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ltb'ield Resolution T sts with the

• INTRODUCTION

trogon L n$"

1

1. Tests of resolution have come to be accepted gener lly as

measure of the amount of information that can be obtained from a pho-

tographic system. 1Rowlett states that, QResolution is the ability of

lens, in combination wit a articular kind 0 device for detecting

energy, to distinguish detail under certain specific conditions among

which are the shape and contrast of the test target and the qu lity of

the i lluminlli.tion" 0 There are many methods of measuring the r solution

of the lens only. Likewise, there are a number of methods for me sur-

ing the r solution of the sensitized material used in such te ts. For

the purpoB of comparing or r ting lenses or sensitized material, 0 t

of the methods in present use are satisfactory. Ho ever, when it is

desirable to measure the interpretable detail which oan be ob ined by

a given lens...oamer ...film oombin tion, the requirements ar diff rent.

It then i no longer Ii question of how l'D8.IlY lines per millimeter that

lens oan re olv visually or on a fine-grained spectroscopic 1 te but,

rather, how much information is obtain ble by using a certain len»,

with giv n erial film emulsion. at practio 1 perture settings.

rthermore, it is neoessar to d fin th conditions un er which the

tests are conduoted if the results are to be anin ful. The p rtinent

oonditions which must be defined r; () the de ign, oontrast, and

illumination of the resolution target; (b) the t,yp of te ta--i.e.,

whether optical bench test, outdoor test with the oamera mounted hori-

zontally, aerial test, or others; (0) the method of prooessing the

1. Howl tt, Dr. L. '. hotogre.phy for urvey purposes. hotogra.m
metric gineering. Vol. IV, o. 3, September. 1948.



film; and d) methods for reading and nalyzing the resolution data.

2. Much research on optioal resolution was done during the 1 "at

war by groups in Great Britain, Canada, and this country. In thi re

search, various types of targets were used, and resolution were d 

termined under varying conditions of photography. The erial Photo-

graphic Branoh. ~gineer Research nd Development boratorie ig t-

tter on ir Foroe Base. Dayton, Ohio, r oently has undertak n

program of r solution testing which has, as its primary obj ct, the

e t bli hment of allowable resolution value (for various lens-film

camer combination) to be used in the preparation of pecifications

for aerial mapping cameras. An attempt has been made, therefor , to

eliminat a8 many v riable as pOSSible in the photography. Resolution

targets, both line and annulus, were installed on the ground in a

traight line normal to the 0 r &Xi and at a bOWl distance fr m

the lens. The target re aced along t is straight line t giv n

angles ou aro from the oamera axis (Se Fig. 1). it~ th c era in a

horizont 1 po ition, xposurea r mad with the line of targets pos

itioned acro s each diagonal 0 th format for he v rioue combin tions

of hutter speed, apertur size, and filter type. t is pparent th t

thi method elimin t 8 fetor found in actual flight photography, such

s oam ra vibrationa, relative motion 0 the aircraft with resp ct to

the ground, diff r no 8 in light altitude t the inst nt of' ex osurs,

atmospheric haz , etc. It is emphaaiz d that t as te ts w re con

duct d "th a pecific purpose in mind which called or this elimina

tion of v riables. The po sibili, of reaching satisfaotory oonolu

sions from normal photogra.phy ta.ken ~~~ would be very Wllikely,
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since no two exposure ev r would be obtained und r the same photo-

graphic condition. ter sections of this re ort will how that t e

conditions required for sienificant resolution testa. as desorib d by

Rowlett(l) and others (2). h ve been fulfilled.

3. T e ~1rst portion 0 this treatise is devoted to a oompilation

of general knowledg concerning photograp 10 re olution t sting--an

explanation of' certain optical t nns; the dr t1ng of resolution t r-

gets; method for av raging resolution values, mea ured at various

positions on the form t, to obtain one over-all value or an exposure;

and desoription of the factors involved in conducting the photo-

graphic operations. In tle second art of the p per. analy es of t e

results obtained from line-target re olutions are made with the urpo e

of determining tho e combination 0 aperture. filter, and hutter

speed vmich result in high photographic resolutions. This information

will be 0 partioular v lue to a per on who is oalled upon to operate

the oamera. but whose leno 1 dge of photography is limited. T e inal

section inoludes d termination 0 that position of photogr phic focus

in an aeri 1 cam ra which produces best over- 11 definition. 11

ph ses of the resolution t sting program described her in require no

compl x cientifio equipment other than camer s for their xeoution.

This ystsm of te ting produces adeqtib.te d ta and is sufficiently sim-

pIe to rr nt it consideration s a field method in which tr in d

1 bor tory personnel. although desirable. re not s ential for it

accomplishment.

1. Howlett. Ope cit.

2. strecov. Dr. K. esolving ower 0

otogramm trie Engineering. 01.
hotogr phic Lanse •

III. No.1, March, 1947.



5,

B. OLUTION TARG T •

4. T st of resolution ware acoompli bed at ight 'i Id on th

range customarily used for the field c libr tion of aeri oamera •

The clusters of targets were positioned long a straight line which s

perpendioular to the line formed by the camera axis and at a di tance

of 400 feet from the camera st~tion. The central target was install d

at the interseotion of the camer axis with the t&rget line. Oth r

targets were instaaled along this line on each side of the oentral tar-

rom th oa.m-

era axis. The layout of the resolution t rget range. with pertinent

d ensions. i8 shown in Figure 1. The distances rom the oentral t r·

get. at which other targets were laced. were calculated by imple

trigonometrio relationship in which the dista.nce (D) is equal to t e

pro uot of t e distance (R) from the central target to the camera ta

tion d the tangent 0 the angle (9) outward from the camera axis.

For xarnp1e. the desired distanoe along th line of targets to oint

30~ from the central targot is D = tan Q = 400 x 0.57735 231'.

5. Inoluded wi. thin ach t rg t oluster w s line target of the

stand rd Air Force, high-contra.st type, havi g 22 t rget blocks whos

size rie co s cutively as th ~. In Fig. 2 is illustrat d the

d sign of a ty ic 1 target block in whioh th width of the white line

is equal to t e di tanc between djao nt bl ok lines. This width is

represented by • T e three vertic 1 line i t e block re used in

vi e a mea urement of r i 1 re olution.

measuring t neential resolution, il t three h rizont 1 linea ro·

displaoement between the

vertioa.l nd horizo tal group of lin is qual to twioe the width of

a line. Th length of a lin is qual to five times ita width. The
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dimensions of Q target blook ar by 12/1.. ile the diet nc £rom

7

a blook to the smaller block adjaoent to it is 3 , in r 1 tive terms.

6. The various dim naions for the 22 line-target blooks are giv n

in Table 1 (p. 63). Readings of resolution in column 2 re b Bed on 10

lines per millimeter for target 1. t the oentr 1 target, th a 400'

distance from camera to target nd a 153 mm. camBra focal len th, the

photogr phic Beale (S) is e ual to 153/(400 x 12 x 25.4) =1/7 6.8,

expressed as a representative fr etion. The re ding of line of reso-

lution involves the distinguishing of separation b tween two target

lines. Thus, a resolution line inoludes both the target line and th

space between lines, or he distanoe in Table 1 and Fig. 2 repr nted

by 2. For readings of ten lines per millimeter on the photograph, on

Ii e should e ual 0.1 mm.. which is quivalent to the distance 2 • or A

=0.06 • The e uivalent distance for A. to be drafted on the target,

i 0.06 x 796.8 =3 .84 mmo ( ea column 4, able 1).

7. The value of or target 2 is oalcul ted b dividing 39.84 by

the 'VT, or 1.12246, which giv a v lue of 3 .60 mm. Th numb r of

lin s per millimeter then i comput d by multiplying 10 (Ii per mil

li ter for t rg t I) by th ~ to gi a value of 11.23 lines er

millimeter for tar t 2. 1tiplying 11.23 by the 'er2 giv & 12.61

lines p r millimet r in r olution obta'n hI on target • Valu 8 for

other t rg ts ar d te .'ned in like m ere The compi te line target

is shown in Fig. 3. T e r olution for any targ t po ition on a giv n

negati e is determi d by running the eye down t row 0 targ t

blocks, rom large to small, d 1 oting th smallest block on which

lines may b parated visual~. For xample, i targ t block 10 il

the smallest on in whioh definition is apparent. then the resolution
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for that t rget i 28 linea per millimet r ( es Ta 1 1). he bove

g

process is aecom lished separately for tangent'al and ra ial rosolu-

tion.

8. ~nnulus targets are shown in Fig. 3. The annulus target is

considered by some authorities to have adv~~tages over the line target

because it tends to give the resultant resolution by a singl reading.

In other words, it voids the n cessity of separating the reading of

the radial and tangential resolutions and 1 ter of attemptinG to r -

solve them into a single resolution value. In construction, the

central disk within the individual annulus is the s~e shade al the

ar a surrounding the annulus. T e annulu it elf is white. Th width

of the annulus is exactly the s~e as the diameter of the central disk.

In the targets used for these tests, the width of the annulus (mea ured

radially) is equal to the width of the white line in the lin -targ t

blook; that is, the sizes of annuli in th nnulus targ ts ary by the

~, in the same manner as the t rget blooks in the line targets.

The readin of resolution valuea on the annulus target ntails the

selection of the smallest annulus in whioh the oentral targ t i dis-

tinguishable.

9. Four nnulu t rg ts 0 varying oontrast were inoluded in each

target oluster. The targ t at the up er right in Fig. has Il bright-

n ss ratio of 36 to 1, that target t the upper 1 t h s a brig tn ss

ratio of 7.5 to 1, the brightness r tio or the 10 r 1 t targ t is

4.5 to 1, and that for the lower right t rget is 2 to 1. The bright

n 88 r tio, w ich is m asured with a r leoting d n itometer, i the

r tio of the den ity 0 a dark ur ace to that of a lighter surfaoe.

inc den8i~ is xpressed as a logarithmic funotion, the white of the



10'

annulus. hich is u ed for a zero setting on the densitometer, become

unity in the brightness r tio. Table 2 p. 64) shows th results of

densitometer tests on eight different contrasts of annulus target.

represents the densitometer reading, et initially on the

o
hite of the

first target, and then checked on each additional target. DE ia th

corre ponding densitometer r ading of the target baokground. In t

fourth column of Table 2 are liste the numerical differeno a b tween

DE d DO. The fi th oolumn contain anti-logs derived from the loga

rithms of column 4; these anti-logs are used to complete the brig tn s

ratios of column 6.

10. The line targets, con isting of masonite sheets, 6" x 8" n

aiz., fir t were sprayed with black paint; then the white blocks wer

painted on the black background, using a silk sore n templat. In th

oon truction of the annulus t rgets, braas rings were machin d from

him stock ry ccurately to the size of the various annuli in t

target and wer superimposed on a sheet 0 clear aoetate. This sh t

th n was used as n g tive from which cant at printl wer mad.

Dif rent contraats ohiev d by varying th exposur time. D v 1

opment wa uni orm for all targ ts. Finally, the e lop d print were

mounte on 0 rdbo rd. rget on t t r t line usin

00 en rllmeworks which r s mble ootball goal posts 'th a dlti ...

on 1 cross bar n ar th round. In ac cluster, the line t g t 5

att ched at th roi dIe of th rame to the two oro s bars, nd two of

the annulus target she ts were tacked to the wood n uprights on aoh

ide of t e line t rg t. Care was ta n th t t aur c s of all

targ t were in pI n of th target line--i.e., with all targets

in straight line perp ndiculaT to the axis of the camera.
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11. Air F'orce -17 Model aerial oameras re us dint ground

photography of resolution targ ta. Two types of the K-17 odel w r

employed in the resolution tests--the K-17B, mAnufaotur d b the air

child Camera Cor oration 'ig. 4), and the K-17C, manufaotur d by th

Graflex Corporation (Fig. 5). Both types have a 6' focal lengt and

9' x 9" format. Both also hav lens aperture setting of f/6.3, f/8,

1'/11, f/16, and f/22. The K-17B has shutter speed setting of 1/50,

1/100, 1/200, and 1/300 second, while the hutter s ttings on the K-17

are 1/50, 1/100, 1/200, and 1/40 second. The K-17B c be operat d

manually as well as electrically, while the -170 ii operated by el c

tricity only.

12. Four different oombinations of filter were used on the cera

during photogra.phy, as follows 1- a) the normal yellow vignetting fil

ter, (b) the Y llow filter plu a 0.1 neutral density filter, c) t

yellow filter plus a 0.3 neutr 1 density filt r, and d) th yellow

filter plu a 0.6 n utr I d nsity filter. atten n utral density

fil rs re trilllIll8d in the prop r siz to tit ov r th yello .. til r

and each was attach d in oontact . th th ilter surface by pla.cin it

und r t met 1 confining rim. The vuious filter combina.tions wer

pla.ced over the lens as r quir d during the e u nce of photogra.p ic

operations.

13. The action of the various n utra.l densi filt rs oan be ex-

plained by a brief disoussion of severa.l s nsitometric terms. Tran

mission of li ht refer to light passa.g through any medium-~in this

oliBe, a. filter. It is expres ad by ra.tio in hioh the denominator

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

numera.tor denotes tha.t portion of the light which passes ~1rough the
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m dium; t nUlJlBrator is expr s unity. Light transmi sion (T)

14

also can be considered as a percentage alue e u 1 to its ratio fr c-

tiona OpAcity (0) is the reciprocal 0 th transmission r tio.

Densi~r CD) of a medium. mathematioally. is the logarithm to the ba e

10 of the opacity (D =10g100~. Given D 8,S 0.1, 0.3, and O. , it oan

be hown by the preceding equation th t corresponding values of

come 1.25, 2.0. nd 4.0. and TO• l :: 4/ , TO•
3

=1/2, and TO•6 =1/4.

This indicates that the 0.1 neutral density filter transmit 4/ or

80~ of th light onto the 1 ns and yellow filt r, th 0.3 n utral d n-

sity filt r tr smits half of its incident light, and the 0.6 neutr 1

density filter transmits only 25 percent of its light.

14. The action OL the neutral density filters on light trans-

mission has somewh~t the same effect on the negative as increasing the

shutter speed. Consider, for exampl , a shutter p d setting of 1/1 0

second 0 the camera . th only th y llow filter in front of the 1 nl.

Introduction of the 0.1 n utr 1 den ity ilter in th path of the light

r ys rill 0 u e decrease in t e ~ount of light entering th can

'which is equival nt to changing the hutter p ad to • tting 0 1/126

econd (4/5 x 1/100). Likewis. t e quival nt B tting for the 0.3

neutral density filt r becom • 1/200 B cond, and that for e 0.6 fil ...

ter is 1/400 second. Hence, equivalent hutter speeds for ~ n utral

density filter may b obtained mere~ b multiplying the initial ut-

ter p d by the light tran mission raotion of the ilter.

