrease consecutively in size by the \e/ﬁf_. Esch terget block in-

cludes three vertical lines and three horizontal lines. In ordinary
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photography, radiel, or sagittal, resolution refers to photographic
definition which is measurable in a radial direction from the photo cen~
ter, while tangential resolution may be measured from lines running in a
direction perpendicular to the radial lines, A simpler conception may
be illustrated by the figure of a wheel, in which the hub represents the
photo center, the spokes represent radial lines, and the rim is anslo-
gous to a tangential line., With the images of targets appesaring elong
the photographic dimgonal, it easily is observable that the vertical
lines in the target block will represent tangential lines, while the
horizontal lines will measure radisl resolution, Visual separation of
eech set of lines on the smallest possible target thus will provide the
corresponding values of resolution in lines per millimeter.

29, The above conception of radial and tangential resolution is not
applicable in the case of the aerial photogrephs There still are two
types of resolution--that moasurable from lines within, or parallel to,
the line of flight and that produced from lines perpendicular to the
flight line, Differentiation between these two types of resolution on
negatives exposed from & camera station in a&n airplane is much more
important than a corresponding evaluation of radisl snd tengential reso-
lution on & negative taken irom a ground stetion cemera. The motion of
the airplane in flight imparts an imege motion on the negative which
tends to elongate the lines parallel to flight without obliterating
thems This often results in a spurious resolution which is higher than
normal, Those lines having perpendicularity to the line of flight,
however, are fused together more rapidly, thereby producing values which
are considerably lower than those for the resolution moaéurnble in the

line of flight. The differences between resolutions in flight and per-

pendicular to flight thus may total as much =s 15 or 20 lines per
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millimeter, most of which is directly chargeable to image motion., With
the advent of image motion compensation features in the aerial mapping
camera, these large differences will be minimized, and the smaller diff=-
erences csused by lens aberrations then will represent a larger percent-
age of the total,

80« There are various methods currently used for obtaining a re-
sultent resolution from the line tergets. Consider the case of an ordi=
nary photograph in which R is the radial and T is the tangential resolu=
tions Let M be the mean of the two. The normal arithmetic average is
half the sum of the radial and tangentisl resolutions and msy be ex-
pressed as I, = 1/2 (R#T)e The geometric mean is the square root of the
product of radial and tangentisl resolutions (MG =\/RT)s The hermonic
mean is expressed &8 & reciprocel which equals one-half the sum of the
reciprocals of radial and tangential resolutions, or l/MH = 1/2 (1/R +
l/T). Consider further the example of & negative on which a target re=-
solves 30 lines per millimeter radially and 20 lines per millimeter
tangentially. This condition would produce an arithmetic mean of 25, &
geometric mean of 24.6, and & harmonic mean of 24 lines per millimeters
Hence, results of these common methods may be expressed in magnitude by
the formula, My > M, > Vg. Where differences between the two types of
resolution are large, it has been edvocated that a method be used in
which the lower velue is given the greater weight.

3ls At least one Armed Forces unit is conducting resolution tests
in which all six lines of the target block must separate visually before
& resolution-is recorded. This method assigns full value to the lowest
of the two resclutions, & view which holds concurrence from other auth-

orities in the field of resolution investigation. It is believed by the
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writer that this method imtroducés a fallecious importance to the lower
resolution. Tests of resolution at Muroc Air Base, in which cameras
with, and without, imsge motion compensation were used, have disclosed a
rather interesting fact. The negatives exposed in the camera equipped
with imege motion compensation produced resolutions of 20 lines per mil=-
limeter in directions both parallel to, and perpendicular to, the line
of flighte From photography of' the same ares, exposed simultaneously by
the cemera without image motion vompensation, were recorded resolutions
in line of flight of 20 lines per millimeter and resolutions perpendicu-

lar to flight of 8 lines per millimeter. This indicates the apparent

efficacy of the image motion compensation feature as far as resolutiom
across flight is concerned. However, & visual examination of detail on
each exposure shows little actual difference between the two in the
amount of informetion received by the eyes. This phenomenon appears to
indicate that the negative has not been affected to a great extent by a
lessening of resolution in one direction. With & resolution of 20 lines
per millimeter in one direction and 8 lines per millimeter in the other
direction, the filia can be rated for resolution in & number of ways:
(&) it can be reted according to the highest resolution reading which,
in this case, will be 20 lines per mm.; (b) it can be rated by using
arithmetic, geometric, or harmonic means, which give resolutions of 11

to 14 lines per millimeter; or (e¢) it can be rated by the lowest resolu-
tion value which, in this instence, will be 8 lines per millimeter. The
writer has found that, when examining & photograph for actual ground
detail, the proper rating of the sabove photograph should be somewhere
between 14 and 20 lines per millimeter rather than betwsen 8 and 14

lines per millimeter. In other words, it is felt that high resclution

in one direction identifies an object sufficiently to compensate, to a
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large degree, for the loss of resolution in the other direction.

32. All tests of resolution in this unit's program were conducted
with the camers in & fixed position on the ground; hence, the effect of
image motion is not a factor. Tangential and radial resolutions were
recorded separately. Differences between tangential and radial resolu~
tion are camused primarily by various lens aberrations, chief of which is
probably astigmatism. Other less importent contributory causes might be
localized flaws in the film, or personal errors in observation.

83. 1Initial listing of resolution in Table 3 made no separation of
redial and tangential resolutions. In Table 8, p. 74, a number of
frames have been extracted irom the original data to show both types of
resolution. Included therein are twenty combinations of {ilter, shutter
speed, and aperture for each of the three positions of camera focus.
Differences between radial and tangentisl resolution, for the various
combinations, are shown in the right-hand column of Table 8. It can be
noted that the average differences vary from approximately 1.5 to 3.5
lines per millimeter, depending on the camera, with an over-all average
of 2.6 lines per millimeter. This value represents roughly one grada-
tion in target block size and is not considered of sufficient signifi-
cance by the writer to warrant any other form of mathematical handling
than an ordinsary arithmstic mean.

