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GENERAL STUJY OF ABRIAL PHOTOGRAPHIC INSTRUMENTATION

During the past seversl years there have deen significant
advances in ize design and mamufacture of large, high-performance
optical systeas for aeriil reconnzissance. Furthermore, fine-grain,

high-definition films have been made with sufficient sansitivity to

be used Wiin thess nev lenses. Accompanying these gains, a more

coaplete underatanding of imsge formation has made it possible to “

. . ., _"!
predict performance with reasonable precision and to design with A
asaurancs. *'“:‘

e

It seems verthwhile to ‘review-these advances in the :u'u-

af-the-ar: in i gereral and theoretical way. By this means the bnlc::.f.’\g.

physical limitations can be sorted ocut from those which represent

. .‘-’,‘

_our lavel of progress and uncerstanding and it will be possible to '

judze intalligently what aresas of concentrated effort will yield o -3

- «
. ">“ » p .

tas greatast advarzewent, : %

The charts which follow cover the highlights of a rather s

¢ .

S
Py e

Reneral but limited study of the instrumeatation for photographic.

T

reconnaissance. The study is general in that the optical, photo~ &

I_.'g

graphic, and mechanical psrameters are treatad in a fundawental F

uAy ana an optimus relasionship is obtained for a given set of - .. *,-‘

sonditicns. A limizaticn exists in tnat the only measure of output’:“;
. RS "‘.:i
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is angular and ground resclution to determine quai;ty and tota] . . -
coverage to measure quartity. To make the ruxbers more meaningfyl ' .
this outmut is recueatiy given in terms of ground rezolution and
coveraze {~om a sateliite at an altitude of 1230 n mi. though

this is rezirictive, the numbers can aasily be transposed and “Pli'ec;"g%_

to almost ary vehicle, . w";,
T+ must be realized that the area of study is guite oroad *\":

i.\",. -
and that many of the cetails are omitted for the sake of Gtrevity . .:::jvg

e

. M 4

anc generality. Alzzough the informstion given here {s representativy
b 3

the ouartizative resalts saould not be considered nighly awesise = .-

T

since smail deviations in the data incorporzted in the study 'hid to I

».,
:

be averaged in order to represent the general case. Furthermore, _;f;;,‘

a diffarent design pallosopny than that presented here can result

-‘

in vetter performance in certain irsas at the expense of poorer

..

2

- %,

performance in others. For example, tho emphasis will be placed _*

on good resoiution witih adequate coverage. 3ut if the coverage ' ”‘

is seversly reducad, the resolution can be further improved. _ "J,
From this point on, the text will expand upon the charts “,:;

that follow. e R

Chart 1 - Genersl Study of Camera Systems for Photographic- - - if

Aerial Reconnalssance.

A

S : -
The purvose of the study i3 to investigats the trade-offs among - ™ ..

the many ozraseters appiying o this field and to optimize the  _ "

photozrionic outpul far & ziven set of conditions. After this is ™

S8 Ay el
3 s"irﬂ' 3 oo,

2ona it is possivie to Jetermine what conditions must ba mat L0

ohtaln 3 xnoeiflad norformance level, and finaily, *he arexs of
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. which may yleld the greztest advances can be predicted. .
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The parameters and conditions ean be divided into t.h

categories. The {irst zre those which descride the natural N '-3,
limitations imposed by the sun, the atmosphere, the earth, and the :
wave nature of light. Although man has no control over these | : f:‘“
natural conditions, he has certain choices such as spectral regioh- -r;i’"
and time of day. o ;;f-
A second category contalns parametsrs which are umally '_‘;s
spacified to the designer of the camera system. The required - “

photographic output and vehicle characteristics fall in thig- ‘1“"'-'::1

. Lo, i
The thirxd group of parameters are those which are usually left to. ',

the choice of the czmera designer. OCbviously,.the distlueuqn ‘ﬁ .
betwesn the second and third caugoﬂes is not absolute tut _i ... _;‘}-.
giver. for convenience tc determine the trade-oifs that Oﬁ-st ";
between the camera sysiem, uhi.clc, and program "*qui‘enent.s. Fm-",
exanple, errors in venizle Mgular motion and position may be ‘

controllad adeguately oy the vehicle attitude control systn and

Zround tracking. oSut 47 the residual errors are out of bound.

S o

the camera system can inciude a V/H sensor. Those variables i.n ,e,

. {.
the hands of the camera sysiem designers are limited by t.ho suto-:'.'
of-the-art and 1t is this limitation that will be studied. to ...