15. One part 0 the original test program oalled for the d termi

n tioD of the best point of focus of the 1 DS to give optimum over-all

r solution. ccording to rlowlett(l), "the plane of the best average

photographic resolving pow r 0 r a 9" x 9

'1. 0 lett, Ope oit.

icture area for thi (the
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high-resolution combination 0

are affect d littl by different

16'

'Sit trogon) lens has been ound to be 0.008 It furt r from th 1 ns than

the axi 1 po ition for best viau 1 focus on the minimum t~ g oriter

ion". It wa decided to acoept, temporarily, this position of focus or

one of the teat cameras and to check the resolutions aoross the piotur

area against the resolutions aoross the pioture area of anot r o~n ra

foouss d on-axi". As a furth r check, a carnera who e lens was moved

0.008" nearer the focal plan was xposed in the same manner a.s the

others. Changes in foous of the cameras were aocomplished by plaoing

shims between oamer oone and body or by removing shima from thi po i ..

tion (See Fig. 6). The faot beoame apparent very quiokly, on analysis of

the results of this portion of the tests, that the three positiona of

foous in the oameras did not represent a suffioient rang of distances

along the optical axes. For this reason, determination of t e b t os

ition of photographio foous Ii relegated to a later series 0 tests in

whioh oam ra mag zines with djustable locating backs we e u d ( e

eotion II It). Tests with the thre original oameras, however, sho that

len apertur, shutter speed, nd filter

ositio s of foous in th camsr. In

other words, a oombination which produoe the highest resolution for one

foous position very probably will give the high t re olution for any

other position 0 focus. Of course, th series 0 combinatio a still

will reach maximum re olution at one certain positio of focus along the

optioal axis.

16. Frior to photographing the resolution target # each K-17 o&m~

er was carefully pl oed in a portable mount BO that its lens was dir

ectly ov r the camera station# was adjusted so that the camera axis was
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·coinoident with the line of sight to th central target~ d was h ri-

zontalized by 1 v ling. Th o~era also rotated 0 th t th lin

of tareets was poaitioned 8.lon~ on,e of the dia.gonal 0 the for t.

With the yellow filter in poai tion in front of the lens~ an exposure

then was made for each combination of aperture size and shutter speed~

Since there ar five aperture stops and four shutter spe d ettinga on

the -17 oamera~ total exposures or anyone filter combination e u l

Ied twenty. The yellow filter then was replaced with the combination

of yellow filter and 0.1 neutral density filter, and another at of

twenty exposures was taken. This procedure was followed with the two

other filter combinations. Upon com letion of the eighty ex.o ures

taken with the line of targets along one dia~onal, the camera was

rotated 90° so tha.t the line of ta.rgets fell &long t e other diagonal,

and another eight exposures were made of the various ap rtur - p d

filter combinations.

17. Thr cameras w r t&k n through th abav sequeno 0 oper-

tion --1 0 expo ur i'or eaoh. On 0 t e thr was oousae on- i,

on c~er.. waa dju ted 80 th t its camera focal 1 ngth s 0.2 rom.

(O.OOa n) longer. done 0 ra was adjusted with it cam ra fooal

length 0.2 rom. shorter. T e total number of expo ur a t n for u i

resolution tests thu s 480.

18. Resolution photography was aocomplished dur"ng the month 0

Novemb r. 1948, between 12 Noon and 3:30 .M. on a cle r day. Cameras

were 0 e1' ted el ctrically from a 24-volt s'tor ge b ttery. Vaouum for

the locating back 0 th oamera was supplied by connection to the in

take manifold of a 3/4-ton Dodge truck; this diffl rential preBsur~ was

adjusted to maintain automat· cally value of 4 inches of mercury
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~uring the period of camera op ration.

19. Kodak erographic up r chromatic fi (T,y e , Cl ss

L) was used in the above tests. Film was developed for BO minutes in

Army Type C developing solution; the Smith B-4 developing et was u ed

for this purpose. An attempt was made to k ep all el nta 0 the

developing proce s s uniform as possible for the variou rolls of fi

in order to in ure the elimination of variable in this part of the

tests.

• READING OF RESOLUTIO V LUES.

20. All values of resolution were read over a light table dir

ectly from the negative. For thi purpose, a Zeia binocul r viewer

was used (See Fig. 7). Magnification of the viewer eyepi ces was app

rOXimately 15.5. Resolution values were read by two person. It was

found that values of radial and tangential resolution on the line tar

gets w re id ntic 1 in almost very case where reading on t s~e

targets ere t ted by bot op rators. adings of the annulu t rg ta

diverg d som t, howev r, sp oi lly on those neg tiv s in whioh the

brightness ratio wa 10. attempt wa made to synchronize, as ar

as possible, the eye indices of th oper tors in order to min' ze

imagination ef ects. It i b li v d that &Dy di fer no in r a iog of

r solution v lues in th se te twill boa n gligible natur. ead

ings on both type of targ t almost wer identioal r both ob rvers

on negatives with relativ ly high brightn ratio. i um 1 r

enoes on extr mely dark or v ry light film wer of the order of one

t rget size on the l1n t rg t v lues and two target sizes on the

annulus readings. These types of negative provide the low st resolu

tion r adings. ~or low resolution readings. the difference in lines per
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nrillimeter between consecutive target-block or annulus sizes is oorr -

pondingly 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 than two lines per mil

limeter, while for those targets with 20 to 40 lines per millimeter,

these differences betwe n oonsecutive t rgets r as much a f ur lin s

per millimeter. Furthermore, the gre teat interest, for purpos s 0

this study, lie in those settings of the c er which provide good

exposure with v lues of high resolution~

21. A voluminous amount of readings was made, of nece si~, on

each roll of i1m. ith twen~J different combina ions of shutter lpeed

and shutter aperture, and four combinations of filter, all of whioh were

exposed ov r each of the two diagon ls, the resulting expo ur I total d

160 for eaoh camera. On e oh exposure, there were thirteen clusters of

targets (one at the center and six at varying anglel on each id of th

oenter). ach oluster of t rgets included line targ t,hich neces i

tated both radi 1 and tangenti 1 readings, and four annulus targets of

dif 'erent contr tie ix reading per group and thirteen grou s of tar

get required 78 readings of r solution er xposure. he number of

r adings of resolution value, therefore, totalled 12,480 per o~era and

approximately 37,500 for the three cameras. It i6 It that this amount

of dat hould provide a comprehen lve pictur for the current tests.

22. ter the reading of resolutions was completed, it w s decided

to analyze first the re ults obt in d from th line targ tao Coni.-

qu ntly, an verage re olution a.t the center and a.t each of the ngles

outward rom th c nter ~s computedo No differentiation was made
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initially betw en radial snd tangential resolution, and r solutions for

oorresponding angles to the right nd left of center were add together

in the averaging process. lso included were corresponding value on

the second di gonal. Thus, the final figures for each target angle rep

resented avera.ges of eight separa.te va.lues, with the exception of' that

for the cantra.l target, whioh was an average of four values See Table

3, p. 65).

23. The next objective was to determine a method, giv n av rag

r olutions at 0·, 5°, 10°, 15·,20·,30·, and 40°, for r dueing 11

va.lue to a single resolution, for aD¥ filter-aperture- hutter speed

corobination, which woul be truly represent tive of the condition ro

ducing that resolution and could be used in comparison with re olutio s

for ot er combinations. It was decided to select a eighting of r so

lutions based on the areas 0 annuli hos limits for any particular

target re defined by points h lfway betwe n it and adjacent targ t.

( ee Figs. 8 & 9). For example, th area partin nt to the target at

10° would be formed by an nnulus whose lesur radiu ,auld reach 7 1/2°

on the photo and whose greater radiu would reaoh 12 1/2°. The calcu

lated area of 3.6 square inch s for this particular annulus represents

4.4% of the total of 81.0 squar inches for th 9' x 9' hoto. Th

value of 4.4%, multiplied by the resolution at 10·, giv a produot

which, when added to corresponding values for the other targets, pro

vides a ingle, weighted average of resolution for the exposure (S e

Table 4, p. 71).

G. COMPUTATION OF RE TIVE LIGHT QUANTITIES.

24. n order to have means or comparing the amount of light

~alling on the negative for the various ap rture-speed-filter combina-



tiona in the carner , a system wa evolved w ich conceiv

ing onto the negative through a given area of apertur for

24

of light flow-

o rtain

length of time, much as water flow through a ire ddition of the

neutral density filters to the system lessens this flow of light by in-

creasing the effective shutter speed. The system outlined herein is

based on a 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

th normal yellow filter in front of the lens. 11 other combinationa

of photographic conditions re expressed in relative numbers based on

this fr ctional inch-second conoeption.

25. An xplanation 0 the relationship in size between 1 ns ap r-

tur s" a denoted by the common "f" nwnberli, may be of :value at this

point. The aperture number (N) may be expressed as a ratio in which the'

focal length of the camera (F) is the numerator and the et cti dia

t r of th hutter opening d) is the denominator, or N : F/d. Tn

ocal length of all K-17 cameras used in the e tests s 6. Then for

an f/22 aperture, the dialMter of aperture: Fj =6/22. .27 and t

area of the aperture" A - d2W/4 =0.0729~/4. Thi ar a r present a
22 -

relative term of unity. ince tM term, IT/4, is a con t nt for all

o S6a, we may oonsider~ Ii wi e" .that the term" d
2

• 0.0729, a180 i

uni ty or the /22 aperture and that relative terma or oth r apertur

may be based on the squares of their respective diameters. TUB, for an

f/16 aperture, which haa an effective iame r of 6/16 : 0.375 , th

qu re of its diameter becomes 0.141, whio is app oximatel twice t at

of t e f/22 aperture. It can be shoTm., by t i IMthod, that relative

r as are 4 for the f/l1 aperture, 8 for the r/8 aperture, and 16 for

6 f/5'5 aperture. Thi mathematical relation hip does not exist with
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th 6.3 &perture. whoa rel&tive &re is 12.5 tim th t of the f/22

&perture See Table 5. p. 72).

26. Relative numbers for shutter speeds are obt&ined by uming

value of uni~r for the speed of 1/400 second. Since 1/200 seoond is

twioe &8 long a period of time# its relative number becomes 2. Other

relative numbers or shutter speeds are 4 for 1/100 second. 8 for 1/60

second, nd 1 1/2 for 1/300 second (See Table 5).

!!. R lativ light quantities are obtained for any combination f

shutter speed and aperture by multiplying relative numbers, s hown in

Table 5# to give an area..time product. These products are consolidated

in T&bl 6, p. 72, to show light qu ntities for ~y combination encoun

tered in these tests. Graph 1 (p. 99) further demonstrates the direct

~elationships involved in these light-quanti~J product.. Relative num~ .

bers for ap rtures and shutter speeds are plotted against each other to

present line~ of constant light quantity. The eff at of v rious ilter

combinations is hown in Table 7, p. 73# wher in light qu titie are

listed for e ch of the 100 eparate combinations of shutt r p ed# lens

aperture, and filter type. t i believed that this thad of resolving

all condition of photography to the common denominator of light uanti

ties on the negative will provide material for soveral int r sting

n lylies of r solution,

H. TANGl:!:NTIA.L RADIAL RESOLUTION.

28. The use of the line target in this series of resolution tests

h 8 introduced the subject of tiJJgential nd radia.l r solution. Th

t nd rd Air oree, high-contrast targ t consists of targ t blocka whioh

decroase cona cutively in si1.e by the~. Bach target block in

cludes thr e vertical linea and three horizontal lines. In ordinary
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photography, radi I, or sagittal, r 601ution ref r to photographic

definition which is rne8.~ur/il.blo in a radial direotion i'rom·the photo c n

ter, while tan6ential resolution may be measured from 1ine& running in a

direction erpendicul r to the radial lines. A simpler conception

be illustrated by the figure of 8. wheel, in which the hub represents the

photo center, the spokes represent radial lines, and the rim i an&lo-

gous to 8. tangenti 1 line. ith the images of targets appearing alan

the photographic diagonal, it ea ily is observable that the vertical

lines in the target block will represent tangential line., while the

horizontal lines will measure radial re.olution. Visual separation of

each et of lines on the sm~llest po sible target thus will provide the

oorr sponding v lues of resolution in lines per millimeter.

29. The above conception of r/il.dial and tangential resolution is not

applicable in the case of the aerial photograph. There 8till are two

type of r solution--that moasurable from lines within, or rallsl to,

the lin of flight and th t produced from line8 perpendicular to th

flight line. Dif erentiation between these two ~Jpe8 of re olution on

negatives exposed from 8. oamera station in an airplane is muoh more

important than a oorresponding evaluation of rad! 1 and tangential reso-

lution on negative taken from a ground tation oamera. Tn motion of

the airplane in flight imparts an image motion on the negative hioh

tends to elongate the lines parallel to flight ithout obliter ting

them. This oft n results in 8. 8purious resolution whic is high r than

normal. Those lines having perpendicul rity to the line of flight,

however, re fused together more rapidly, ther by producing values which

are oonsiderably lower than those for the resolution measurable in the

line of flight. The differenoes between resolutiona in flight and per

pendicular to flight thus may total as much as 15 or 20 linea per
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m111im ter, mDst of which is directly ch rgeable to 1m ge motion. th

the dvent of image motion compensation f atures in the ri 1

ca.m ra, these large dif' erences will be minimized, and the smaller diff-

erenaes cauied by lens aberr~tioni then will represent a 1 rger peroent-

age of the total.

30. There are various methods currently used for obtaining a r 

ultant resolution from the line targets. Consider the case of an ordi-

nary photograph in whioh R is the radial and T is the tangential r olu-

tiona Let M b the mean of the two.. The normal arithmetio averag is

half the sum of the radial and tangential rasolutions and may be ex

pressed as M =1/2 (R"'T). The geometric mean is the square root of the

product of radial and tangenti 1 resolutions (~-\fRT). The harmonic

mea.n i expres ed as a reciprocal which equals one-half the sum of th

r ciprocals of radial and tangential re olutions, or l/~ • 1/2 (l/R ...

liT). Consider further the example of negative on which targ t r -

solves 30 lines per millimeter r dially and 20 line per m1 Ii r

tangentially. Thi condition would produoe arithm tic mean 0 25, a

g om trio mean of 24.6, and a rmonic mean of 24 lin pe r . 11:iJr1etar ..

Hence, r sults of the COlIDll.On methods may be xpr ed in magnitude by

th formula, '> ~ > Ma' re differences between the two type of

resolution re large, it haa been advoo ted that method be used in

which the lower value is eiven the greater weight.

31. At lea.st one Armed Foroes unit is oonduoting resolution teats

in whioh all six lines 0 th target block must s parate visually before

a resolution-is reoorded. This method assigns full value to the lowest

of th two resolution , a view which holds oonourrence from other auth-

oriti 8 in th ield of resolution inve tigation. It is believed by the
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Writer that this method introducel a fallacious . porta ce to the lower

resolution. Tests of resolution at oc r Base, in which oamera

with, and without, image motion compensation ere used, hav di olosed

rather interesting fact. The negatives exposed in the camera e uip d

with image motion com ensation produced resolutions of 20 line per mil

limeter in direotion both parallel to, nd perpendicular to, the line

of light. From p otography of the same ar a. exposed simultaneou ~ by

the camera without im ge motion 'oom nsation. were recorded r lolutions

in line of flight of 20 lines per millimeter and reaolution per endiou

1 r to flight of 8 lines per millimeter. This indioates the apparent

efficacy of the image motion oompen tion fe ture as far a resolutio

across flight is concerned. However, a visual examination of det il on

each exposure shows little actual difference between the two in th

amount of information received by the eye.. This phenomenon ap ar. to

indioate that the negative has not been affected to a gre t extent b a

le~sening of r solution in one direction. ith a resolution f 20 linos

per millimeter in one direction and 8 lines per millimeter in the other

direction, the i can e rated for resolution in numb r of wa B.