54, In Graph 2, pe 100, @ curve is drawn which shows the average
deviations between radial and tangential resolutions for each position
of the target along the photographic dimgonale. An overage of radial
resolution is considered plus, while a minus value indicates a prepon-
derance of tangential resolution, all values being expressed in lines

per millimeter, Points along the curve were obtained by adding algebra-

ically, for each target position, all differences between radial end
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tangential resalution, then dividing by 60, the total number of filter-

aperture-shutter speed combinations

exposed in the three cameras, It

can be seen that tangential resolution is higher than radial at 0°, 5°,

and 10°, but that radisl exceeds tangentisl along the remaminder of the

diagonal, with & maximum at 30°.
indicative of the increased effects
picture is approached,

85, It is interesting to note

Deviation from the axis of equality is

of astigmatism as the edge of the

that the values of tangential and

radial resolution diverge with a decrease in the size of lens opening.

Average differences, in lines per millimeter, for various aperture

sizes, as determined from Teble 3, are as follows:

(8) £/643 = 1.9;

(b) £/8 = 2.0; (c) £/11 = 2.0; (d) £/16 - 2.4; snd (e) £/22 = 3.7.

These values have been used for the

drawing of a curve (See Graph 3, p.

101) in which the average differences between radial snd tengential res-

olutions are plotted against relative areas ol aperture.

pose, the area of the 17%2 aperture
directed to the fact that the curve

apertures.

I. RELATION OF WEIGHTED-AVERAGE

For this pur=-
is taken as unity. Attention is

varies little for the three largest

RESOLUTION TO RESOLUTION AT 50°,

36, Observable immediately in
resolution values was the fact that

any frame closely approximated that

at an angle of 30° outward from the

connection with the averaging of
the weighted-average resolution for
average resolution for the targets

center of the photograph. The dif-

ferences between the two values throughout the entire scope of the tests

averaged about #0.6 lines per millimeter (See Table 9, p. 77)s

The

resson for this is apparent when consideration is given to the weight of

38.9% mssigned to the 30° resolution in srriving at the over-all
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weighted average. It seems reasonable to assume that a close approxi-
mation of resolution, based on the weighted annulus-area average, may be
obtained, for this particular camera and lens, merely by measuring out-
ward from the center of the negative a distance of 3.46" and reading the
resolution on a single target. The distance of $.46" represents the
product of the tangent of 30° (0.657735) snd the focal length of the
camera (6"),

87. Table 9 contains the amounts of variation between weighted-
average resolutions and those at 30°, for all three cameras. Results of
the original resolution tests parallel closely those of subsequent tests

a5 far as similarity of these two values is concerned.

Jeo CORRELATION OF APERTURE, LIGHT QUANTITY, ANU RESOLUTION DATA.

88. Bection "G" of this report contains an explanation of the com-
putation of relative light quantities for various combinations of aper-
ture, shutter speed, and filter. The method outlined therein determines
the smount of light flowing onto the negative through & certain aperture
for a given length of times Light quantities thus are expressed in rel-
ative numbers based on & unit quantity ol light which flows through the
lens for settings of 1/400 second in shutter speed and :/22 aperture,
and with the normal yellow {ilter in front of the lens., The neutral
density filters tend to decrease the amount of light in sccordance with
their density in a manner similar to increasing the shutter speed. Con=-
sider the combination of yellow plus 0.3 neutral density filter, sn f/lé
aperture, and a l/Bo-second shutter speed. The 0.3 neutral density fil-
ter transmits only half of its incident light, thereby producing an
equivalent shutter speed, in terms of the yellow filter, of 1/100 second.

A shutter speed of 1/100 second allows 4 times a&s much light to pass as .
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a 1/400-second speed. The area of the f/16 aperture is twice thet of
the £/22 aperture. The product of the numbers 4 and 2 gives a value of
8, which is the relative light quantity of the above combination. In
other words, 8 times &8s much light is allowed to flow onto the negative
for the conditions listed in the example than is allowed by the combi=
nation of 1/400fsocond shutter speed, f/22 sperture, and yellow filter.
The chief purpose of this system is to reduce all combinations of fil=-
ter, aperture and shutter speed to one common medium, as san 2id to the
prediction of resclution.

39. Theoretically, any combinations of filter, aperture, and shut-
ter speed which have the same relative light quantity numbers should
produce about the same saverage resolutions. This theory will hold, in
certain cases, but is not always true. Ior example, by reference to
Table 3b it is noted that average resolutions for various combinations
are listed as follows: (a) yellow filter, 1/200 second at f£/11 - 22.7
lines/mm.; (b) yellow + 0.3 N.D. filter, 1/100 second at f/11 - 22.1
lines/mms; (o) yellow + 0.6 N.D. filter, 1/50 second at £/11 - 22.9
lines/mm. These combinations, each of which has a relative numbsr of
8, vary in average resolution by less than one line per millimeter. Om
the other hand, a combination of yellow + 0,1 N,D. filter, 1/100 second
at £/22, produces an sverage resolution of 24.1 lineg/mm., while the
combination of yellow #+ 0.6 N.D. filter, 1/400 second at £/6.3, gives an
average resolution of 16.6 lines/mm. Both of these combinstions have
relaetive light quentity numbers of 3. Although the fully opened lens
has the highest theoretical resolution, its lbility to produce high reso-
lutions, in actuality, is not as great as for somewhat smaller aperture

settings, The residual aberrations in a wide open lens &nd some
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unfavorable characteristics of emulsions may reduce drasticelly resol-
ving power. As the lens is stopped down, some of its aberrations be-
come smaller, and its photographic resolving power may increase gradu-
ally until, &t a certain stop, it approaches the theoretical value. This
stop usually lies somewhere between f/8 and f/22.