Lt
EE I A
S e

determine an optizua solution for a given set of circumstances. N _‘
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Chart 2 (page 3) - Opiimum Spectra: Region for Aerial
Photography.

- These faciors which primarily influence the cholice of speziral

region are listed on the chart. They combine in such a way to
eliminate, for all but very special applications, the ultra
. violet below about 0.3 microns and tne infrared beyond about
' 0.9 alcrons. In the ultra violet,atmospheric transmission is the e

- prineinal deterrant Mt relatively low 3olar energy and iow scene

raflectance and contrast also reduce the desirability of this

region, Solar irradiance, atmospheric transmission, scene

o reflectarce and contrast all rise-quite rapidly in the region . :
above 9.) microns but are hardly adequate until 0.4 microns is , S
. ’ SR

reached. Beyond about 0.9 microns, inadequate photographic . . ’.i N

. sensitivity is accompanied by failirg solar engergy. Therefore tho'::': X

optimum region must ex's: somewhere between 0.4 and 0.9 microns.
-~ Since the avallable energv is a fundamental limitation
. it seems obvious to include as large a spectral region as ponibld. B
. However, the scens contrast changes character quite markedly bcyond -;"""'"

about 0.7 microns. This is due primarily but not solely to the

Bonesst .
e

Gy

nigh infrs red reflectivity of chlorophyl. In fact, it is pt.:ssltblc'
to reduce apparent scene contrast by combining a certain proport.ion' PR

. .
of visible and infrs red light. To avoid this, the visible and .

infra red snould De treated a3 separate regions although the . - ol

vy & ‘
.

' coa linw
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boundry between thea is not sharp.' The patuliar brightness
relationships in the scene viewed in the infra red make this
regior ideal for spécial purpose photography suck ss camouflisge
dezection. It is probably not acvisable to use 1n£‘:-a_ red Tor
generzl purpose photogrsphy since the diffraction of light and
the film sensizivity tend o reduce resoluticn in the iafrz red
coxpared with the visgible. Existing infra-red-sensitive lilms
ars more grainy taan sanchromatic films of the same ievel of
sensitive :f. An ideal situation is to use bath panchromatic .ru.'
for maxiwae resolution and infra red for special ’dot.octson."

in the visible region {aporoximately 0.5 to 0.7 microns)
the apoarent scene contrast rises [rom blue to red, This is due

+0 scerne reflectance as well as haze. 4As 3 result, it has gn :

tommon practice to eliminate the blue with 2 yellow filter, iyt '

tne declsion to eliminate the blue has been strongly influmnced

vttt —

=

by the inadequate coler correction of lenses comsonly used %in

- ..
-

aerial pnotography. It acpears to be inherenily wasteful to
eliminate the blue region where tha solar energy is at its &eak.
vhere photographic filmns zenerally have hl;h sensitivity and where

diffraction effects are minimised. Furthermore, the apparent gain

in scene contrast if the blue i3 eliminaited may not be oquiul.'qnt.tb' :q.;

a gain in information. The contrast is enhanced at the expenss
af eilminating nearly 51T the iizht T-om tn2z shadow reglons thch.
recaive thelr {ilnainstisa {rom the blue sky. Therefore, the

Stiher reatrist gives an apparnt increcse ln pletura sheminoss
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but not neccmrﬂy in information content.

Another potential gain, in addition to the eunini.ti;".. ".

= of the yellow filter, is an axtension of the rwd sensitivizy of
K , = aerial films. IZ this extension be kept small to aveid large
; changes in brightness relationships, there will be a modest but
“: __ useful incresse in available eneryy.
. For the remainder of this atu&y. it will be assumed
: = that as much of tne visidie spectrum will be used is the onticial ., . \_}
i corraction of the lens and the spectral sensitivity of the film 1
'3 - Chart 3 {page 2} - Altitude. )
’ i l__' It vas stated previously that the quantative results of this -, "t. 1
; r- study can be applied to almost any altitade and vehicle. ' The ‘ :-
: | L parannters associated with altitude are indicated very briarly m, .i,.
" ﬁ Chart 3. Larger coverage is obtained with an 1neruu 1n altit;ndo ' '
g L"’ but there is potentially oetter ~esolution at lower levels. For, - | “
‘ satellites g high al2itudes t.he‘ radiation belts become 3 hazza"s:qg _-
At altitudes much below 100 nautical miles, atmospheric drag - ;
:... reduces 1ife time, causes heating and, at very low levels, - - - .éf
turbulent air flow. A4lthough the graund resolution is potent.lal]..y;l_'-';?.;‘
i T higher at low altitudes, the camers must compensate for a higl;n.u;,‘ ::"
t velocity to height ratto, V/K, and resclution is endangered by L:‘_'“
: - tnage smoas. SRNST :
S . :" t’
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‘!'nn aircra £t region extends from t.he ground upward ta