(a) it c~n be rnted according to the highe t r olution readi g whioh,

in this case, will be 20 line per mm." (b) it can be rated by using

arithmetic, g ometric, or harmonio mans, which give resolutions of 11

to 14 lin per millimeter; or (0) it oan be rated by th low st resolu

tion v lue hioh, in thi i stance, '11 be 8 lines per illimet r. he

writ r has found that, when xamining a hotograph for otual ground

d tail, the proper rating of e above photograph should be somewhere

between 14 and 20 lines per millimeter rather than between 8 and 14

line per millimeter. In oth r words, it is felt that high resolution

i one uireotion identifies an object sufficiently to com ens~te. to ~
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32. All tests of resolution in this unit's progr&m were conducted

with the camera in a fixed position on the ground; hence, the effect of

. age motion is not a faotor. Tangential and radial resolutions were

recorded eparately. Differences between tangential and radi 1 r olu

tion are c used primarily by various lens aberration., chief of whioh is

probably astigmatism. Other lea important contributory oau e8 might be

localized flaws in the film, or personal errora in observation.

33. Initial listinb of resolution in Table 3 made no separation of

radial and ta.ngential resolutions. In Table 8, p. 74, a number of

r8Jlles have be n extracted i'rol1l. the origin 1 data to show both type. of

resolution. Included therein are twenty oombinations of' 1'ilter I ahutter

speed, and aperture for each of the three pOlitions of camera oous.

Differences between radial nd tangential resolution, for the v riou

oombinations,are shown in the right-hand colwnn of Table 8. t oan be

noted that the average differences vary from pproximately 1.5 to 3.5

lines per millim ter, depending on the c&mera, with an over-all average

of 2.6 lines per millimeter. This value represents roughly 0 e grad 

tion in t rget block size and is not considered of sufficient signifi

cance by the writer to warr nt any other orm of mathem tical handling

than an ordin ry arithoIotio mean.

34. In Graph 2, p. 100, a curve is drawn hich shows the average

deviation between radial and t&ngenti I resolutions for e oh position

of the target along the photographic diagonal. An over ge of radi 1

resolution i considered plus~ hile a minus value indicates a pr pon-

d ranee of tangential resolution, all v lues being expre sed in lines

per millimeter. Point along the curve were obtained by adding algebra

ically ~ for each target position, all differences between n.di 1 a.nd
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tangential resolution, then dividing b 60, the total number of filter-

aperture-shutter speed combination exposed in the three oam r_s. It

oan be seen th t tangent"al resolution is higher than radi 1 at 0·, So.

and 10·, but that radial exoeeds tangential along e remainder of the

diagonal, ith a maximum at 30°. Deviation from the axis f equalit,y i

indicative of the increased ffect of astigmatism as the edge of the

picture is approached.

35. It is interesting to note that the v lu s of tangential an

radial resolution iv rge with a decrease in the size of 1 ns opening.

Average differenoe , in lines per millimeter, for various parture

izes, as determined from Table 3, are as follows: a) /6.3 - 1.

b) f/8 - 2.0; (c) fill - 2.0; d) f/16 - 2.4; and e) f/22 - 3.7.

Thea values h ve been use for the dr wing of a curve e Graph , p.

101) in which the average dif erences between radi 1 and tan~ nti.. l r s-

olutions are plotted agai Bt rel ti e reas 01' aperture. For this pur-

pose, t e area 01' t e f/22 apertur is taken as unity. ttentiQn is

direoted to the fact that the curve varies little for the three larg t

aperturea.

I. RESOLUTION TO N T 3 ••-------'-- ----- - --
36. Observable imnediat ly in oonnection with the eraging of

resolution v lues was the fact that t e ighted-average resolution for

any frame closely approximated that average resolution for the targets

at an angle 0 • outwar fran the center of the hotograph. The di -

forenoes between the two v lues throughout the entire sao e of the tests

veraged about ~.6 lines per mill eter (See able 9, p. 77). he

re son for this is apparent hen oonsideration is given to the weight of

38.9% a igned to the 30· resolution in arriving t the 0 or-all
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weighted average. It seems reasonable to aiiume that a close approxi

mation of resolution, based on the weighted annulus-area average, may b

obtained, for this particular camera and lens, merely by eaauring out

ward from the center of the negative a difitlUlce of 3.46" and rea ing the

re olution on eo single target. The distance of ;;.46" repre ents th

product of' the tangent of 30· (0.57735) and the fooal length of the

camera (6 11
).

7. Table 9 contain the amounts of v riation between ighted

average resolutions and tho e at 0·, for 11 three cameras. Results of

the original resolution tests par llel closely those of subse uent test

as far as imilarity of these two values is concerned.

J. GORRE.L.A,TION OF' APERTURE, LIGHT UANTITY,.AND R1i:S LUTION T.

38. Seotion "Gil of this report contains an expl nation 0 the com

putat on of relative light quantities for various combinations of aper

ture, shutter peed, and filter. The method outlined therein determines

t e amount of light flowing onto the negative through a certa apertur

for a given 1 ngth of time. Light u titiea thus are xpressed in rel

ative numbers based on a unit uantity of light which flows thrOU~R th

lens for settings of 1/400 second in hutt r speed and 1'/22 aperture,

and with the nonnal yellow filter in front of the lens. T neutral

density filters tend to decrease the amount of light in aocordance ith

their density in a manner similar to i erea ing the shutter speed. Con-

ider the combination of yellow plus 0.3 neutral density filter, 1'/16

aperture, and a 1/60-& eond shutter speed. The 0.3 n utral density fil

ter transmits only half of it incident light, thereby produoing an

equivalent hutter speed, in terms of the yellow filter, of 1/100 second.

A hutter peed of 1/100 second allows 4 times as much light to aS8 as .
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a 1/400-second speed. The area of the f/16 ap rture is twioe that of

the f/22 aperture. The product of the numbers 4 and 2 givel a valu of

8~ which is the relative light quantity of the above oombination. In

other words, 8 times as uch light is allowed to flow onto the n gativ

for the conditioni listed in the ex~ple than is allowed by the comb'~

nation of l/400-seoond shutter speed~ f/22 aperture, and yellow filter.

The ohief purpo e of this system is to reduce all oombinations of fil

ter, aperture and shutter speed to one common medium, as an aid to the

rediction of resolution.

39. Theoreticall r , any combinations of filter, aperture, nd shut

ter speed which have the stune rela.tive light quantity numbers should

produce about the same average resolutions. This theory ill hold~ in

certain cases, but is not always true. For example, by reference to

T ble 3b it is noted that average resolutions for various combinations

are listed as follow (a) yellow filter, 1/200 second at 1'/11 - 22.7

linea/mm•• (b) yellow .. 0.3 N.D. ilter, 1/100 eoond at 1'/11 - 22.1

lines/rom.; (0) yellow. 0.6 N.D. filter, 1/50 seoond at fill - 22.9

line /mm. These combinations, ch of which as a relative n\uriber of

8, vary in average resolution by I s th. one line per millimeter. On

the other hand, combination of ye.llow .. 0.1 N.D. filter, 1/100 lecond

t 1'/22, roduces an average resolution of 24.1 lines/mm., while t

combina.tion of yellow + 0.6 N.D. ilter, 1/400 second at f/6.3, gives an

ver ge reBol~tion of 16. lines/rom. Both of these combinations have

reI tive light quantity numbers of 3. Ithough the fully opened lens

h s the hi~hest theoretic 1 resolution, its ability to produce high reso

lutions, in ctuality, is not as gre t aa for somelh t ~aller aperture

settings. The reaidu 1 aberrations in a wide open lens knd some
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Unfavor ble ch r~cteristioa of emulsions may reduce dra tioally resol

ving power. As the lens 1s stopped down, ome of its ab rrations be

come smaller, and its photographic resolving power may inorease gradu

ally until, at a certain stop, it pproaches the theoretioal v iue. This

stop usually lies somewhere between f/8 and f/22.

40. The density of the negative appears to have an 1m ortant bear-

ing on photographic resolution. In gener 1, a negative who detail iii

pleasing to the eye on the light table will have a high average r solu

tion. There is, of course, an occasional exoeption to this rule. un

doubtedly, the resolution will be lower on a negative which is very d rk

or on one which is extremely light, as f r as brightnes8 ratio is con

cerned. The light quantity data can be used as a medium for regulating

the density of the negative to saure high resolutions. cursory exam.-

ination of thi data disoloses that all oombination. hav'ng light uan

tities between 4 and 16, with the exception of several oombinations

which include both the r/6.3 aperture and the 0.6 neutr 1 de sity fi 

ter, will roduce re olutions from about 20 to 27 lines per millimeter.

~ further narrowing of this range h~ that a light quantity of 8 repr -

ent. an optimum value for seleoting high-resolution combinations.

Twenty-six oombinations on the three oameras having a light quantity of

8 produce an average resolution of approximately 2 lines per millimeter.

Table 10 • 78) contains values of resolution, based on a rture li~ •

for v riou light quantities. }<'rom this data were drawn Graphs o. 4

(p. 102), whioh demonstrate the optimum resolution for the various aper

turea. Light quantities at which exposures were made are observable as

ab c·ssae on the graphs. Table 11 p. 7 ) is .. oondensation of resolu

tion and light quantity values for all investigated combinations of fil

ter, aperture, and hutter speed at eaoh 01' the three positions of focus.
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41. As a matter of interest to the reader~ those combin tioni 0

filter~ aperture~ and shutter speed on the tr~ee test cameras whioh pro

duced average re olutiona of 24 lines per millimeter or higher are lis

ted in Table 12 (p. 82). The three highest individual combinations are

follows: a) yellow. 0.3 N.D. ilter, f/16 at 1/50 second - 27.0

lines/rom.; (b) yellow + 0.1 N.D. filter, 1'/16 at 1/50 second - 26.9

linea/mm.; and (0) yellow ... 0.1 N.D. filter. 1'/22 at 1/50 second - 26.8

lines/rnm. It i3 notioeable that the 1'/16 aperture is most prevalent

among the 27 high-resolution combinations. Likewise, most of the combi

nations were exposed at a shutter speed of 1/50 aecond. The average

light qu ntity for the 27 oombinations was 8.5 units.

42. Table 13 (p. 83) wa repared by using the combinations liated

in ble 12 as a nucleu. Over- 11 verage resolutions were O&lculat d

from the average resolutions for v rious combinations on the three oam

era. This method presents a more representative basis for final analy

sis of the filter~ aperture, and shutter speed settings whioh produc

highe t photogrkphic resolution. The right-hand column of Table 13

indicates the at nding of the various combinations in the ord~r of their

high-re olution characteristios. Combinations were limited only to

tho e having an average resolution of 21.8 lines per millimeter or high

er; a total of 24 oombinations are inoluded in the table. The five

highest combinations are as 1ollows: (a) yellow ... 0.3 N.D. filter, 1'/16

at 1/50 second - 25.30 linea/rmn.; (b) yellow ... 0.1 N•• filter, 1'/22 at

1/50 second - 25.27 lines/mm.; (c) yellow. 0.1 N.D. filter, 1'/16 ~t

1/50 second - 24.9 line /mm.; (d) yellow + 0.6 N.D. filter, 1'/16 at 1/50
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second - 24.5 lines/mm.; ~d (e) yellow ilter, f/22 at 1/50 econd

24.3 lines/mm. An average light quuntity 0 8.3 units was caleul ted

for the 24 combinations. Resolutions averaged highest with the f/16

aperture, with the l/50-second shutter speed, and with the yellow. 0.1

N.D. filter combination, each being calculated individually.

43. Several pertinent f cta may be gleaned from the foregoing

tables. It seems apparent that the higher resolution values are pro

duced by the smaller aizes of: a.pertur in the aaIllera, which is in line

with findings from other sources. The f/16 aperture proves to be the

optimum in this series of tests. lith a ~all perture, it becomes n 

cessary to have a longer flow of light for a good exposure--henc , the

f at that 1/50 second was found to be the best adju tment of shutter

speed. High resolutions were recorded for all combinations of th nor

mal yellow nd neutr 1 densi~r filters. A better criterio~ for the usc

of the neutral density ilter may be found by the photographer aocor

ding to the varying conditions 0 aotu 1 operation. Datil. oontained in

ection "F" of this report have shown the dvisability 0'£ sel.ctin , for

high resolution, a filter-a.perture-shutter speed oombination on the

c&mera whic carries a light quantity rating 't n t e r&nge 0 4 to 16

units. The stated optifuum light quanti~ rating 0 8 unit or highest

resolution is confirmed by results of this se tion. It seems reasonabi

to suppose that, given no 1 00 ditions of illumin tion, the standard

of photography with resp ot to photographic resolution could be main

tained at a constant high level by adhering to the above principles in

r paring the oamera for operation.
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44. It is .. e;enerally known f ct th t the be t focus for photo

graphio definition in an a.erial camera having a Sll etrogon lens is at a

position along the optical axis which is slightly farther from the lens

t an the axial position 'or best visual foous. The following sections

of this report de cribe a series of tests whioh was made for the purpose

of determining the po ition of best photographic foous in the oarner •

Definition on the photogr phic neg tive was measured in the Bame m nn r

as for previous teate (resolution in lines per mm.). Mov~nt of the

focal plane alon~ the optic 1 axis s ccompliahed through the use of

the type -12 focusing magazine. in which the locating back can be moved

away from. or toward. the lens through range of ±0.100"; these mov 

menta are controlled by a focusing micrometer. The /\-12 magazine is

described more fully in ection"

45. Resolution tests or determination of foous position were per-

ormed in the SlilJne manner a described in Section "B"--that is. with the

camera mounted horizontally nd oriented so that images of resolution

targets appeared at known positions along the diagonal of the photo-

gr phic format. In this case, an object distance of 600 feet was used.

instead of 400 feet. in order to reduce the correction for a finite

diet ce. The pos i tioning of target along the diagonal is shown in

Figure 10. Geodetic distances along the target line were calculated for

an angular position by mu tip lying the objeot distance by the tangent

of the angle for th t particular position.



T l\RtirE..,. loCJlrnoN

~u: (e) th<'\(~J

.. I

5 5 2~'2-:

lCO I \oCo'
,'S· \~ \

'20° 2. \8'

30° "3~Io'

40b 503' / R~"oo

L '~E.. O~ TAl2.G~\S~
0 0 so. \c" IS. zoo ~-oo

I.. D ~ ?A~' •.1
30

Fig. 10- Camera Range for Resolution Photography.

CN
~



38

M. THE l'YPE -12

~6o This
~

- -- - ---- ...;..;.....;.;;....-~

gaz e, a mod'fied type A-5, permits aocur te changes

in the focus of aircraft cameras. From an analysis of a serie of

photogr phs t ken at each of several positions of the 10c ting back is

determined the osition of' the focal plane (plus or minu ) whioh eives

the sh rpeat definition of det i1. The camera then oan be focussed at

that position which will give the optimum over-all photographio defi i-

tionA Figure 11 shows the -12 magazine, with particular rer r nce to

the lTlicrometer mechanism which indicates position of locating back.

47. The locating back (vaouum back) in the magazine can be moved

from its ~an position in either direction along the optical axis b

means of three camli actuated against spring-loaded studs, d'fixed perm-

anently to the plate. The adjustmtlnt (cam aotuation) is manual and oan

be accomplished either at the magazine or throug a remote control.

Aoouraoy is within ±O.002 of an inch. Figures 12 and 13 ar two vi w

showing the interior det il of the A-12 aguine.. The miorometer is

gradu ted in thou andths of an 'n h. Positions of the looating back

long the optical xii farther from the len than the zero-po ition of

the back re indicated on the plu -r nge of the miorometer; r adings on

the m'nus-r nge of the micrometer will be indicative of 10c tine b k

vositio s whioh ar oloser to the 0 era lens.