40. The density of the negative appears to have an important bear-
ing om photographic resolution. In general, a negative whose detail is
pleasing to the eye on the light table will have a high sverage resolu-
tion. There is, of course, en occasional exception to this rule. Un~-
doubtedly, the resolution will be lower on & negative which is very dark
or on one which is extremely light, as far as brightness ratio is con=
cerneds The light quantity date can be used as a medium for regulating
the density of the negative to assure high resolutions. A cursory exam-
ination of this data discloses that all oomhinmtions having light quan-
tities between 4 and 16, with the exception of several combinations
which include both the £/6.3 sperture snd thé 0.6 neutral density fil-
ter, will produce resolutions from about 20 to 27 lines per millimeter.

A further narrowing of this range shows that a light quantity of 8 repre-

sents an optimum value for selecting high-resolution combinations.

Twenty-six combinations on the three csmerass having s light quantity of

8 produce an average resolution of approximstely 23 lines per millimeter.,
Teble 10 (p. 78) contsins values of resolution, based on aperture size,
for various light quantities. Irom this deta were drawn Graphs No. 4

(p» 102), which demonstrate the optimum resolution for the various aper-
tures, Light quentities at which exposures were made are observable as
sbscigsae on the graphs. Table 11 (p. 79) is & condensation of resolu-

tion end light quentity values for all investigeted combinations of fil-

ter, aperture, and shutter speed at each of' the three positions of focus.
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K. COMBINATIONS OF APERTURE, FILTER, AND SHUTTER

SPEED WHICH PRODUCE HIGH RESOLUTION,

4l. As a matter of interest to the reader, those combinations of
filter, aperture, and shutter speed on the three test cameras which pro-
duced average resolutions of 24 lines per millimeter or higher are lis=
ted in Table 12 (pe 82). The three highest individual combinations are
as follows: (a) yellow + 0.3 N.D. filter, £/16 at 1/50 second = 27.0
lines/mms; (b) yellow + Oel NeDe filter, £/16 at 1/50 second - 26.9
lines/mm,; and (¢) yellow # 0.1 N.D. filter, £/22 at 1/560 second = 2648
1ines/mm. It is noticesable that the f/16 aperture is most prevalent
among the 27 high-resolution combinationss Likewise, most of the combi-
nations were exposed at a shutter speed of 1/560 second. The average
light quantity for the 27 combinetions was 8.5 units.,

42. Table 13 (p. 83) was prepared by using the combinetions listed
in Table 12 as & nucleus. Over-all average resolutions were calculated
from the average resolutions for various combinstions on the three cam-
erase. This method presents a more representative basis for final analy-
sis of the filter, aperture, and shutter speed settings which produce
highest photographic resolutioﬁ. The right-hand colum of Table 13
indicates the standing of the various combinations in the order of their
high-resolution characteristics. Combinations were limited only to
those having an average resolution of 21.8 lines per millimeter or high-~
er; & total of 24 combinations are included in the table., The five
highest combinations are as follows: (&) yellow # 0.3 N.D. filter, £/16
at 1/50 second = 25,30 lines/mm.; (b) yellow # 0.1 N.D. filter, f/22 at
1/50 second ~ 264,27 lines/mme; (c) yellow # 0.1 N.D. filter, £/16 at

1/50 second - 24.9 lines/mm.; (d) yellow + 0.6 N.D. filter, £/16 at 1/50
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second - 24.6 lines/mm.; and (e) yellow filter, £/22 at 1/50 second -
24,3 lines/mm. An average light quentity of 8.3 units was caloulated
for the 24 combinations. Resolutions averaged highest with the f£/16
aperture, with the 1/50-second shutter speed, and with the yellow + 0.1
NeD. filter combination, each being calculeted individually.

45. BSeveral pertinent facts may be glesned from the foregoing
tables. It seems apparent that the higher resclution values are pro-
duced by the smaller sizes of aperture in the ocsmera, which is in line
with findings from other sources, The 2/16 aperture proves to be the
optimum in this series of tests. Jith & small aperture, it becomes ne=
cessary to have a longer flow of light for a good exposure~~hence, the
fact that 1/50 second was found to be the best adjustment of shutter
speeds High resolutions were recorded for all combinations of the nor-
mal yellow and neutral density filters. A better criteriom for the use
of the neutral density filters may be found by the photographer accor-
ding to the varying conditions of actual operation. Dats contained in
Section "F" of this report have shown the udviaabiiity of selecting, for
high resolution, a filter-aperture-shutter speed combination on the
camera which carries a light quantity rating within the range of 4 to 16
units. The stated optimum light quantity rating of 8 units for highest
resolution is confirmed by results of this section. It seems reasonable
to suppose that, given normal conditions of illumination, the standard
of photography with respect to photographic resolution could be main-
teined at a constant high level by adhering to the above principles in

preparing the camera for operation.
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Lo DETERMINATION OF BEST PHOTOGRAFHIC FOCUS.

25} It is a generally known fact thet the best focus for photo=
graphic definition in en aerial camera having a 6" letrogon lens is at a
position along the optical axis which is slightly farther from the lens
than the axial position for best visusl foous. The following sections
of this report describe a series of tests which was made for the purpose
of determining the position of best photographic focus in the camera,
Definition on the photographic negative was measured in the same manner
as for previous tests (resolution in lines per mm.). Movement of the
focal plane along the optical axis was accomplished through the use of
the type A-~12 focusing magezine, in which the locating back can be moved
away from, or toward, the lens through a range of 0,100"; these move-
ments are controlled by a focusing micrometer. The A-12 magazine is
described more fully in Sectiom "N".