about 20 miles. Above this sustaining lift hecomes dt"ﬂcu t to

achieve withou: a high velocity which can cause exlessive heating

and air turbulence. ' o *;
Therefore, there is a region between aircraft and - *:-"‘1_
satellite altitude which is difficult to exploit. Undoubredly o -:e?’
there is no sudstitute for getting close to the object in order ' *3?," '
‘to improve %he resolution and so, for this study, which is '?.
s'antad tovard satellites, an altitude of 200 nautical miles will ' ‘:
Shart & - Resolution vs Field Angle T ;é
The ievel of achievement in lens-design and manufacture 1; ) e x::

S Ll g
iniicated in Chart & where resolution (quality) is plotted against = 7
. Y ¢

fiuld angle (quantity). To provide a meaningful criteriom, the- ‘
quality is given in terms of angular reaclution of the le.ns plus E‘;
fila for the finest grain serial film available and for ‘a low " fl'
contrast (2:1) Mi)l Std chart. Perhaps a better understanding of ' »
angular resolation and field angle can be obtained from the . ' ?r .
additional coordinates giving ground resolution and coverage rom . “
100 miles,
Obviocusly, the cetier resolution is represented by n | , — %“
lower number on the chart. Consequently, the dirsction to -ov.: ‘:ﬁ
to obtain higher performance is toward the lowsr right-hand corner ‘:
of tne chart. ' . :
Copy. of-......Copil; e
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Resolution is given for several renn-sentativd& Rood”
lenses in the form of a lire extending from maximum quality -
{lower end o tae line§ st the center of the {ield o minimus
nuality zererzlly at the edge of the field. for comparison, tne
resolution if the lons were truely dilfraction limited is given

by a4 trizngle. The lenses listed span the wide range from the

shor:t~-focus, wide-angle Biogon to the long-focus, narrow angle

lens. I* is irterasting that zost of the lenses fit on a

(&

straight line and this iine indicates the price that must be . ‘ o—
paié in smallar field for improvement in angular resolution,. " ,;5
| a4 nc‘.aS’.c excention in the 24 inch £/5.6 lens d.s:.gmd - .:’
by Pacific Optical for the Wright Field high acutly program.” ' - o v
Tais lens nas about twice the expecied field for its aeasured _-”,;‘.‘_

A
-
[t

resolution. Some lens data are either proposed or assumed .'a'n,d o ¥
these lansas are “eoresented by a dashed line. Incidentally, -

even thouzn thesa iensas are al) of similar form, in that th.}

R ﬁ‘.b'n.‘ ‘;'-1‘-‘.5. ¢

are of about the same f/do. and quality compared to the diftraction
i {..

limit, it is interesting to note that the 6-inch Metrogon with . :

Super XX film and sven the £/1 Baker-Nunn satellite traekin; eu:er‘

match the curve quite well,

Note that all these lenses, which reoresent the best. in

-'. vy

the state of the art, are near the diffraction limit and have | l &

resdiuiion range Ires center to &ige of the rs.old of aboit-two. or<
. ”:r'f’

less. This data was averiged and representative modulat 1on . 3-

T
".‘
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3 B transfer curv'os vere drawm for the center and :edge of the field,
— These curves, plus t.h; relat‘.onsl‘ﬁp between field and ros.olutlon;
IR are used in the remaircder of this study to portray the existing
- 1init in lens design and manufacture. Although the data does

e not take into account such detsils as light transmission or color

correction, the light efficiency is relatively constint for the

entire range of lenses. The short-focus, wide-angle refracting
lenses generally have poorer color correction and reauire heavier
: filtering than the long-focus, narrow-angle reflecting sysiems,
P Sut thesa reflecting systams generally have lmz" transmission- . -,
cdue %o obstructed ape-tures and reflection losses,

An effective way to increase the field of a camers

with littie loss in gquaiity is 0 use a panoramic approach.
Do Several panoramic systems, illustrated on Chart &, again ral.l.
on a nearly straign:t line. The line position indicates a gain .