48. Two se~ rate corrections must be applied to the rea lng. of

the ocusing magazine micrometer before these r adinea oan be used in

an lysill. The first correction involves the determination of the actu 1

visual focus for the particular camera-1ena-maeazine combin tionA It

previously had been found, by measurement on surface plate, that the

graduations of the micrometers agreed closely with the corres~onding
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movements of the vaouum b oks in the magazines. The visua.l focus of

the test c~era. was determined in the Optica.l Unit_ Photo Physics

Br nch_ Photogr phic Laboratory, ir Material Comm nd. An optioal

bench method ~R used in whic~ the ~era was pl oed in a. l4-foot 001

limator having paraboloidal mirror_ and the position of best 0 - Xii

focus W 8 dotermined with a focal micrometer ttached by a special jig

to the m ting surface of the c~nera. The average of six observation

of the focal micrometer wall -0.002". /l. check then was made to disoover

whether or not there was warpage in the focal micrometer plate. Thia

was done b placing the plate acros two bars of equal thiokn 88 rest-

ine on a surface plate and then fOCU81~ the micrometer on third bar

of the same thiokness plaoed midway between the other two. The third

b r was e uipped with illumination for ease of observation. e zero-

position of the fooal micrometer WI. found to be 0.386" above the

ma.ting surface of the oamer. The distance from the focal miorom

eter's zero- osition to the plane of beat on-axis visual focus

(-0.002") then was applied to the above valu of 0.386 11 to give 0.384"_

the distanc from the ting sur_ace of the camera to th8 po'~ition 0

best on- xis fooun (See Fig. 14).

49. The next at p 'n the procedure was the meaurement of the

di tanoe from he m ting surface to the surface of the locating baok at

the zero micromet r po itio in eac of th two -12 gazines used in

the t t. This distance me aured 0.368" on gazine No. 3 9-102 and

0.373" on MagaZine o•.~09-103. If 0.384" ~ measured from the mating

surfaco of th carner y from e 1ens_ is the position of be t on-

axis focu .or camera No. 44-190509. then the differences between this

value and the above measured distances on the magazines will represent
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correotions to be applied to the micrometer readings. lor

44

gazizle o.

309-102, the correction will be +0.016", and for Magazine No. 09-103,

this correction wi.ll amount to +0.011".

50. he pas i tion of viaual focus obt ined from the foeu ing

micrometer is based on an object di tance of infini~. Light rays

coming from an infinite object, on p 8sing through the lens, meet at a

point whose distlUlce 1'rom the lens is, by dei'inition, the foc 1 length

(f) of the lens. Likewise, the image of an object pla.ced at f-dista.nce

from the lens would COIDe into focu at an 'nfinite distance. Hence,

the best poaition of visual foous for an object placed at some distance

les8 than infinity would be at a point somewhat greater th n the foc 1

leneth of the lens. For this reason, a second correction must be

appli~d to ob ervationa of the ocusi~g micrometer to llow for the

focus shift, since the obj~ot distance of resolution tareets was only

600 feet. The correction to the focal 1 ngth may be oaloulated quiokly

from the elemental Physics formula,

1)

in which u i the object dist nce, v is the distance from lena to point

o focus, and f is the focal len tho the terms, ~ and!, re ohanged

so that value of f is included in eaoh, as shown in Fig. 15, eq tion

1) becomes'

III
fu .. f..-x' • 1!

Olearine raction,

(2 )

reducing, and canceling,

£2 • xx' (3 )
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It c.n be seen that the term. ~I. repre ents the deiired correotion

value. Then

f2 0.25 x 12
Xl • x· 599i5 • 0.006"

This value of 0.005" will be added to the focal length but will be a

i1ubtractive correction on the miorometer readings (See lo'ig. 14).

51. The tot 1 correction to readings of the foousing miorometer

will be 0.016 ~ 0.005 • ~0.021n for Magazine No. 309-102, and will be.

0.011 ... 0.005 • ~0.016" for Magazine No. 309-103. These total correo-

tiona will be used only as long as th" magazines are oper ted with

oamera No. 44-190509. The aotu 1 po ition of' the fooal plane long the

optical axis for best over-all definition finally is determined by ub-

tracting the total correction from the numerioal setting of the foous-

ing mioroIMter at which llUiLximum reaolution 18 obtained.

N. COLLECTION m' D T.A OR D T'- -- -- ----------
52. Resolution photography was accomplished °th four type K-17

erial cameras. Initial tests were made with -170 Camera o. 44-

1~0509. The camera wus placed in a apecially constructed mount. set on

a low platform. in uch a position that its optical axis was level and

its line of ight was in coincidence with the central target. In addi-

tion. the camera was rotated around its axil so that the line of tar-

gets on the negative fell along one diagonal of the format. Thi

camera was equipped with the 6" M trogon lena. The format of the type

-12 foculiling magazine m ailures 8" x 9". the smaller dimension being

along the direction of transport. Modifioation to this magazine limits

its oapaoity to a 75-foot roll of film.



.olution T rg t. Along Dia60n 1
(Y 110 rut r, 1'/16 apertur , 1/60 ••oond.
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for oorre&ponding angles to the right ~d left of enter were dd d

together in the averagin~ process. Thus, final figur s or e ch target

angle represented averages of four separate values, with the exo ptio

of th~t for the central target, which was n av rage of two value' ( ee

Table 14, p. 84). In c loulating average resolutions, it wa noticed

that re olution decreased rapidly on exposures photographed through the

minus-range of the micrometer on the focusing magazine. Conse uentlYI

those values have been omitted in the tabulation of resolution in Table

14. Also, the settings of the f00using micrometer have not et been

corrected for the discrepancies noted in Section" I.

67. The column at the extreme right in T~ble 14 presents an indi-

vidual average resolution value for eaoh f're_me, which hail been ighted

aocordin~ to the area 01' th.e annulus wh Sl'I limits, tor any partioular

target, re defined by oints h Ifway between that target and each adja

cent target (See Fie. 9). Since the greater portion of photography uled

in the resolution rogram of this unit wal taken with the -6 gReine,

which has a normal format of 9" x gil, the area c loulatio s r b sed on

a total of 81 $quare inches for the negative siz. Re&olution value&

with the A-12 magazine thuB will be more in keepin with thoa ob erva

tions alre qy recorded.

o. CHARACTERISTIC RES LUTION CURVES.

58. From a itUdy of the d til. in Table 14, it oan be d duoed read

ily that the highest average resolutions are obtained on an exposure in

whioh the resolution remains hi h as the edge 0 the photograph is

approached. If curve are dr wn in which the resolution is plotted

against the angular po 1tion of the tarEet at each position from the

center of the negative to 40· outward from the center, thi. fact becomes'



even more apparent. The grapha on p~ges 105 and 106 N. 5) ar dr wn

to 8 ow reaolution curvea for the five or six positio 8 of focus whic

give maximum resolutions. Aperture and shutter peed re held conatant~

while the filter type i~ loI.llo ect to vary. The f/S.3 apertur was chosen

in order to test the lens •.t "ts fully opened position. On each of the

four filter combins.tions, the curve for m~ximum re olution is shown a

Il dotted line.

59. The curves in Gra h 6 (p. 107) are selected and drawn in the

same manner s those of Gr~ph 5. In this case, however, combin tions of

aperture nd shutter speed were elected whic oonsistently give high

resolution values. The combin~tion of aperture, ilter, and ahutt r

eed wnich eives the highest aver ge resolution doea not n ce aari~

produce high resolution v~lues ne~r the center of the photograph. Ho-

ever, if its v lues are hi.eh at 20·, 30·, and 40· outward from th

oenter, then the aver~ge resolution mu t be high, inc thea8 thr e

target poa"tions provide ap roximately 86 of the ~ight, based on 8

annulu -area method of averagOng (See Fig. 9). The ositions of foou

listed n the e grap a were ad directly from the focuaing micro ter

and represent uncorr cted values.

P. ___, AND SHUTT

ON CURY. T ' OF F LD.

60. The curvatur of 1'i ld for ~ 1 n may be traoed ap roxu..-

tely by noting th po ition of focus at which maximum resolutions occur

t eaoh of the t rget positions along the photographic diago al. For

thia urpose, the 0 ition of focua hich produces the highest resolu

tion in the center of the photograph on-axi photogr.phic focua) is
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selected as the origin of the system and th div rgences rom this l~e

to points at wh'ch maximum resolutions occur at other targets along the

diagonal are plotted either plus or minus, as the case rna be. gr ph

ical representation of such a curve is shown in Fig e 17. ttention is

directed to the fact that a minimum usually occurs at lOG or l5~ outward

from the center and that the positive field is most ronounced at 40 •

61. The expeotation that the size of aperture would show a con

siderable effect on the curvature of field ap ears to have been oon

firmed by results of plotting n average curve for each setting of the

aperture. Data for plotting these curves are contained in Table 15 (p.

89). Included in this table for each oombination are the position 0

the locating baok, indicated on the focusing micrometer, ..t which maxi

mum resolution occurs ~t the center of the negative, and the diff renoes

between this position ..nd the positions of maximum resolution for e oh

of the other targets. For any particular gr ph, the or gin is th s e

for all curves, regardless of the position of e c ntral

lution along the range of t e ccusing micrometer. horizontal e

through the ori in thuB de mes the on-axis position of photogr phic

focua. At the bottom of Table 1 are shown a set of average values or

eaoh aperture stop. These values are used in the actual plotting of the

curv i of Graph 7 (p. 109). The ourve for the f/S.S a erture is plotted

from an average of nine eparate set of data. Its oonfiguration is

approximately the same as other f/6.S curves previously plotted. 8 the

aperture siz~ is deer ased, the curv s tend to flatten in shape. Re

sults might be more conclusive if th r were nine eti 0 dat for each

of the apertur settings, 80 th~t a cloier aver ge Value could be calcu

1 ted. Howev r, it is the opinion of the writer th.t toe final answer
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still would not differ ap reoiably.

62. Next were plotted curvatUlr of field for the fo1.u· diff rent

cornbinationli1 of filter (See Graph 8, p. 110). aperture of f/6.83 and

Il shutter speed 01' 1/50 second were maint ined s constants. Ithough

there are some irregularities, it is believed that the small differences

in general outline probably are attributable to the reading of target.

or to the photoEraphic emulsion rather than to the varying densities of

the filter combin tions.

63. The curves in Graph 9 (p. Ill) were plotted in order to di _

cover what effect, if any, the peed of the shutter ight have on the

curvatur.e of field. Four combinations of shutter speed are ho Th

aperture of f/6.3 and the combinatio of ellow filter plUM 0.1 neutral

density filter are held constant for all hutter speeds. On xamination

of this diagram, it is obvious that all 0 curves have a similar oon

ri uratioD; hence, it can be assumed that the normal curvature of field

iii affected ver~' little by change i.n shutter peed•

• BE T ~.....;;..-. _

64. The most important objective t this point in the report i

the determine.tion of the pos i tioD of Cll1Tlera focus which "n produc the

highest definitio of detail on the n gativ. Resolution data for 15

di ferent comb"nation$ of aperture, filter, e.nd shutter speed in camera.

No. 44-190509 ~ re investigated, with this purpose in mind. The inal

results of the investigation h ve been placed, in conden od form, in

Table 16 (p. 90). The lllAXimwn r olution for each combination i& shown,

as well s tb position of th foca.l plane along the optical axi& at

which thi re olution occurs. In the right-hand column of' Table 16 llre

~how.n the corrected values of fOO 1 plane poaition, calculated in
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accordance with the precept5 outlined in Section "Mil. /tJ:J. rithmetic

mean of the fifteen corrected valueK of oeus position gives a diKtance

of .0.0045" for optimum resolution. .J\,s previously defined, thi is the

distanoe throue;h which the 1'oc_.l plane of the camera should be moved

along its optioal axis, in direction away from the lens, starting

from the axial position of best vi5ual focus, in order to achieve

greatest over-all definition of photographic detail. An average dist

ance also was calculated by selecting, for each combination, a median

po ition from the range of five or six consecutive positions of the

locating back which gave the highest resolutions. rom these median

values is obtained an average distance of' .rO.004", which Iilub tanti te

the original method.

65. In order to make a more accurllte determination of' the focal

plane osition, exposures of the resolution tar~etK were made with

thre other camer a. For each camer , five different combinationlil 0

perture a d hutter speed were expo ed through a range of -0.005 to

+0.030." on the focu ing miorometer. Th five combinationlil 0 ap rture

and Iilhutter Iilp ed included two "th a setting of 1'/6.3 and thr e at

f/16. Only the yello filter was used with this photography. Resultlil

of these test are contain d 'n Table 17 (p. 91). The 8&me two type

-12 magazines re used in this photography as re used in the ear

lier t te.

66. ttention is directed to th c putation of • total oorrec

tion to be applied to th readings on the focusing micrometer of each

mag zine. These figures are listed at the end of eaoh cam ra's re 0

lution v lue in able 17. Total correotions are eubt aoted from

readings 0 the focusing miorometer to give true positions of' the fooal



plane along the optical axis for beat 0 r-all re olution. ximum
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values of resolution for each o~era-aperture-shutter peed oombination

are liat d in Table 18 (p. 97), alone with corr at d position of the

focal pl~e. veraee focus positiona for the three c&mer~a ere

+0.004", +0.007 1t
, and .0.005". These values, along with those deter'"

mined ·n the original testa and Ii ted in Table 16, will give an aver

age value of +0.0051 •

67. The position of the plane of best average photographic re 01-

g power, for the 6" trogon lens, has been determined othera to

be +0.008" farther from the lens than the axial position of best viaual

foous. Results of the foregoing test with the A-l2 magazine have

indicated this value to be +0.005". The difference between these

values ia not very great when oonsideration is given to the fact that

readings of focus positions with the focal micrometer may vary aa much

aa 0.004" between severnl readings of an individual on any one 0 ra

and may vary &omevmat more between re dings of several individualao

68. Tables'16 and 18 ahow that the poaitiona of optimum focua

for the camer s tested vary from zero correction along the optio axii

to a correction of +0 .0125", with an average of 0.006". 0, to demon-

tr te the actual effeot of this focua shift, thre curvea wer plott d

for eaoh of two filter-aperture-ahutter speed combination ( e Graphs

10 and lOB, pp. 112 d 113). Target poaitions long the diagonal

were plotted ag inst ro olution for thr e positions of the focal plane

--(1) best on-axis viaual foous, 2) position ~t +0. a ", and 3) pos

ition at ...0. lOtto In examining the gr phs, it can be een that the

OUTV s from 20° to 40° av rage bout the same. Sinoe this portion of

the format re reaents over 86% of the total format area, it is ohvioua
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thnt the resultQnt resolutions will be similar. The curves from ~ to

20° are dissimil~r and no distinct p~ttern is indioated. In one in

stanoe the zero position gave re olutions higher than the +0.010"

position and in the other oase the +0.010" position gave higher resoluw

tiona. The ...0.005" position gave resolutions between the other two in

both inst nces.

69. Graphs Ill, and ll~ (pp. 114 ann 115) show curves plotted for

variouB ~perture-shutter speed combin~tion8 with the shift f the 10

oatin~ back along the optical axie as the abscis .. and the ~verage

resolution a the ordinate. The changes in re olution between the zero

and +0.010" po itions are very slight, but again there is .. notioeable

IIlAximwn at about the ...0.005" P?sition.