45. Resolution tests for determination of focus position were per-
formed in the same manner as described in Section "B"--that is, with the
camers mounted horizontally and oriented so that images of resolution
targets sppeared at known positions along the diagonal of the photo-
graphic formats In this case, an object distance of 600 feet was used,
instead of 400 feet, in order to reduce the correction for a finite
distence. The positioning of targets along the diagonal is shown in
Figure 10, Geodetic distances along the target line were calculated for
any sngular position by multiplying the object distance by the tengent

of the angle for that particular position,
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Mo THE TYPE A-12 FOCUSING MAGAZINE.

&E: This megezine, a modified type A-5, permits accurate changes
in the focus of aircraft cameras. From an analysis of a series of
photographs taken at each of several positions of the locating back is
determined the position of the focal plane (plus or minus) which gives
the shurpestvdefinition of detail, The camers then can be focussed at
that position which will give the optimum over-all photographic defini-
tion, Figure 11 shows the A-12 magazine, with particular reference to
the micrometer mechanism which indicates position of locating back.

47. The locating back (vecuum back) in the magazine can be moved
from its mean position in either direction along the optical axis by
means of three cems actuated agrinst spring-losded studs, aifixed perm-
anently to the plate, The adjustment (cam actuation) is manusl and can
be sccomplished either at the magazine or through a remote control.
Accurecy is within 10,002 of an inch. Figures 12 and 13 are two views
showing the interior details of the A~12 megazine, The micrometer is
gradusted in thousandths of &n inch. Positions of the locating back
along the optical axis farther from the lens than the zero-position of
the back are indicated on the plus-range of the micrometer; readings on
the minus-range of the micrometer will be indicative of locating back
positions which are clossr to the camera lens.

48, 1Two separate corrections must be applied to the readings of
the focusing msgezine micrometer before these readings cen be used in

snalysis. The first correction involves the determination of the actual

visual focus for the particular cemera-lens-megazine combination. It
previously had been found, by measurement on a surface plate, that the

graduationu of the micrometers agreed closely with the corresponding
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movements of the vaouum baoks in the magazines. The visual focus of
the test camere was determined in the Optical Unit, FPhoto Physics
Branch, Photographic Laboratory, Air iaterial Commend. An optical
bench method wes used in which the camers wes placed in a l4~foot col-
limetor heving e paraboloidal mirror, and the position of best on-axis
focus was determined with a foocal micrometer attached by a special jig
to the mating surface of the camera. The average of six observations
of the focal micrometer was ~0.002"., A check then was made to discover
whether or not there was warpage in the focal micrometer plate. This
was done by placing the plate across two bers of equal thickness rest-
ing on & surface plate and then focusing the micrometer on a third bar
of the same thickness placed midway between the other two. The third
ber wes equipped with illumination for esse ol observetion. The zero=
position of the focal micrometer was found to be 0,386" ebove the
mating surface of the camera, The distence from the focal microm-
eter's zero-position to the plane of best on-axis visual focus
(-<0.002") then was spplied to the sbove value of 0.386" to give 0,384",
the distence from the mating surface of the camers to the position of
best on-axis focus (See Fig. 14).

49, The next step in the procedure was the measurement of' the
distance from the mating surface to the surface of the locating back at
the zero micrometer position in each of the two A-12 megazines used in
the test. This distance measured 0.368" on Magazine No. 509-102 and
0.373" on Megazine No. 309-103. If 0.384", measured from the mating
surfece of the camera eway from the lens, is the position of best on=-
axis focus for camera No. 44-190609, then the differences between this

value and the above mesasured distances on the magazines will represent
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corrections to be applied to the micrometer readings. Ior iMagazine No.
309-102, the correction will be #0.016", end for Magazine No. $09-103,
this correction will amount to +0,011",

50. The position of visual focus cbtained from the focusing
micrometer is based on an object distence of infinity. Light rays
coming from an intinite object, on passing through the lens, meet at a
point whose distance from the lens is, by def'inition, the focal length
(f) of the lens, Likewise, the image of an object placed at f-distance
from the lens would come into focus &t an infinite distance. Hence,
the best position of visual foous for an object placed at soms distance
leass than infinity would be at & point somewhat greater than the focal

length of the lens., For this reason, & second correction must be

spplied to observations of the focusing micrometer to allow for the
focus shift, since the object distance of resolution targets was only
600 feet. The correction to the focal length may be calculated quickly
from the elementeal Physics formula,

A 1)

in which u is the object distance, v is the distance from lens to point
of focus, and f is the focal length., If the terms, u snd v, are changed
80 thatla value of £_is included in each, as shown in Fig. 15, equation

(1) becomes

1 1 41
T T " T (2)

Clearing {ractions,
£(f#x') + £(£ox) = (£4x)(f+x?)
reducing, and cancaling,

£ = xxt (3)
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It cen be seen that the term, x', represents the desired correction

value, Then

2 0.25 x 12

x!' =% = ogs5  ~ 0+008"

This value of 0,005" will be added to the focal length but will be a
subtractive correction on the micrometer readings (See kig. 14).

5l. The total correction to readings of the {ocusing micrometer
will be 0.016 + 0.005 = #0,021" for Magszine No. 309-102, and will be
0,011 + 0,005 = +0,016" for liagazine No, 309-103., These total correc-
tions will be used only as long as the magazines are operated with
camers No., 44-150509. The actual bosition of the f'ocal plane along the
optical axis f'or best over-all definition finelly is determined by sub-
tructing the total correction from the numerical setting of the focus-

ing micrometer st which maximum resolution is obtained.