R. THE: ,ANNULUS TARGET.

70.- No effort h s been made in this report to analyze in full the

d ta colleoted during the initi 1 te ts whiCh pertained to the annulus

targets. However J from ~ su erfioial analysis, the following im rea

sions were noted:

a) On the negatives havin~ the highest l~ne targ t resolu

tion, the annulus targ t re olution was ap roximnt~l 0 -h 1 as high.

(b) On the neeativee h ving th hig t annulus targ t reso

lution# th line t rget r solution was approximately the s~e.

(0) The maximum annulu targ t resolution values were found

on very thin negatives whose av r ge ex osure ~s 1/400 second at f/16.

(d) ge eral, th higher th oontrast in the four types of

annulus target, the high r the resolution. However, the total spread

usually was only five l' es per millimeter.
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71. It is the opinion of th per on who obser d r solutions on

both type~ of t~rget9 that the line targets could be read with greater

ease anQ consistenoy than th annulus targets.

SUMMARY AND G NCLUSIONS.

72. The proeram of resolution tests outlined herein was ccom

plisheQ by personnel of the !eri~l Photographic Branch, ~ngineer ·Re

search and Development Laboratorie • wright-Patterson Air Yorce Base.

with the chief purpose of lloclJring information for tP..1l establillhment of

allowable re olution values (for variou film-lens-camera oombinations)

to be used ·n the preparation of specifications for aerial mapping

oameras.

73. Tests were conducted on the ground. using the type. K-17 C&m

era pI oed horizontilly with its line of sight pointing toward a row of

standard A' r l<'oree. high-contr&l.lit resolution tar{;ots. liO arranged s to

ppear along the format diagonal with t rgets at known angular positi

ons. Thili IiIYliltern liminatea a n ber of variabl Ii, liueh ali differences

in flight altitUde, relative motion of camera with reap ·ct to the

ground, atmospherio haze, etc., which are encounter d in a rial photo

graphic te ts of resolution.

74. Three cameras havinG different positions of v'sual foous were

used in the initi 1 tats.· Of prima~r concern, in this connection. was

th question of whether or not the reI tive atandin of average r olu

tions for various oombinations wo Id be ch ged to any extent by dif

ferent pos·tions of visual foous in the camera. The rather obvious

fact that th re should b no oh&n~e 8 substantiated ~ 8ubsequ nt

ana.lyliis.
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75. Readinei of resolution values wer p ~formed by use of a 16-

ower ZeiG. binocular viewer. A single averaEe resolution for each

ex osure was calculat"d by ~ method in which perce t ge weights were

assigned to rosolution values according to the area of the annulu .

whose r dial limits, for a particular target, are defined b points

h Ifwa between the given target and each f its adjacent targetl.

76. The aver-age differenoe of about 2.5 lines per millimeter be-

tween radial and t ngential resolution on the line target waa not con-

aidered SUfficiently significant to rrant more th n an arithmetical

average in ar.riving at a resultant value of resolution for any target.

It was hown, however, that this difference beoome considerab~

greater on a negative exp Bed by an aerial camera from a plane in

flight. The image motion on the film. caused by forward movement of the

airplane tends to eloneate lines on the photograph which are parkllel

to the dir ction or flight, thereby producing a spur~ous increase in

that form of resolution. while tending to deorease resolution measur-

able from lines running perpe dicular to th line of flight.

77. The opinion was offered by the writer, based on his observa

tion of p ot ra:phy ex os d imultaneously by cameru with. and without,

image motion com ensation features, that perhaps more weight h uld be

assigned to the higher value of th two types of resolution on an aer

ia photograp ic negative, inoe the amount of inter retable detail is

conting nt primarily on a high resolution in one dimen ion.

78. The e feot of aatigm tism in the lens is noted by n incre se

in the deviatio betwee radial and tango tial resolution on targets as

the edg of the pioture is appro ohed. This divergence a so is greater

for smaller lens a erture settings, particularly for the /16 and f/22



79. The individu 1 weighted average resolutio for y rame

59

closely approximates the single value of resolution observable on the

target at the angular position of 30° from the photographic center.

This ooincidence is inherent in the annulus-area method of averaging

resolutions, in which the observations at 20°, 30°, ~~d 40° reoeive

approxilTUl.te l~r 86% of the total weight.

80. For purposes of analysis, all ~ombinations of filter, aper

ture, and shutter sp ed were reduced to the oommon denomin tor of light

uantity units, one such unit being equivalent to the

flowing through an f/22 aperture for 1/400 second.

ount of' light

stud of high-

resolution oombinations of c mera adjustments indicates that the best

resolutions are obt ined by those whose li~ht uantity ratings fall

within a n.nge of 4 to 16 units. The optimum value of light qu ntity

for highest resolution was 8 units. This system pr vides a mathemat

ical mealiure of negative denSity·, a fetor which haa a very Iligni~icant

effect on r solution.

81. From a stuqy of average value for high-resolution combina

tions of filter, aperture, and shutter peed, it was found t at the

o timum aperture for be t resolution was f/16 and that the optimum

ahutter speed for that perture was 1/50 eoond. The co bination f

ellow plus 0.1 neutral density filter ap eared to produce slightly

higher res lution than other filter combiaatio s.

82. second ,eries of t ts wa conducted to det rmine the best

po.ition of foous for roducing the highest 0 er-all resolution on a

negative ex 0 ed in an aerial camera having a 6" Metrogon lens. The

type A-12 foousing magazine, hich pennits accurate meallurement of

changes in the position of the locating back, was used in this photo-

r phy. ovements of the 1 eating b ck along th~ optical axis were
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aooompli&hed manually with a micrometer attachment on which the extent

of &uch movements was directly measur ble.

83. Corrections to be applied to readings of the focusing micro

meter involved (a) the determination of the actual visual foc & for the

particular camera-lens-l'Il.I.gazine combination, and (b) the determination

of the beat position of viaual focus for an object distance of 600 t

(perpendicular distance from lens to target line).

84. Initially, fifteen different oombinations of' aperture, filter,

and ahutter speed were exposed through a range in movement 0 the focal

plane from .0.030" to -0.030", an exposure being made at each 0.002 

inch inorement throughout this distance. In addition, fifteen oombina

tions on t ee other cameraa were exposed through a r~ ge of +0.030' to

-0.006", in order to provide a broader coveraee in tne testing program.

Uniformity was maintained in all elements of the develo ing proce •

85. The curvature of field in the lena may be traced approxi tely

by selecting the osition of th fooal plane at which ocours maximum

re&olution at the center of the negative (the axial position of photo

graphio foous) as the origin, then plotting target position against

positions of focal plane for maximum resolution.

86. ariation in shutter &peeds and in ilter types produced

little effect on the curvature 0 field. Th effect of apert e ize

on the curvature of field, however, increases with th d creas in

diameter of top.

87. It was found that th pl e of beat av rage photographio r s

olving power for th 1 nse& d r 00 &ideration W&& at a distance of

0.005 t farth r fro the 1 ns than th axial osition of best visual

focus. The difference in average resolution between on-axis focus and

.foous at ...0.010 inch 1s very little and iieemingly unimport..nt. However-,
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the 0.005" position conlililiitently givelil higher relilolution. howe er

slight. so it s ems wilile to recognize this fact and to fooul the c.mera

accordingly.

88. It is hoped that the foregoing study may be of value in the

..cild.evem~nt of' higher photographic resolutions with aerial cameral

having 6" Metrogon lenses. The photographer. although having the

adjusted position of focus for high reiolution on hii camera. still

mUlt remenilier that his evaluation of photographic oonditions exiating

t the time of expoaure ihould be the final criterion in his aelection

of proper aperture and liIhutter speed.
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Table B(b) - Average V~lue8 of Radial
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table 10 - Averag Be.olutlon. by Aperture.
for Given Light ~uantlty Valu•• o
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~: lli( ) • 1llI.0lutlon and Lltht ~U&Dt1ty Valo.. for Varlou.
~ C...hlnat1on. l' C....r • '11tor. ~pertur • an Shutter Spe.d.

-0.'1. MM. ~ Yre.~.~..:, w Ye:l.-L.C~+O,\ 'Ysu...o...V""rO."3 "(au..ovJ*O,~
Of'~ J:i)( \~ '~i\..\~_ ~.';). ~''-'~'"'' 'I'\.'V,~\I..\~ l'-L.U. ~\~\'C.v..

l\~~o..- S\\~~~d: L,c. .... , ':::'! '>0- 1..,(.,\:\-, ~E:..SolJ- L ,c.~\1 ~e.~~- L\ <:r~""\ ~~-'Tv9...r.:: S,?,:~) IQo...~\'1 ~,n,~J ~v~~,,·,"t"I ~\,;:\\Cl'-.l 1r~)",..tT\\'( \..\J'T.\G J Q..Al,t1im \..\)\\_~t-!..
~

'/9J I IOC. \1. \ ~O nA.. 50 Iq.'t 'l-S'" IB.3

V;;r- 50 n.~-
----
--~

~

+If".?>
40 \tl~ ~~ \'1,<0 \').'t \1.lt

Ihou 2'>~'l.~_ 20 I~.4 I'2.~~ lq.~ (p .•, 3
\ "

,!~,oo I IGY,,_ '\ ~.~ !S 2.0.0 q
"'~ If'It,. \4,(0

--~._~

/<;-0 Go'" I\1.? 51 \~.ro '3~ ~o.~ l~ ;.). \

f-V~: -'I' -\-~~
f------- -_._-

/& '2Jo \'1.q 1(0 'U>.Co C6 \SA-

I/~() 11/~\~J 13 q~ 8 'lo.~. if IB. 3-
'I~ \2. I, '1,1 \0 '1\.1 ~ \CC4 :, \~ ~_. --
Vs-o ':3 - 2\,~ ~tD ~\.lf Ito '2. .~ e 1A.~
~_.- ~ .._--~._..- -- -- ~~- 1---

'II co It.t ~),4 )'3 '').1.,0 8 ').,')..10 4- \2>,~
'!;/It

l/~o ~ I,l\. '3 " II')...-~~
',1\ .r( t- l~ 1\

y:~oo " ,;~.rl- 5 I \ ~.O II \0.'1~\.\ 3 I I')..··
- --

y~ \(0 2-s.1 • '1

'2A.~ 8 2.S: /.... '+ 'It;. '1I:>
I

~-- - - -
I ;ltoo f> 2.3,'~ " '/"2- 1A.1.. 4- 2.0. ~ '''',10ISr/J~ -

: y~oo 3 '24,2- 2- ?~\,~ I \ro.5'"4 'l.'S,O

y~\) 3 ?- \. I 2Y-v 1~.4- I II')... \4.'1 ~~
,-

Vc.;o 8 ').~:2... ~ '/']... '2.".~ '1 15". ~ 2- '2.e."1-'---- ----1--'-- ._- .. ---r;-- !-.__.-f..---- _.._---. --
'liDO I 4 ?- \.3 3 2'?'o '2.. \'1.'2- I -

1;/2.1- ,...----- --- _....-
\)')..0 C

I
'2..'). 1 I" I~'l I \ n·1 it"..l 2~ '1- ---v.,00 1

'
/1,.- \~,4 \ Y4- ,5',4 "4 - f~ -

I --



8.0

Table ll(b) - a.aolution and Light t1~ Value. tor Var1ou.
Combi4&tiona at Camera, Filter, Aperture, an hutter Speed.
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Table 12 - Individual High-Relolution Comblnat1on••
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Tabl - Av.rag solution. for 24 Combinationa of Filter,
Aperture, and Shutt r Sp.ed Produoing ghut R..olut1on.
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Table 14 (b) - Jwer ..~e kesolution Values for Line Tarvots.
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I
'lab!el.(b) - AvertlKe Relolution Values for Line l'aro::ets.
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Table l'{c) - Average ~esolution Values or Line 'I'argeta.
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T&ble14(d) - Average a..olution Values for Line Target••
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Table ~ - Data for Plotting Curv tur of Field I
with ~.p ot to VArioUi Aperturea. ,
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Table 16- Positions of Foous for Opti um Resolution
in C ra No. 44-190509.
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ableU.. - verage ~801ution V lue.- for V rioul Camer...

~ ~
I *() Fo~'-'

j ~~ :::~€.. ~~ So ~ J-,... \ o,~ oS

J T\.O~:II>'
tw~at...~ 0 0 50 loa /5

0 20° 300
40

0 t\ V-::,I- tI.(/I
+.C'" J(' 1.\.'; \G.s 'G \<a \<0 \b t8,~ b,G
+.oI..1c;" '",\ \~ \".S' \'l \S', $'" ,<0 <1.3 \'" ,'l.

1-\0;O"'LS"o ,. • \ I c;- \11.S" ~.3 ,~ \~ \10 \q ,'?l
I+C"1.1S "'2..4- "J.'. ~ ~.3 ~o.~ \ 1 \ \n.c; \~,~ .~

I"\'-.O"1AO 1.1-.5" ').~.'3 ~.S" l'i ~.~ ,U> \t.ts .~
+,O\.,~ ')..~.s .,.s. '5' ')..l.•., ').D.~ ~ 19.~ 1~.<6 .~

~/'b ~
4.01c;o 'l..,.~ ')...4-.~ ;,..1..S ').(). S" ~.~ 'loS k1 .~

+.D I '}.I;" 'j.".~ 'Vl.~ '2-')....5' \'\.? let 'Ia.S I".~ ~ .gQ
)'1..~ '1.0 \< ,~-+,0\00 ")..."\ 1-J;,s 'lA \q,~ \q.s

.oo~S' l.6, OS ,. -b'~ ').4. ~.:, '>OS ~ \ t< ,CD
",COSo ~o 1 ,\ .er. ')." .<Z ~c;' ).;~, ~ ~l.~ I ,S'" Q.\A
~OO"1.~ ').4- ~.~ 1,.1-.5" ?-"3.5"' ').\ \1:: .~ ~c ~/'~

~"'" \. c,., ,.".. ').3., ').10- '),..')." '1.0,S" \~ ,S \Il \i.q
- c 01.-<;' 'I..:v I ~3~t6 '».~ )..\,~ I).o.c; I~ \1oS' \~.q

--;oO~() '2 '5)'$ ').4.~ '); ,<; )..'),.~ Zl 1< \Io.~ \q."l..
I+.o~oo fl.\ 1A.~ \~ .5 'Io,S 10 ,b.S' , .~ ,~.~

t- r'\ +.o'l.')~ "lA '1,.l).~ \ il. ," IS' \<g loS '=:1,'1.
~ - 1•. c::n...Sb ":l~ ~\ B \~.C;" \e: .~ ,~.'> Io,c; '"l.t;" l''\.1.-
en , 1+.o'V"1--'5' ').( .,

2.1.~ ')0. ra \ Ib. S'" \b.S" ~ t{.'5 \'Vi

{{; u- 1+,01.00 '2J 1.l.3 ?-\.$ \' ,~ \~ \'1 ,~.9> \e.o
0 + o,,,\~ 'l1..~ 'l&-<il ?-\.~ ~.~ 1"I.e; \'1. S" \~ \"'\ .Cf- (0,

ttflo ~oo
+,Ol~O "1~. c;- '1 :; '1~ '1-")..~ ').0.q, l~.~ \~,; q.~...
+.OV1.S '2A- '2 ~.-; ').l.~ \9'.~ 's- I" \'1 \1.<d"- O
+.0100 '2.q.~ 1k,~ '2..7,,5 ")..')...S' l( .~ ICl,~ \~ '\ ....

~ :1 4-,oo'lS" 30." '11, IJ 24-.~ '2:~.3 '11 1'1,~ 'l,S" '1.(.
0 ('J +,005"0 'l!' 30.~ 'J..i,. S"'" :;u.,~ ~1..'3 ';l.\ ?o ~\. ,

2 - -t-.oo"J.'i "l.t:: .C; 30 '2.A ~ 0\-, 'S ~1- 1().~ ''l,s ~\. l-I
a Pt.)( l C. '2A- ')..~,3 1-1 ~3, 5" "l.'1. t5' ~.~ '1.0 ';>-\ ."?>

{IJ
\.!J

-n Q'"}.~ '2."'\ 'l..<1',-; "'?lc ~:" ~,S" '),.i..~ ')..0 '),'3 .....

£: - 00$"0 "2!1 ').'1.~ ').s,c;" 24--,~ ')..~i ').\ ItO a\.o
~

I Y +.o~oo - - - - - - IlDS -
~ r +,01.'1S - - - - - - ,~ -

~.O'2.5"o - - - - - - 11 -
~'O"'1.~ \4.- - - - 15 \I. -
+.0")...00 ~4 14- - - - 14.~ ltD -
+.0''15 10 IS'" \'5' \4- \Ar S IS:-S-- 14.Q

~k.1
+.O\S"o ;- \5"' I~ ltr.5' 14\-."- s,S" $'" \S'

Xoo +,o\1.~ 'i \e.'5 \ID 1S c;"' \ '>-~ Io~ \ S.C; Io.C
+.moo '1D \~.> \1 \S'S ,«; \cas lb \«5.1
4-,oo1S' 1)..\ .~ \'\ \~ \~.'S' \ 5.-5 , ~.c;' I~ ICQ·O

+.oo'.iO ~o \'l~ \<1 \1' \ lo .<D \b.~ I~ \Co."'"
+.OOl,.$" \~ ')..o.~ \~ \1.5 \""-~ \ 1a.S' IS" \lo,~

~'lC.\' u.~ '2.~ \'t r;- \~,$" 1<6.S- '1 fo \r-r.~

-.ooV> )..')..S ?- \., 1').0 \~ 11 \<0 I S.S' l~·~

-,005'"0 1.4- '¥1.-. ~ I'k> .~ \~,5" \'1.l5' 1'1. c; S \1.'

•

•



92

Table U - (Cont.)-

~
~ j ~o

FOLAL- "'R."E S() l-v T\,O~ ~

i
'?~~

5 ~~ ~o... rT'I ot-l OD 5° 10° I~ 2,.00 0/.:)0 Av£;,d: 1(111" '(VN~ 30 Q

+o~oo - - - -
+.cn."c;" S" - - - - - - -

I+.O")...~ - - - - - - - -
+01.")-':; 1 ,ca .s IA 15' I~.t;" \10 \\Q IS.~

1+.01,.00 I~ \~ \ I..S- 14- 14- 15·s \~.c;' 1r;1~
1--.0 \., 0;- fJ 11 110 \(0 14-.5 \b I~ ,~

-tI,,:~ ~
+.015'0 1<1 11·S; I~ IS., 5 110 ·IS- 1'S·c

'2.00 +.0\1..S" 1<1 1"'\ I~ \b ,(".5' I" \\o.4i' \10.'
+.0100 r," I I~.S q 1'.'5 llo.~ 1(0 \S.~ \<o.~

. +.00'1'> ':.4- 24- 'l.~ I ~ \'a.S' \'1 \~ \'1.'3

(Y)
1+.0050 ~. \. '>" "2.\ l~.?1 I 10·5 llo·S ISf'" I~.S'

c:- l+.oo)...~ ~1.5 '2.1.0 ?a.S' \ .S 1'1 IlQ.C; 1<0 \'1.0.!) 0- ~'(' So '2.." '2.15.15 ')."1- I' .6 \ 1 \10.5. ICc ,'1. \
~ I
c-

~
-.00...S- 24 2\.~ Iq.S \~.s \~ \1.CS IS 1'1.0

~ -.00'5'0 '1-1. 'lV5' '2.1 1<1 :?l 1'1.1,) ll.l I;"' I p,S'-, ~.o30o '1.\ 'lu I~.~ I~.!I I S'.~ ttl> \'ii.5 \ .1

<r 0
hOl!'l~ ")..-)...~ 'l.o.~ \<6.c; \'1 ~ IS,S \''. S- .<02-

~ 1-01-S'O ").1,15 ,q .'5 IVs \'1 15",S ICc lID , ."2-
. cJ +.01-..S ~ '1.1.<g '1.•.5 1'1. C; \'O.~ \'1 \'1.S \

0 - '2.\ \q.,~ \ .0t
, +.O"U:lO '2.1 'l4 'la.S ~.s \0.

c:[ +,0\'1S" ~s,S 'J.1..S ').:)..3 I~,S IS 1'1 lb.$' I "IS
rJ) Ul ~/t 'i) Y2.00

+.01':>0 '),.8.~ 'lJo .'~ ')..').,'S ').\ \G.o \1 I"'.~ 18,0

C (). -\-.0\ ).;- '2-cot:; ').B.$ "bl.5' ').1-. 'S lJ,o I i.Q '1 \'1."1-

I r +.0100 '31.C;; '2.1 '2s. 5"" 'lS" ';l..\ .g Iq,S \'1 ~.o

)J. ~ +,00'15" 31. S "3 'l.. 5 ').~.5' '2A- ~1-.5' ').O.g \~.'5 1),1.')...-
+.00$0 'l.q.. c; 'l1.~ flS.5' 1),"). ~ ~\ .2» -:lo 1'l.S' "2.0. 'l-
",,".ao).-~ 'l.~.S ~.,.tj1 ')..it1.~ 1-1.,i j,.').. "l.O '/P. '5 ICI."

S\X'Ch '0 :L'i -; ~O 1A-.~ ')..'}..S' Itt 110. c; 'C\.lo
-.00 'l..;' .. ., 1.'1. & ';L1 ~.~ J.).. 'l '2.0 \1· <l ?-c. 10
-.oOC;-O 30 1.~ OS ~·3 ~.~ ~"3 '2.0 IB ZO.~

• 1m.um Value. ot ~8olution

Caloulation ot Carr.otlon.-
Zero Position of ooal Kioramet.r - - - - - - • -- --- .-0.386"
Diat&noe to Plane of Vlaual Foou. - - - - - - - - - - - - -0.'018
Position of B•• t On-Axi. Foou. (Camera) - - - - - • - - - +6.388
Di.tanoe from ~atiog urfao. of ,;azine

to Fooal Plane - ---. - -- - - - - .. . .. -. .,.. - -0.373
corr otlon f1 - - - - -. . ---- -. . -. - - - .. - -0.006
Corr.o·tion 2 - - - - ~ --- - - - - - ---- - - -- +0 0 006,

Total Corr otlon - - -- - - - 0

•



.s'n,~~'blS"l,."s*'t"t&~-L~-~o~05.00-

G'\'>151hI"s'!:.1cc.'\~Lf.,~"')"(,5'9>"t.;,'t.oo--
)3'~\'s'1l'l~I%'b.5'\~s·t-t,.~o~'S')(~

,:11~'.s1..s·LIS'O(.t.'f."!.s'rtg'1;f(.0\.51.oo'"\-
-t'~I5~1.s'LIS'Q't.8'''t.~",..'to.s's-c..s'S-v0500'-\-
~'L\G)1.s'~\~'b\cc,'O(~'rv""tot.-\r'?;S\..OO''t
I'S\'0')1S'S\bt'C'(.-aot.S'ltbl00'00\-

.,S'!\~'l.\11:.s'~JILI~IS'LI~\Sl.\C)'+IOOlj\f"J
0'91L6'bl.s'S'LI0)\.s.~-\~0.$'0''''f\,
ti'L\,.,~'bl.5.~COllII~'SI..$·~I0)SLIO'+
")'0)1C'J~'1>\.s'S-VI-tt.s~IeIOQ't;0:t

--Cl~'>~t·"'"---VI.5't'tO'-+
-LI-----0.5'1.0'+

-L\I-----51.:t..o't-
-0)\.....s.~\-----00£0'+

\'£'t.5'LI..s'et"E/~.'bt:?>'O~~'~..5.,'1:.o,s.oo'-~
q,,,-r;~l~.5'~"t.s'~S!>'tt)o~.s'leS"tOO'-r<
'17'£"(,ft..s·~t1..t.o~!>'o£i.'~~~£."i'~'i(R1(
~'£"tbls"!!:l'Y'(S'L't~'O£.~'1..<t..s'l~.5too'+--

o·\:t:i'b8'"t."t,cc-'ortl,its~~.s'!tt5I£.O,SOO'+D,.J
O~'~-Z;o"t.l:S'~,:,i'5"'t-f.'~S'8t.5'/'i..~:..lSL,c:>o'+.L(fl

•!"to't!<t,.'b\s'.s-t1-S'.,5'tL,l.g'Lt:.t,'!fl.5'\00\0'+r'l
B·~'t.~'cx.s'-vc,t'-1'!.f.'-rt,.~'Lt.~'O;,()~.5't.\O'+ao~~I/L~
I't"tt.'rt~'{."(~-s'.s-t.~."'n:.1rt.0OSI0'+f\'TJz:.0
"~~S'rt5'~S'"('C.-\1't...5'.s-t.~'ort5~.51..\0'+~.

O)''!-t~'9'!.r:~11S·)-t.loS'!.'!.£'£t,~:"')'t5t'~oO"tO'-+~~
")'"t.'L"1:';:J'.....'"~.!Q'{,B'O't.f.'\'(,~'£"C.-b't..s"t-Z0'+6~
~'C){..I>'r.5"''"blB'!11,S'ot.,'''t-('.5'1..."'t.0.5L.O'+fI

b'en.r,'.5w~,~\.5',1,)lO(..O"'LSL"tO'~-(/'\
..5'O'V!>'I"'t..5rt.5'L.'8\.s'1.>\:l'b\01Joo~o"-+0~
\.~'t.l.4v-z,E.'-rt,o~It.'bot,S'ES'h..OSoO'-~'rJ'
O'i.'Z.\-trt!''''rt,S'L'tClE,S'c.~of,,S'I.90'-tJ1
0'\1;S'81'i't.,'t.S'?;£'b"t.~oV't:,L"r.~l~'(f

OS'11\".s'~,1~',",~b"t.O£.s'l£''t'&.S'~'"Sf,oQ'+;-J
V'"tt...5'l..,\CC:t)'S"tL.."tL"..o£S"O!iOl;l';'1

"t.'t1..'1!ni't-t.~'.,-r.~'L,-c.8'L1.,c..-t,0;..51..00'+1
\'.vt,cc,'O't.~'~!t~'t.5'~..s'~S'~~5I00\0';'

O)~'~8'~f>'lrc.,S'.5't8'L,1.~'Lt.~'bt.S'IES't.IO'+OS)1't1/-3
~'~\Gl)1L,\\",\1..\~\$'~'0.,5\0'+1(l

'~\C1)\r,cal's'b'6'bl£'"t;"0';.,.s~'O"'1

-v'0)\LS'st.1>'~~05'0')\~':,t..001.0~

COl'C)11..5'''11\S'C)i.lL\S'C)OJ..s1."t.o~

'C)t.\..\S·~\0)\L\0>\.,Q5'to,+
~'l..\L.\E'l\'6\.1\.5'L\~SL't.O+
C1):Jli..s~?>'!.ll_~'?>l~~\--S'J'b\b\OQ~O'~

'3"\t110017100£LoQ0~~001~O~h~~l~~i 'S~Cl\,('I,<::>'S::1~~"-""'dli",~I
-'-J,..""-...,0~~aI

3(l

J
~

·.w~~o.noT~A~oJ

19ntwAaOl~nt08GRea.~8A-CUlt81Cl".

(6



94

•

Table If - (Oont. )-

~ ~ \1/

t~
Fo~,-

R E:5oL-u\~a ~Si 1
1'L.A1'ol€

i -j.rY POC;l~OrJ
0 0

'.J ~ cJIif1 I/Wtou.l 5° 10° ISO 20° 30° 40° Avfi:,
+.a~oo - - - \'1 \<D -
i':,Ol" S" - - - - \'1 \<.0 -
~o)..S"'o - 14- \4 14.15 I (g.;" ~ -

1+.0'11$ - - - 14!~ IA.S' \1.S' lb.;- -
",",0').00 4- I~.S" IS l~ \0 \1.S IS,C;- ~.~
:-hO\"T~ 5 ,5' )·S,S- .~ id. '!> 1% \~ I~.<&

~/~., ~
-+.O\s;t) ~ \~.< \'1 \~ S I~ \'1.'5 IS~ l'1.Co

~ +,011.-S" \~ \'1 \1.S" \,.,. ~ \'-'.S" n.s \15 <0.1
rJ +.0\00 l~ \'1 IQ. \'1.~ .I~ \9 \5.5 \'l.~

00, 0 +.oo"7~ '2.0 ~o ICl \~.C> 'l\ \ If..lb \S.S" 1~.1-- +:005"0 1).\ .~ ""1.0")..S' ')..0 \q let \' IS \.,. \I
1I1 0- ~00'1,.c;" "l..~.r:; 14- '2.'l..~ 1.1 U) lb.> Ii .$ \'1.'"

I 0 ~'I(I~ 14- ~ 1..'3,'3 ')o.l2, 'U'.l •c2 l~ \~ .S" \~.Oc" ~ -.00'.l.5' ,..t1 u:; ~1/ ")t). , 100.5" 18 I",. \'1.'
~. ,

'j.~." ~I" VY 1~.5" 11o.~ ICD.c.
~

-.C;)oSo ').)..S \' 10-

~
-+ O?,QO I~ ~., \., .c:o- ICaS \CU \C ~ I~.l

tJ "-CL"" It{ lG 1f6 ,~ .S" n's" ,q 11'1 I to,

~ - +.o'),t;o ~ '),D.~ I~ I 19 '>no ~ ~,~ IG •• ~
I I+.o').).$" 21 U ~q, 5' I' ,S" ~.~ ')..1.3 \"ls I(~,<o

r:- Lt
I+.0 '").() 0 \c::j \'I. 5" :kl.~ \G.5' \~ .S" 'l.l.3 \r .S ,er.S'-I uJ 1+.0 ,'1S- "2..'t 1.-\ .~ ......'}.. ?C,~ lq.~ 'l.I.g ~ .1- 100.4-::J. 0.-

!~/ll, +.01'5"0 '2.~.s 1k,'o ').-'.; 'V'), S" ').)..9- 'l.'\..~ 1"1 ~8)'J y~
~

+.on~ ,.~,5" M,& ~.~ ?-3.~ ~ ~.Ci \'1.S ~,'1
,

+.0100 '2-ca, S- ~'1 ~s: S"" ;2r')..~ 1.')..- ")..1 \'1 ?-CA·
~,oo'7S' 00 'l~.S' 2-Co. "3 14.i ?4-.~ 'M.~ I(,·S ~.o

"""oo':ro 30 u.~ 2.'1 1.4- ')..~ j..).-' , S:S- '1.ll /1
+.00).;- -'.q. S' 2-'1.~ 1.1.g l.b.'i U :n.5' lb.; 'laO ..
~ 'J( \"

'": 0 1.'7 2-C;;,'5' 'l.'3.i ')."3 ')..}.o- Ib )C,b
-.OO"'}..~ ~\, 5' ')..5.'5" 1,,'1 Cl 2'1 ~~g ~,'3 \4-.;- '}(). ,..
-.oO~O 1.-'1 ~" ')..(,3 'J.~S- JA-,ljl '23 4- z-t,Q

• ax1mum Valu a ot .olution

Calculation of Correotion.-
Zero Po.ition of Focal Kioromettir •• - • - - - - - - .. - .O.~86

Di8~ce to Plane of Visual Foou. - - - - - - - - - - - - -O.O2~

Position ot beat On-Axi. Fooul (CaRera - ---- ... -- +O.S6S
D1.tauoe trom Wating Surtaoe ot Mag.line - - ... -- .,..