No COLLECTION OF DATA FOR DETERMINATION OF FOCUS POSITION.

b2, Resolution photography was sccomplished with four type K-17
serial cameras. Initial tests were mades with K-17C Camera No. 44-
120509, The camersa was placed in a specially constructed mount, set on
e low platform, in such & position that its opticel axis was level and
its line of sight was in coincidence with the central target. In addi-
tion, the cemers was rotated around its axis so that the line of tar-
gets on the negative fell along one dismgonal of the formmt., This
camere was equipped with the 6™ Metrogon lens. The format of the type
A-12 focusing megazine measures 8" x 9", the smaller dimension being
along the direction of trsnsporte Modification to this magazine limits

its ocapacity to a 76-f'oot roll of film.



Fig.16 - Resolution Targets Along Disgzonal
(Yellow filter, £/16 aperture, 1/60 second.
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EE. A number of combinations of aperture, filter type, and shut=
ter speed were exposed through a range in movement of focal plane from
+0.030" to =0.030", An exposure was taken at each 0.0025-inch incre=
ment of distence throughout this range. This gave a total of 256 expo=-
sures for each aperture-filter-shutter speed combination. Fifteen
different combinations were exposed in this manner, liost of the com=
binations selected were those having wun sperture of f/6.3, since it
seemed desirable to test the lens in its fully opened positioms Other
combinations were selected with respect to their ability for producing
negatives of optimum density.

b4. Kodak Aerographic Super XX Panchromatic film (Type 1A, Class
L) was used in these tests. Iilm was developed for 10 minutes in Army
Type G develcoping solutione An attempt was made to keep all elements
of the developing process as uniform as possible for the various rolls
of film in order to insure elimination of variables in this portion of
the tests,

556+ All values of resolution were read by en observer directly
from the negative. The negative was placed on a light table and a
Zeiss binocular viewer, having a magnification of approximately 16, wes
used, &5 before. Both tangential and radial resolutions were recorded
for each of the 13 targets on each exposure, Thus, 650 observations
were made on each camera combination, or approximstely 10,000 for the
15 fremes, A contact print from a representative exposure is shown in
Figure 16.

56, Average resolutions at the center and at esch of' the engles
outward from the center first were computed. No differentistion was

made initially between radial and tangential resolution. Resolutions
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for corresponding engles to the right and left of center were added
together in the averaging process. Thus, final figures for each target
angle represented averages of four separate values, with the exception
of that for the centrel target, which was an average of two values (See
Table 14, p. 84). In caloulating average resolutions, it wes noticed
that resolution deére&sod repidly on expecsures photographed through the
minus-range of the micrometer on the focusing magazine. Consequently,
those velues have been omitted in the tabulation of resolutions in Table
14, Also, the settings of the focusing micrometer have not yet beesn
corrected for the discrepancies noted in Section "",

67, The colum at the extreme right in Teble 14 presents an indi~
vidual average resolution value for eamch frame, which has been weighted
eccording to the area of the annulus whose limits, for any particular
target, sre defined by points halfway between that target and esch adje=-
cent target (See Fig. 9). Since the greater portion of photography used
in the resolution progrsm of this unit wes taken with the A-5 mmgazine,
which has a normel formst of 9" x 9", the area caloulations are based on
a total of Bi'squure inches for the negative size. Resolution velues
with the A-12 megazine thus will be more in keeping with those observa-

tions already recorded.

0. CHARACTERISTIC RESOLUTION CURVES.

58, From a study of the data in Teble 14, it can be deduced read=-
ily that the highest sverage resolutions mre obtained on an exposure in
which the resolution remains high as the edge of the photogreph is
spproscheds If curves are drawn in which the resolution is plotted
sgainst the angular position of the target et each position from the

center of the negative to 40° outward from the center, this fact becomes
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even more apparents The graphs on pages 105 end 106 (No. 6) are drawn
to show resolution curves for the five ér 8ix positions of focus which
give maximum resolutions. Aperture and shutter speed mre hald cbnstant,
while the filter type is aullowed to vary. The f/6.3 sperture was chosen
in order to test the lens st its fully opened position. On each of the
four filter combinations, the curve {or maximum resolution is shown as

& dotted line,

59, The curves in Graph 6 (p. 107) are selected snd drawn in the
same menner a8 those of Greph b. In this case, however, combinations of
aperture and shutter speed were selected which consistently give high
resolution values. The combinstion of aperture, filter, and shutter
speed which gives the highest average resolution does not necessarily
produce high resolution values near the center of the photograph. How=
ever, if its values are high at 20°, 30°, and 40° outward from the
center, then the average resolution must be high, since these three
target positions provide approximately 86% of the weight, based on the
ennulus-area method of sveraging (See Fig. 9). The positions of foous
listed on these graphs were read directly from the focusing micrometer

end represent uncorrected valuss.

P. EFFECTS OF APERTURE, FILTER, AND SHUTTKER SPEED

ON CURVATURE OF FIELD.

60, The curvature of field for any lens may be traced approxime-
tely by noting the positions of focus at which maximum resolutions ococur
at each of the target positions along the photographic diagonals For
this purpose, the position of focus which produces the highest resolu-

tion in the center of the photograph (on-sxis photographic focus) is



51

selected ms the origin of the system snd the divergences from this plane
to points at which maximum résolutions occur at other targets along the
diagonal are plotted either plus or minus, as the case may be. A graph-
ical representation of such a curve is shown in Figure 17. Attention is
directed to the fact that a minimum usually occurs at 10° or 16° outward
from the center and that the positive field is most pronounced at 40°.
6l. The expectation thet the size of aperture would show a con=
siderable effect on the curvature of field appears to have been con-
firmed by results ol plotting an average curve for each setting of the
aperture, Data for plotting these curves are contsined in Table 15 (p.
89). Included in this table for each combination ere the position of
the locating back, indicated on the focusing micrometer, at which maxi-
mum resolution occurs st the center of the negative, and the differences
between this position and the positions of maximum resolution for each
of the other targets. For any particular graph, the origin is the same
for all curves, regardless of the position of the central maximum reso-
lution along the range of the focusing micrometer. A horizontal plens
through the origin thus defines the on=-axis position of photographic
focus. At the bottom of Table 16 are shown a set of average values for
esch aperture stop. These values are used in the actual plotting of the
curves of Graph 7 (p. 109). The curve for the £/6.3 sperture is plotted
from en average of nine separate sets of data., Its conf'iguration is
spproximately the same as other f/%.a curves previously plotted. As the
aperture size is decreased, the curves tend to flatten in shape. Re=-
sults might be more conclusive if there were nine sets of data for each
of the aperture settings, so thaet a closer average value could be calcu-

lated. However, it is the opinion of the writer thet tne final snswer
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still would not differ appreciably.

62. Next wers plotted curvatures of field for the four different
combinations of filter (See Graph 8, p. 110). An aperture of £/6.83 and
a shutter spesd of 1/50 second were maintained as constants. Although
there are some irregularities, it is believed thet the small differences
in general outline probably are attributable to the reading of targets
or to the photograpnic emulsion rather than to the varying densities of
the filter combinstions,

65« The curves in Graph 9 (p. 111) were plotted in order to dis-
cover what effect, if any, the speed of the shutter might heve on the
curvature of field, Four combinstions of shutter speed are shown. The
s.perture of f/6.3 and the combination of yellow filter plus O.l neutral
density filter are held constant for all shutter speeds. On examinatiom
of this disgram, it is obvious that all four curves have a similsr con-
figuration; hence, it can be assumed that the normal curvature of field

is affected very little by changes in shutter spsed.

Qe BEST FOSITION OF FOCUS FOR OPTIMUM RESOLUTION.

64 The most important objective at this point in the report is
the determination of the position of camera focus which will produce the
highest definition of detail on the negative, Resolution data for 15
different combinations of sperture, filter, end shutter speed in camera
No, 44-190009 were investigated, with this purpose in mind. The {inal
results of the investigation have been placed, in condensed form, in
Table 16 (p. 90)s The maximum resolution for esch combination is shown,
as well as the position of the focal plane along the optical axis at
which this resolution occurs. In the right-hand column of Table 16 are

shown the corrected values of focal plane position, calculated in



accordance with the precepts outlined in Section "M", An arithmetic
mean of the fifteen corrected values of focus position gives a distance
of #0,0045" for optimum resolution, As previously defined, this is the
distance tarough which the focel plane of the camera should be moved
along its optical axis, in & direction away from the lens, starting
from the axisl position of best visual focus, in order to mchieve
greatest over-all definition of photographic detail. An average dist-
snce also was calculated by selecting, for each combination, & median
position from the range of five or six consecutive positions of' the
locating back which geave the highest resolutions. From these median
values is obtained an average distence of +0.004", which substantiates
the original method.

65, In order to mske a more accurate determination of the focal
plane position, exposures of the resolution targets were made with
three other cameras. For each camera, five different combinations of
sperture and shutter speed were exposed through a range of =0.005" to
+0.030" on the focusing micrometer, The five combinations of saperture
end shutter speed included two with a setting of £/6.3 and three at
£f/16. O(nly the yellow filter wss used with this photography. Results
of these tests are contained in Table 17 (pe. 91). The same two type
A-12 magazines were used in this photography as were used in the ear-
lier tests.

66+ Attention is directed to the computation of a total correc=
tion to be applied to the readings on the focusing micrometer of esch
magazine, These figures are listed at the end of each camera's reso-
lution values in Table 17. Total corrections are subtracted from

readings of the focusing micrometer to give true positions of the focal
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plene along the optical axis for best over-all resolution. Maximum
values of resolution for each camera-aperture-ghutter speed combination
are listed in Table 18 (p. 97), along with corrected positiomns of the
focal pleane. Aversge focus positions for the three cameras were
+0,004", #0,007", and +0,005". These values, along with those deter=
mined in the original tests and listed in Table 16, will give an aver=-
ege value of +0.005",

67+ The position of the plane of best average photographic resol-
ving power, for the 6" NMetrogon lens, has been determined by others to
be +0,008" farther from the lens than thé axial ponit&ﬁn of best visual
focus.s Results of the foregoing tests with the A-12 magazine have
indicated this value to be #0,005", The difference between these
values is not very great when consideration is given to the fact that
readings of focus positions with the focal micrometer may very as much
a8 0.004" between severnl readings of en individual on any one camers
and may vary somewhat more between readings of several individuals.

68. Tables 16 end 18 show that the positions of optimum focus
for the cameras tested vnfy from zero correction along the optic axis
to & correction of 4#0,0125", with an average of 0.006". Now, to demon=
strate the actual effect of this foocus shift, three curves were plotted
for each of two filter-aperture-shutter speed combinations (See Graphs
10A and 10B, pp. 112 and 113). Target positions along the diagonal
were plotted against resolution for three positions of the focal plane
-=(1) best on=axis visual focus, (2) position at #0.,005", and (3) pos~-
ition st 40,010", In examining the graphs, it can be seen that the
curves from 20° to 40° average about the same, Since this portion of

the formet repfoaonts over 86% of the total format arem, it is obvious
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thet the resultont resolutions will be similar, The curves from 0° to
20° are dissimilar and no distinct pattern is indicated. In one in=
stance the zero position gave resolutions higher then the #0,010"
position and in the other case the 4+0,010" position gave higher resolu=
tions. The #0.005" position gave resolutions between the other two in
both instances.