, J

to Fooal Plane - - - . - ---- -- - - - - - -.... -O.S58
Correotion '1 - - - - ------.---- - - -- ~ - -0.005
Correotion 12 - - - - - - . - --- - -- - - - - --- +0.005

Total Corr otion - - - -- - .. 0



~
tv
(

t..c
-D
ell

'5\--vID)\---cJi\fa\Mh\en.oS'oo'-l
''V..s'£\"'V\s's-S'''l\S'L\..s'S\cal'£"t.00'-

::l~-V1..51l)\.\l.s'~O't.CK.S'X~
03-V5"VIl:I'f~"b:..5"8\O"t.5too'+

.1\'OJ'..Iv~\L\b\~'01~.'t-(,.$'''(.-t.0.$00'+

~.to..s'i\SI51.s"~\L\..sl..~o'-+

'"\'~\-'v\,.S·ce..s'-v,OJ\.$'''\L\0010'+00/I' r~'.5.s''V\.5'~\.5'Oj\!»'L\S'b\£..\~o-e.$1:10'+K£'/t ~I"ttl-VI..5'~\.,S·--tlCl)\'b'O(Ot,0$'0'+
__-_-1..5'SI.s'~\.."~I..'o'+

___--0,\~\OJoo"to'+

-----I.-S'-;'\LS"V\S15"li.O'+

------...sI.sIa.5"t0'+..J
-----~\-V..51.:tO'-\-:?

-~''''I-----STOO~Q'+"'0'J(
O'LI..s'S\S'O)\.s'~\o"t,"'O'to$'0(,b\QSoo'-(TI.!-
L'"..,1.5'''11~1~'\'1:0~""t~..'t-t.s'ot.~oo'-:D-J

175~I0)1bO'V!>'~..s'rt<>t.')1X'.;i101
t'l..oSl~'~I$\S'cal.s'~oS'S'o'tS"'too'-\--

i-fr'SI£,(\.51.s''').s.'SIl.s'ot.!>'b\~·dt0500'-+rvIz. :.S'~"tS'LI\'1;,.q.'E.'C.i-Vt.&~L-c..51..00'+Z0
i.'l.\S'S/.5'''11j,l...s'~\"t1....5·S'tS~'t0°10';'0

•L,'~\~~'~\..s'O"t£'(1.Ci.'~'(.&+t.I..."t.$1.10'+OOIJ"'/~~
..s'o..,15'.51S'~I~')I1..5'''-r...!i',S't-1,:"OSIO'+II0>
~:S'~IS~\S'~IS't,1O't."'t."t'.p~51..\0'",,"0
t.'o,StJl0)1,S'!,\..s'~1..5'~"'(,.5'.5t'S'~""oO't.o·+-r fl'!L\~t,\e.'b~'otl..t,SL~l.s~lI..S"1:t,o,\--

o'~~'-alS:51<co'b$''''C1rt-\:f't.5'&OSt,o'+0
0'+1-VI-\1'1.515'MS'b\'i'oe\"t.SL'to';.~

lLliAl~~~~'~t'~"t.1......OOiO'+

")'hi~5'~1S'If,~'t~.~~1>''t,::J'''t''tosoO'-
..y'\.,t.~,.s'\"&'~.s'S't~~t~S"t-oO'-

'oJ'l5'S,S'1..t1~''t"("~'1ft"'v't<t~s.s,-s,"'',;\
.,.11..5'"S'L\~..s"t."t""t't-..$''t't~':»'Sl.OO·+
I./~\L\S'!li't~'''t''T.,""at~'t:.osoo'+

·.I'C.'toS'blA'c>t~'''t1.&~5'.!t~'L,;t.S'~~.51.00·...,.

~'L\51L\S'SIS''(.'f.~:G\'t.-W't.S'1."t0010'+

~'bl1I1,\6'01:,~.(,'(.~r.t.'~lii,S't1O'+loS/tI"\/~
o'blS·otli'al~IO"t"""'"oob'tb'-vt,~1..OSIO'+

I'"$151..\e'ot.~v&''\1'll/tL"'tSt..ID'+
t'ID)l~Iat~"'t,S',S'tt:~t-"\it.~Q"t.o·'T

0'IS'SISo'BIS'8\;"It,5'1'"~.'\"t.~'t,S1,:'lO'+
+':.,1qlL,,\S'I.JI8'bli..it-~''t''(..S'S"t.OS1.O'+
~'brs'!,!8')1Q't~'-c"tS'S't,9'8"t.0i.s.l.-to·.;.
~'Ll0)\~\S"U'vt!>''t'(,ij''''vt.5'S'tOO"-O~

·1-- ot~f'l/1l/1f o~ou..\~041-

S1'lOh_C'-W"~C!-~~~~B~tf~
•IU8IlIl'80mO'pWA.l0J

ont'QAtIOnnto98Ho.5j...rlilAV•Ott0lq..~

S6



T ble 1112. - (Cont.)

\'5" lll.lb 5.0
\ '5" IS" 'S. 0

/t...S' l~ "\.0

300 40° AvlO:'.

II.D s \lo.4
I~ \3 4:Cl
14. '5" 14 5" '2.
\(e \3 S-- lb

\'1 to '" q •\(., n. S- It

\' ISS \<0.'
IS'.S" \4-.C; l~.

1~.5" 1<::: 10.'
'S- \4- ~.~

It." I Ilo- ,"'.

ltD \"5" for-
11 115" ,r .j.,

,~,S' I" l~ Y,'Y
II: 1~.3 It..~ COI_

I.B 1.1 I 4-. 'S" .S'
I..C;- I~S' 1+ f#.'
\'1 IS-,S" -\ s.g

1'1 , ltD \'3 OS 1~ -;
l~,~ 1<0 ,~ IIc.·o

\~
I ,'5

b
\1
\Ci.g
11
\1
Itl
I~.~

1\4
\'"

K

\'1 \f1.s 14 \'1:3

\4-.'5"
15

14.5"

mum Valu. of .olution•

+.01.')0 'lo \'.S- \'1 15.s-

t.(Y?>oo '" \ b \ (P 1'5"
+.01.1S 17 \'1 IS:S" \4.S'"

c.J I" +.015"0 'l.S"5' ").~.~ /q.'5" 111.-;
o V/-.3 ~o ~011.S '2.-1.;- ~.~ \~.s 11o.S'
1"+.0100 ')...').,5" 'l-V~ l'l.$' 11 S-
a- +.oO~" '2\ 1-4.~ ~\ 5' ,q.~

I 0 +.oo~ 2'1 ~l.l, ~ ~\. 0; ~ .~

C'.l ('0 +.oo"}..~ 'l'5'.~ 23.3 ~\.~

~ 0 Ax,s "l.o 1-)'.c;" \'1 c:;
. Z -.OO1-~ 'l'}..S ?J.'5" '1D,i

-1 c.J ......005"0 ';2..0 ').-1- 'l-o
- !+.o:'oo '11 J..'l..~ \q.'S

CO I !-\-.01-'1 S 7.5",~ 'l....3 t?-Vi '10.5s: ~ o+-.o'l-517 'l..~,S ~'1..~ \~ 5 ':u.."
)J. UJ "'.0 ')."l.? '2,<. OS" ').~ ').'V ')0,g

~ +.0').00 7.$: 5"" 2..'"3.~ ~.S'" ICY,s-
I+.0 \'1 S" ')..'1 '2.4.. '2.4-.9, "2.'1., $"r- 1"/. tJ +.O\SC '2Ar 'lA-.e> '2.~.~ 'l.1-.3

rrll. I~o +.Ol)'~ 'l.S,C:; ··L'2..·-- ')..q.- l'i
+.0100 '2..1 ~\.-:: \~.'5 It.:{

Caloulation of Corr.otioOA- - ----,

z'ero POlition of FoofAl Wicrometer - - - - - - - - - - - -
Distanoe to lane of Vilusl OOUI - - - - - - - • - - - 
Polit10n of Be.t On-Axi. POOUI ~amera)- - - - - - - - - 
Dlltanee trom Wating urtao. of Wagazi

to Focal lane - - - ~ ~ - - - - - • - • - • - - - - 
Correc~1on 1 - - - - ~ - - - - - - - - - - - - - ~ - • 
Correo't1on 2 - - - - - - - - - - - - - - - - - - - - ..

Total Corr otlan - - - - - • -

• 8a
-0.018,
+O.MS

-0.368o
..0.006
;00006



91

f bI - POlitions of Fooua tor Opt R aolution
in VarloUI C r I.

~
\.Jl JJl t (J'S

~ t~
"7

~OSl\\ON. l;)~ Fo~~~ r;J.. f gN & ~ ~~ ~'" OV1'\~uM t~l:aoUJi\QHu> ~ WIlJ
~ ~ \fl

~ J~ I~ jtL Ul J (}v4: t: ~ 2: ..::- 1..hJ(D~t:;.~ ~~C'E.t><:J

~ 11(0 '/;-t> ~\'4- " -to,OO$!)"
/I

+D.OOSO

~/Ito '//00 ij •
t:- eo ~~.'/.... 0 -O.O01-~ --O.OO1-C;-
...!) 0

~11.rJ/"3(0 - Yioo \'1.:, ~')(\~ P\ '" ~ So/ 0
J:- crdJ a ~/fo.3 '(1.00 l'l,'3 " If- cf\ 0 -\-0.00'1 S"' +0,00'7 s-f ,

~/t"" 1/~t;)o
,.

"7- ~\.'l 0 -to.COIS- +0.00'1S"
0

Z P\\lE:~ ~c.c:- "tot. iIv~~OC, ~..,.
1/

l,-oN - -to. 004-

Illo Ic;-o .l4.'5"
II

"0 -+0, aOl-S"" +o.oo1..~

r-
~ ~/I{P '!fOb 9.":3,<1

I, "0 +0.0\00 +0.0\ 00lfJ
0 1---.

OJ
~/~·3 '/to'o

I II- I<6.~ 0 +0,0\1,,5"" +0.0\ "2---r;;-
~

I

cr; • • If

I ~ICc,'3 'I?oo (~,2. 0 +o.oo7r; +0.00'1 S-
~ rn
~

Sfll~ "
,.

c '/'l.oO 1-1,.0 0 O,oot.-S"' -fo,oo~
0 1-L-

~ r;t, ~eu..; So Vo\ ,,-r- •~ f..c~ -' +0.007

Ii!o 1/ 0 ~,?:> " -+ o,oo'1S" 0.001,..«; "1JJ . o,ooS

a- cJ ~/I~ \11 00 \<6.1 f).ooS" +0.0\"5'1 ~o,oc'lS""

<T 0- ~/(p,'3 ';100~ I \to. \ O.Oo~·' 40,005'0" ~)(\s
I (J

cJ 0 --\/(0.'3 I/~o ,'\. '1 D,Qo';-"
I,

~',(\';r<' +o,ooS"O
<t . I, II. " if/ICc I/~ou \9.0 Q.ooS;" +0,0\'1 r:; 4-0.0\1..C;-
0 £2 'I

f\\JE~ ~ ~oc.. ~s oc,\\ \oN. - +0.D05



98

:NDIX 'B"

GRAPHS

Graph

1 Linea of 00nstant light quantity............................ 9

2 Effect of' lenli utigmatiam at poai tiOnil along di gonal...... 100

3 Relation between aperture and divereencea of radial and
tangential reaolution.................................... 101

4 R solution-light qu~tity curves for various c,~er~i........ 102

5 Characteristio resolution curvea •••••••.•••••••••.•••.•.•••• 106

6 Charaoteristic curves for high-resolution combination •••••• 1 7

7 Com osite maximum resolution curves for various
aperture a • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• ••• 109

8 Effect of filter on maximum resolution curves ••••• II........ 110

9 'ff ot of hutter speed on maximum reaolution curves •••••••• 111

10 Res lution valuea for aelected poaitions of focus ••••••••••• 112

11 B at position of foous for optimum r solution••••••••••••••• 114



_
.,

-
-
-
~
-
-
-
-

'
fj

-
•

.
1

-
-
II
..

99

o



r -----;,
r

Ifr
I

:
1_

t
•

•
_

.
'
.
_

_
.1-

I
I

I
I

III

-.

r

l...-_
-.:..._

_
J
.
.
_

-
._

'-

.,I
II)

~..J:
~

l...·'\~
,
~

I
i

_
_

.
1

-
_

_



iI..I III
-.

II
-

•.
I,

101

-...
(()-

"1"1I T
.-

1

(C
'\.Ii

_
I

~~

I
-

-,II

,
,

1 -
~

'('1
.-

I;;;

l
'

..-
.-

.....-

.--IIi

__
,_l

-----l

I-
_

,
I

~I'fI

.
-
.-

-----
,:

i
.~-.'-,

I
I

I
I

"
,

t-..
-
~-_:-

-!'
0

0i--,---''''1
I

'

!
~

,

!--
-
I
-
~

1 I_
I

.j

,
.

_
.1

.

1I
•

I

.-r--'.-----.-
-1--

-

I
:'

I
"

I
.

I
.

1..

~il)

.J2r-~
I

'
!

~
,

4
'

.
!

a
I

'
I

;-
-.p

t
--,-

-~-_.
-_..;-----)--

,~I
I
I

II-

I
j-

,

~
,

.
-
~
~
-
-
-

II,iii---,
I





2
_

4
••..I



-;----+
,

1

-'~!:f==
.
~
-


_
_

.
J
-
J
~
~

-
r
-
o

f
-
-

I.

"CJ

... _I

-
I

i__

G_5_4
_

-l

3
•.

2.•.

1.
-

2



,,-
..-

-:z
.

0~
OJ

~
I
~
~

..9
(:P

:l.J
d·

d
·

0
~

0=
~

0V
'
-
-
<

:
'1

-
-
-

bI
o

.l

!
I

I1
I

•

I
tI

I
~

I

I
I

I
cs:l

I

t
L

I
I

i
.

I
Y

I
II

Vt
I

I

I:
I

,
~

t
I

I
I

I
I

I
!

-
I

---
~
-

--
--

-_.--,
III

"0
\i\

0
\1\

o
~

")
c

r:.
Iro

~
o

~

J
("l

iJ
~

~
.-

0
0

C
d

o
'!

lJ..
0

OJ
ci

0
0

0
..,..

.....
~

-+-
....

-t

I

I
II

I

0
0

-
.

.
(
t
)
r
-

-
-

-
-

r
-
-
·

1
0

5.
,

V
'

o~o.,;
0

•
~
I

J~_
'0o\Jl

oooo
I



.1

•o

.
,IIIII

-

II"i
I
.

I
L

-
r
-
j-

I
I

I
-

I~
~_i.

:
II

;

I

,•
I

"'2~
.;t'"'rn

-
0

..9
~

a)
Iai

(fi
'"

(jJ
;j,-.-..--"

"
"
'---

J

:i
:'1.1

lj,J]
I:

.'
I

I
II

'.
1

'-
I

:
I

.AJ:~~,\,
J

t"'!
0

'"
'/

r'
.)

rl
~
_
~
'
t
.
"
-

o
o·

Q
~

0
u..