69. Graphs 1lla snd 11b (ppe 114 and 115) show curves plotted for
various aperture-shutter speed combinations with the shift of the lo-
ceting back along the optical axié as the abscisse and the saverage
resolution as the ordinate, ‘The changes in resolution between the zero
and #0,010" positions are very slight, but agein there is & noticeable

maximum st about the #0,005" position,

R, THE ANNULUS TARGET.

704 . No effort has been made in this report to analyze in full the
data collected during the initial tests which pertained to the ennulus
targets. However, from a superficial analysis, the following impres-
sions were noted: |

(a) On the negatives having the highest line target resolu-
tion,»tho annulus target resolution was approximately one~half as high.

(b) Om the negatives having the highest annulus target reso-
lution, the line target resolution was approximately the same.

(¢) The maximum snnulus target resolution values were found
on very thin negatives whose average exposure was 1/400 second at £/16.

(d) In general, the higher the contrast in the four types of
annulus target, the higher the resolution. However, the total spread

usually was only five limes per millimeter.
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71. It is the opinion of the persons who observed resolutions on
both types of targets that the line targets could be read with greatsr

easgo and consistency than the annulus targets.

S« SUMMARY AND CONCLUSTONS.

72. The program of resolution tests outlined herein was eccom-
plished by personnel of the Aerial Photographic Brench, Engineer Re-
search and Development Laboratories, Wright-Patterson Air Force Base,
with the chief purpose of securing information for the establishment of
sllowable resolution values (for various film-lens-camera combinations)
to be used in the preparation of specifications for serial mapping
camerag.

73, Tests were conducted on the ground, using the type K-17 cam-
era placed horizontelly with its line of sight pointing toward a row of
standsrd Air Force, high-contrast resolution targets, so esrranged as to
sppear along the formst diagonal with targets &t known anguler positi~-
ong, This system eliminates & number of variables, such as differences
in flight altitude, relative motion of cemers with respect to the
ground, stmospheric haze, etc., which are encountered in serial photo=
graphic tests of resolution.

74, Three cameras having different positions of visual foous were
used in the initiml tests. Of primary concern, in this connection, was
the question of whether or not the relative standing of everage resolu-
tions for various combinations would be changed to any extent by dif-
ferent positions of visual focus in the cemera., The rather obvious
fact that there should be no change was substantiated by subsequent

analysis.



75, Readings of resolution values were performed by use of a 16-
power Zeiss binoculsr viewer. A single averags resolution for each
exposure was calculated by a method in which percentage weights were
assigned to raesolution values according to the area of the annulus,
whose radial limits, for & particuler target, are defined by points
halfway bofween the given target and each of its sadjecent targets.

76+ The average difference of about 2.5 lines per millimeter be-
tween radial end tangential resolution on the line target was not con-
sidered sufficiently significant to warrant more than an arithmetical
eversge in arriving at a resultant value of resolution for any target.
It was shown, however, that this difference becomes considerably
greater on & negative exposed by an aerial camera from s plane in
flight, The imege motion on the film caused by forward movement of the
airplﬁne tends to elongate lines on the photograph which are parallel
to the direction of flight, thereby producing a spurious increase in
that form of resolution, while tending to deorease resolution measur=
able from lines running perpendicular to the line of {light.

77. The opinion was offered by the writer, based on his observa-
tion of photography exposed simultaneously by cameras with, and without,
image motion compensetion features, that perhaps more weight should be
assigned to the higher value of the two types of resolution on an ser-
ial photographic negative, since the tmounf of interpretable detail is
contingent primarily on a high resolution in one dimension.

78, The effect of astigmatism in the lens is noted by an incresse
in the deviation between radial and tangential resclution on targets as

the edge of the pioture is appromched. This divergence also is greater
for smaller lens aperture settings, particularly for the £/16 snd £/22

‘stops.
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79+ The individual weighted average resolution for any frame
closely approximates the single value of resolution observable on the
target at the angular position of 30° from the photographic center.
This coincidence is inherent in the ennulus-srea method of averaging
resolutions, in which the observstions =t 20°, 30°, and 40° receive
approximately 86% of the total weight.

80 TFor purposes of analysis, all sombinations of filter, aper=-
ture, and shutter speed were reduced to the common denominator of light
quantity units, one such unit being equivalent to the amount of light
flowing through an £/22 aperture for 1/400 second. A study of high=-
resolution combinations of csmers adjustments indicstes that the best
resolutions mre obtained by those whose light quantity ratings fall
within & renge of 4 to 16 units. The optimum value of light quantity
for highest resolution was 8 units. This system provides a mathemat-
ical measure of negative density, & factor which has a very significent
effect on resolution.

8l. From & study of aversge values for high-resolution combina-
tions of filter, aperture, and shutter speed, it was found thet the
optimum aperture for best resolution was f/lé and that the optimum
shutter speed f'or that aperture was 1/50 seconds The combination of
yellow plus O.l neutral density filter sppeared to produce slightly
higher resolutions than other {ilter combinations.

82. A second series of tests wms conducted to determine the best
position of focus for producing the highest over-all resclution oo a
negative exposed in an serial camers having a 6" Metrogon lens. The

type A-12 focusing magazine, which permits accurate measurement of
changes in the position of the locating back, was used in this photo=

graphy. liovements of the locating back along the optical axis were



acoomplished menually with & micrometer sttachment on which the extent
of such movements was directly measurable,

83+ Corrections to be applied to readings of the focusing micro-
meter involved (&) the determination of the actual visual focus for the
particular camers-lens-magazine combination, snd (b) the determination
of the best position of visual fogus for an object distance of 600 feet
(perpendicular distance from lens to target line).

84, Initially, fif'teen different combinations of aperture, filter,
and shutter speed were exposed through s range in movement of the focal
plane from +0,030" to -0.030", an exposure being made at each 0,0025-
ineh increment throughout this distence, In addition, fifteen combina=
tions on three other camerss were exposed through a renge of +0,030" to
~0,005", in order to provide a broader coverage in the testing program.
Uniformity was maintained in all elements of the developing process.

85. The curvature of field in the lens may be traced approximately
by selecting the position of the focal plane at which occurs maximum
resolution at the center of the negative (the axial position of photo-
graphic focus) as the origin, then plotting target position against
positione of focal plene for meximum resolutiom, |

86, Variation in shutter speeds &nd in filter types produced
little effect on the curvature of field, The effect of aperture size
on the curvature of field, however, incresses with the decrease in
diameter of stop.

87. It was found that the plane of best average photogrephic res-

olving power for the lenses under consideration was at & distance of
0,005" farther from the lens than the axiaml position of best visual
focus. The difference in average resolution between on-sxis focus and

.foous at #0,010 inch is very little and seemingly unimportant. However,
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the 0,005" position consistently gives higher resolution, however
slight, so it seems wise to recognize this.f;ct and to focus the camera
accordinglys

88. It is hoped that the foregoing study may be of value in the
scliievement of higher photographic resolutions with aerial cameras
having 6" lMetrogon lenses. The photographer, although having the
adjusted position of focus for high resolution on his camera, still
must remember that his evaluation of photographic conditions existing
8t the time of exposure should be the final criterion in his selection

of proper aperture and shutter speed.
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Tuole 1 - Data ror Dratting of Resolution Targets.

Theeet Broaw Dimensons (M.M)
Ejif;\ S(\\:f::;t \2h | A | 2A FBA—LS;
' 1o A1 | 39.84 | 468 | 14.51| \94.1.0
2. 1 42545 25.50| Moo | ‘065D | \MT.50
3 13 394 | 3Lbd | (324 | G446 | 1s¢lo
4 |4 3308 | 2.0 | S 54| B4S1 | \40.85
Ly |G 20(.20| 25.10 | 820 | %30 ll;.s‘i
6 '8 269.23| 21.36 | 44.T1| @.08 | 11.90
N 20 1923306| 1792 29.94 | 5476 | 99,60
) 22 [21291| vAS | 35 | 5325, 9%s |
9| 25 1184|158 | 3| ands Tos)
o | 28 [lefod | thod | 2eg | 42| ks
w3 S0.6e | 1255 | 25.10 | ¥Tes| €118
1. | 26 12470 | 118 | 236 | 33.54 ) 5540
5 | Ao |nas3| 946 | 492 29.8% 44<o
|4 ;s’ loe. 4% | 827 | 1174 | 26l | 4435
|S 50 4,96 | '1.90 1S.%0 | 230 | 24.50
(& | 56 B4 Sl B o4 1408 | 21\ | 3520
\"1 3 15,29 .21 12.54 | 143\ | 3\.35
\® A 67.c% 5.59 TN 161N Qﬂﬁi
\9 Yo 5906 | 4A4% 446 | 1444 | 2450
20 q0 5314 | A44 ? 4% 13.27| 23120
2Ly o} AN.43 295 M40 11.95 | V415 |
N2 13 4116 | 352 04| 10.5 | V6O




64

Table 2 - Brightness Rutios of Annulus Tergets.
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Table 3a - Average Values of Resolutions for Line Targets.
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Table 3b - Average Vulues of Resolutions for Line Targets.
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Table 3¢ - Average Values ol hesolutions lor Line Targets.
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Table 4 - Computation of Average Resolutions by Aree-Weight wethod.
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Table 6 - Relative Numbers for Aperturs and Shutter Speed.
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Table 6 - Light~Juantity Products for Various Aperture-~
Shutter speed Combinations.
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Table B(c) -Average Values of Radia)
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Table 10 -~ Average Resolution, by Aperture,
for Given Light Quantity Values.
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Table 11(b) - Resolution and Light Quantity Values for Various
Combinations of Camers, Filter, Aperture, and Shutter Speed.
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Table 11(c) = Kesolution and Light Quantity Values for Various
Combinations of Camere, Iilter, Aperture, and Shutter Ypeed.
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Table 12 - Individual High-Resolution Combinations.
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Table 16 - Average Hesolutions for 24 Combinations of Filter,
Aperture, and Bhutter Speed Producing Highest Resolution.
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Tablel4(u) - Average hesolution Values for Line Targets.
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l
Tableld (b) - Averuge Kesolution Values [or Line Targets.
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Table 4(c) - Average kesolution Values for Line Targets.
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Table 14(d) - Average Resolution Values for Line Targets.
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Table M4 (e) - Average Resolution Velues for Line Turgets,

Macrzine No. 305-103
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Table 16 - Lata for Plotting Curvatures of Field
with Respect to Various Apertures.
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Table 16 - Positions of Foous for Optimum Resolution

in Cemera No. 44-180509.
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Tablel?a - Average hesolution Values
for Various Cameras,
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Table 17a - (Coat.)
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Table 17b = Average Resolution Values

for Various Cameras.
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to Focal Plane = = = = = = = « « =« « o =« « = - - - -0,568
Correction §l = = = = = = = = e w o == = = = = = = 4 =-0.005
Correction #2 = = =« = = = v = o e m w e = e = =« = = +0,006
Total Correction = = = = = = -0
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fable J8 - Positions of Focus for Optimum Resolution
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