0
-
~

<>
""1

106

I~
I

...~_L
:_J



1

oo

1
'"

I
.
•

1
0

7
---1

•

•..
t

•
-

I
,

i
I

-.
'I

i-

-\
_

'_
l

D

;
I

-;--I:-"r~'.
I
~. o

-
I

J:.
'I

.,.I
,

~
-
-
-
-
1

I
.,.-

-
..

r

I
.
-

I
-
-
.-

-
-

.-
-
-

...J.---..--
!

I

•
I

I-
•

I
-,II

~
-
~
-
-
-

II

,-
t
-

_
..

•
•

i
I

•
I

!__I_
.._

,1
'--

I
-\

.~
VJ

V~'!l
Ii)

~-
-

,oCS~a

I
I

I
'
I

L
.

_
.1

_
.•_

_
._

.
_

-
-
-

--
-_.-

If '
•.I

I

_-~--j
-t-.

I

~
~.

.i
I

.
'T

I'
.-

!.
.

I
•

l
l
.
.
.
-
~
.
.
L
-
.
.
.
.
L
-
:
.
-
"
-
-
~
-
-
-

.
-

I+.
-

!I
I'

I
II

.,c

J
I:

:
I'

()
I

I
'

I
J:I

I
'

t,c

i
_

J
i:<,!;,-II

i
J

:-;<
1,1,

!
-
fJ,

I
-t-_·

r
•

-
0

-
-_

.-
0

-

I
~

oJ\
0

'"
0

\II
I

0
I

....
1'::

?
0

\Ii
rJ

I
0

v
'

I
3

J
C()

~
rl

('1,
I"'i

~
!J.

o
c
O

O
D

0
0

I,
_
~

u.-
d

d
,

0
0

0
"

~
4-

+
t"

-t'
f-

....

Ir



aG~o0
'

,-
,

108

II

'1
1

-
,

....i .
-
/
~
G
;
e

~
~
~

.
/
/

I
.
'
~
/

,

.f;Y
-

-..
,

/"....,,/
"(7

?
,h

I
•
•
~

r
I

I

I:
)1

-.9.
~I

~
4

\\l

_.~
'P

\
}

.

~
~

~
.,

,
W

i
.~

~l
~!

§:
?

-
~
i

lJ..'
Jl

:j I"
~;il~

~
~

,I

1'Jo'--'-ri\O~~(i
1,I

,.
..-,

IIIII
.

IIII
:

I
,

'I
.

I
,

7o~':)

.>oIII
---I....

I
PJ'

,
I

I
~'

I
'"

~
.
;

I
-;f;.

fl -
~
t
.
·

i--~
r
'

-I
j

!-Jw----.,
~

:
,
7

I
I

d
,

II
I

-
,

i
'
~

i
I

i:.//
I.

t'
1

-
I

)7:
I
~
!

'Iy
:

I
;

rJ
_~

_.1.__.~--T
)'

I
:

L__
I,

!
I

/1
.

I

f.:
~i

-
I

II
-
;lX

i'
,

!
,:0

.:'.-_1':';:1'__~,_J_,
I

..J,
!

.;
of';

fJ

.~~.
t
-

i
tJ

l(

I
.;.,;

;
1:+

,
,

III
)
1

J
'

i.
,

,:"
-

,
-
~
.

-
-
'

-0
---

~'"
'
i

~I'
~

't
h

.
'

+
-;i'~<:.:-.t--_.:

,--r-ftINw./
1 )

"',.....
Iill

" '.",
I'"

i'
'i

/
I
.
.
.
-
.
.
-
"
-
-
-
"
-
-
_

.........._
_

~I_
_

._
1

-
I

I



1
0

9
l

I
I

~1-
L

I

sl

I
I

I
I

,
I

I
II

I
0

,
-I

-~
-

I
,

I

I
I

r
.:I

:
t

.I:
-

I
.

II

r
-
T
~
'

I
«l~

IJI-
...-

I
~

~
!

00

I
-----or

L
I

,
..

I
--T

-"

•.
1

f
'
-
r
-
-
r
-
-
~
-
-
-
-
-
r
-
-

I
I

l
:

I
I

J



1
1

0ootto oooo
-e

II--
II

-.J
f-

''2o
.._-;tilP:

-
-
I

-

~Ii

_
_

_
_

_
_

_
_

_
I

t!-
-

-

,
_..

-
.-

-
r
-
-
-
-
I
I
-
-
+

-
-
-
+

-
-
+

-
-
-
n

-
-
-
-
-
t

I
~.

-
;



_._._~_
~_I-.--+'l_+

I.-.....L
.

I.I

...-.
!

-
I

-
-
IT

<
-
.
-
.
.
-
-
-
-
-
-
-
.
-
-
-
-
-
-
-
-
~
_
r

"
,

I
I,.:

f
I

I

-
-
L

.
-
I
-
-
i

.
l-

-
r
-
t I-f-:--l-

•
I

•
t

II
W

;.
L

::I

ZJ
)

-
-
r
-
-
:
:
:
,
-
-
-
+
.
~-

-0
I
-
-
+
~

--t'J1~

1-1JJ
~

.
I

0i
I

C:-
I

W
-

I··
.'%

i
..J.

-
-
,
-
I
-
·
-
~
·

~
:>

.1

1
,
Q
~
.
-

..1
I

'1
-.--

--
_

....,-
-"

'-."
~

,
I

..J;
"'1

I
.-

-1
i/

-
I

>-'

.J.
I

lJJI



o0
'
~o\/\

N
II

-
-I,

Q
I

01

I
'

I1
'

•

I
:

..J
-t

~~
"

4:.
-P~LI:19

.....
,.,j'

0

I
.

I
'

I,I1

I
-
-
-
-
_

.-

.'

j
I

I
.!

..

•
1

..

I~1
- ,

I
-

~-_..
-

III),

'.
I,I

""r- \;

1'\",I
.

I
,

"

\
",

.-
-

-
-

I

I~
r~-

1
•

~
~

.>!
,
~

4
J
~
-
~

I
I

"
i

I-I....
I

I
-

i .
~

---
e-

.
1\

".

..
--!--

-
-

r
-
-

~
-r

-
-
-
i"

-
1

-
1

_
_

.
r
-

....... 1
1

1

:

_
.......

,
I\l)

u1
"j-

---,r---t---
0

):I:
O

!

I1-
-

.
,"

III
..

I
~

I
~

I ~
-

:;l.

U
'

I,
•

o
j

~cJ
I

~
I

~

~.~~-d
..r"?

'
~



1
1

2

tt
IIII


I II

(l
•

.D

«I\JI-- o~II-1o
I

--t------
-....

0
I

I
('f).

1
J«'1

I
J

._,-----r:>~2.3
.,

_
_

_
_

4
,I

,
-

_....-
_.

-
-
-

II
.

~
~

~
--

..----
iI·I

J1
\

..
'

.
1

II

I
I

~

/
I

I
I

•
_

.,
_

,
.
.
.
-
.
_

..l.....-.

....I

1
·

I!

Ir-

I
J.

-
-e>

e
I

I
"',

I
II

I
.

I
:

.
V1

·
t

.
I

I
J

•
l

I
~

I
I
.
,

I
J

1
..

'
J

.,-~
~

!:
l

I
a.

~
-i

:.
.'

I

.
_
~
_
~
_
.

~_II
.,

...9
I

'
:
/

~
4

'
I

.'
~~

.!
,:{,1,;.:

"
f

R
,

'
V

'f
:

I
I

~,
:I"j'

-~,
4

-
t

i-.~
-

-
-

.
r

--
(>-

"
,

.
-

\~
(

/'\
',.-

I
•
'
.
'
:

I
I

I
oJ

I
'

~._~:-
.~-+-~

'-i.
-~-.-~-Ji-

I
J

'
'
u

)
'
:
J

'
:'II

I
"'I

Id;
J.,I

>
~'J'II

:
-

-
J

r
-

I
'

~_ '
.

;
•
•
•

I
I
-
;:

..
I

I
,
I

I

,
~
.

--+--+--~l
~
~
~

T
"

-
I

:
-
-
-
~

I
..:_

L

I '.
I

I
I
,

I
--,-.-.r

I
•

\
-

-
-
:
-
.-~

-
-
:

I
/~~1-

'
I

,
.1

;
I

II.~
.~

1
/'

:\
I

I
)

.
1\

--r---r----
-

-
-1-

e
j

-
I)

I~
:

I
I

I
I

II
'.

/
I

•
I

I
I

I,.'
~

_:~~'_'+-I
_

_
+

-
;.•~II_

,/J}'
~

rl
1

.
-
.

"
I

;
,

,,'1
!:

-~1/~'.
I

!'
~

...:..
•

1
_

'
4

_
,-,I

~
I
l!)

1
.1.,,;

1'"
1\.

;'
•

I
I

·,I
I

-
-
T

-
.

--
-T

T
':

-
.
~

:.i\
.

I,'
...

I-
.

,
I

.
;
.'j;

:
I

I;~
'/

:
...,-.r'''-

~'-l:-----r-','t
~

1
I

-~
-

-
-

-

--i~-l
i
~
(
:

tL
/s

~:,i,..~-p-~~s"C!J
1

I
i
i
i
'

I
I

I
I

_
_

J._
_

-1.
.J

1-_

Ir-
III



o
II

aot<
)I

1
1

3
l

JI-
-fA

I
I
~tjLC

----
_

.•I

o

..JYJJo
0

---P
'r-

2
1

H
','j

cJ4
:
~

0

----

I1
~
.
_

_

,
..

\

I.
,-I

I

I·.
II

r
i
-
I

-
I

I
•

_.-J
--------I oo

I
;

1
-:.

i
.

~
__!-__

.1
_~I

·1
I

I
I

1
,

·'1
·

i
--'-1-:+

-.
..

t

,
~
-

-
I

.
I

I
~

-,I

.II

,
I

-
-
-
!

--
i'-

I,I.,,
'-

-
I

I

,,
-
t-

••

I
"•
~

l>-

I

l
~

_
I

I

I
I

,
J

I-
II

'-'
rt

,-
I,

I
'

_
_

,
I

;

J
I

o
,

$
1

l-
-

'r
I

rJl

,-

-
-

J'~v

I
I

I
--~.-l

~
I
'

I
~
'
W
W

to:,
I·

!,-
I

\
-
-
~
.
l
~
_
_
'
__

_
~

._
J

_...
_

,--
!-

II-I..
IIIr-



§-I

+

.JI..-i..
4

'J.f:.J~Q<:>

IIIIIIiI1-jI

-
-....-.-

-
-...,.-

-
.
,
-
.

-
-
-
.

-
-
~
~
~
-

.1

........-
-
-
-
-

-
1

......
_

I:-I

J..I

.II

-
I

/'"
!

~-
~.

~0


<!do
-u

r
-

I

or-1-_'
_

_

'*"<:)
I,

-
-
I

-
.

-
1--

.
\

I

II

ctI

j
!~'1

_I

.I
i

1
.-..J

--....I.1
_

_
-
'-

-
-
-
-
.J

-
_

_
-
L

.



115
------r

-...

I1
Q

.J

X
I

d
~

c
~

~
Q

-
-

..
I

I
'I

I
I

--I
1-,-

I
.
~

/
'
5
~
~
"
\
\1

~
'"\

y
:
~
(
\
~
~
~
3
1
\
"
'
l

____l_
I

1
I

.
-
-
-

.
.

.
I

I----·-1·---.
_

_
-
.
1

I
0

..
I

...\';:.
I

l
.

_.j
I

.I
~I

I
f

-
,

@
;'

<3'
I

I

~1
!

I

-f--
Ir-

I

..
I

.
J

!
I

.'I
-

t·
I

~
~

~

-1--
<il

"1-
0.-

-
0

...J
r

..
--

J
,fl

e!
.
/

I
I

~
)t

,_.
-

1
-

4::J
\£

_
._

L
-

.-_.-
~

-.
~

I.
0

J
f

,
/

+

I
~

I
IJ

I
fj

I.
~

I
l

CD
I

I
j

I

•
I

J
I

-
t

I
-1

•
0

----
...
-
-

00....

1
II'

Q
)

f(]
wU

f)
-j

~
d:

j
I

-
~
-
~
-

I
J

+
I

P
I

----
-
-

~
-

!
-

~
I

..-
t

-
r
-

"

S
C

",",C
:j

....~t"I')
1

-
-

I
-

I
I,

1
-----,---

I
J

II



116

BIBLIOGRAPHY

1. Howlett, Dr. L. B. Photography for survey purposes. Photogr~

met~o Eneineering, Vol. XIV, No.3, September, 1948, pp. 340-343.

2. Peatr OOV. Dr. K. Resolving power of photographio lenses.
P.hotogr~netric Engineering, Vol. XIII, No.1, arch, 1947, pp. 64
85.



VITA

Robert Greig Livingston wa~ born on May 17, 1914, at DeCamp, 0.,

th son of Dr. and Mrs. Archibald • Livineston. Hia early eduoation

waa received in the public achools of Jefferaon and st. Louis Counties,

Missouri. Be entered the Missouri School of Minea and etallurgy in

1935, and graduated in May, 1939, with a Bachelor of Soience degree in

Civil Engineering.

Upon graduation, he acoepted empl~ent with the St. Louis South

wcutern Railway Company. For lmOlilt two yeaTi, he worked under the

division engineer of the railroad at Pine Bluff, k.

Early in 1941, he entered active milita~ service as a aecond

li utenant with the 30th Engineer Topographic B ttalion, at Fort

Belvoir, Va. In the oourae of the next two years with thia unit h

became one of the company corr~~derlil.

He then activated nd took overseas Headquarters Company, 660th

E gineer Topographic B ttalion. or the n xt 2 l/Z yeara, he was en

gaged in mapping oper tiona with thi. unit in the Europe Theater,

and finally waa separated from the rmy after five years of servio •

hortly after hi return from over eas, he ntered 'saouri ohool

of Mines for ~raduate work in hotogrMUl try; he received hi_ Ma ter 0

oienoe degree ih Civil Engineering in June, 1947.

He immediately entered Iowa State College for an additional year

of graduate work. During this time, he assumed part-time teaohing

duty in th partment of Civil Engin ering.

In June, 1948, h aoo pted a position for the summer term aa

Instructor of Photogr try in the College of eronautica, University

of Southern California.



UpC)Jl oompletion 0 this work, he entered go ernment service with

the Corps of Engineers as a re~earch photogramn~triit d assistant

b~ ~h chief in the Aerial Photogra hie Branoh, Engineer Research and

Develop nt Laboratories, Wright-Patterllon Air Force ue, Dayton,

Ohio.


	Field resolution tests with the Metrogon lens
	Recommended Citation

	001
	002
	003
	004
	005
	006
	007
	008
	009
	010
	011
	012
	013
	014
	015
	016
	017
	018
	019
	020
	021
	022
	023
	024
	025
	026
	027
	028
	029
	030
	031
	032
	033
	034
	035
	036
	037
	038
	039
	040
	041
	042
	043
	044
	045
	046
	047
	048
	049
	050
	051
	052
	053
	054
	055
	056
	057
	058
	059
	060
	061
	062
	063
	064
	065
	066
	067
	068
	069
	070
	071
	072
	073
	074
	075
	076
	077
	078
	079
	080
	081
	082
	083
	084
	085
	086
	087
	088
	089
	090
	091
	092
	093
	094
	095
	096
	097
	098
	099
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122