o of about five in gquantity for the same quality. Obviously, there
xust de an increase in welignht Lf the iens is used in a panoramic
systea but this weignt 1ncnu‘ is far less than the factor of‘.
five required for an array ol five non-panoramic cameras. The
lina defining the qunut.y and quantity of panoramic systems is

probably less shasp than that describing the lenses alone. The

angle ol panning is limited due to imsge smear by sweep rate lnd

cycle %ime. It can be iarger for lower V/M and depends greatly: -~ w

"c"y..LQ-ct..---_-Copies
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~ wvibration within the camera. There are several sources of error -

on the quality of mechanical design in the camera. Thore are
exceptions to the rule such as E-5. This system has s smaller - ™
field thar expected 3rcdadly because the field of the lenrs

itself is quite s-al’..

char - Ideal Correction a!" Ingge Smear.

Tae effects or imsge smesr aust now be added to the resolutlon of
the lens and film to obtain the image quality of the camara syst.on..; '
Image smear not only includes the residual errors in issge motion

compensation but also the instabllity of the vehicle and the

which czuse smear and these sre not limited to the direction ol'
motion of the vehicle. ' In Chart 4 the smear is given for neh '
error source, in the iwo component directions;, and for t.y'pical
striv and frame cameras. The assumed altitude of a circular orhlt »r;
is 100 nautical miles Zor which V/4 is 0.05 radians per ueond.
Err~ors are given in ‘terms of this V/4 and the total in terms ot'
anguiz= rate. The wagnitude of the error source np"enn'.s
approximately the best that can be done at this time vlth prucnt
techniques. In fact, it is estimated that it will be difncult.

10 make great upravmnts at low satellite altitudes unless - . ,

thare are scme m:‘or changos in method. To be sure, at -M.gh}'i-"f'-

Y

altitudes where V/H ig lass, the smear rate, in tearms of. radiu; ‘:‘
-

LR .;

per second, miy de reduced, bt the longer lever amm of altltudc

/.,

- o .
w:li prodanly more Lthan coampensate for the reduced sam2ar "au. L
s
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of the three sxes. Sensors avre bcing desiznod to detect 0.1¢

Att.itude. for exanple. is quoted at ¢,2° about each )

with respect to the apparent horizon but it is sssumed here . 4;‘
tnat in implementing control, the error will be doubled. Exceliont ‘-.:.
.. '.".:
~&
image motion compensation seems to require a V/H sensor. Altnough 5 "i

some sensors are being designed to approach 0.1% accuracy, cloud i
interference, loss of signal over featursless terrain, finite - "'?"’;
time constart, and acise influence the intarpretation of ‘re signil ‘,;5
and 244 1o the difficulty of making the camera follow the signal : ?‘
precisely. Tharefore, an error of 0.5% was chosen for the un,,,__e
camers drive combination. - '.'-‘;

The errors -vary in :ime and direction and are nlatin)q v :-
tndeperdent. Therefors, they can be added as a root-sum-square lf

in the two directions. Two ellipses at the bottom of the chart - . U3

& 1..

are polar plots of these net errors for the two camera types. '

]
- Lumy

Note t.hlt. although the two cameras have di? ffarent individual ~ * " e .
arcors the mean error in both cases is very nearly 1%, Conuqucntly,, 2
1% of V/H gt 100 miles or 1/2 milliradian per second will be - .- :
considered an ideal correction of image swmear. . e *\

Chart 6 - Exazples of Residual Smear Rate. . :'“;'.»

To substantiate this choice of 1/2 ar/sec for the probable smear -. ..
."_ﬁ

limit, several exampies are z.ven in Chart 6. E-2 was a very

aulet strip camera a3t 3 high altitude of 300 miles. The bndgoud

ke
sehar was .70 ar/sec at the center of the field and a greater .,:'_ o
amount. off-axis. E-£ i3 i panoram'c system uhich is hanteally_, ,_-}I
Copy-LQ of . __ Coplas
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much more active. With conservatisa the budgeted sme2ar vas

Dlicd at 2.“ IPIM. '

Z

,,,,,,,,,,,,,

Chart 7 - Angular and Ground Resolution for Fixed Inout t'n"'

]

Camera Lens, . 1 :

The effects of imaze smear ~an now be included in the lens ru-
resolution. For the sake of orderliness only one variable wlll be Rs

treatea at a tima. A first lens diameter and angular raze o!' smear S

lens. The lens diameter determines the amount of light oncr;y._v:_‘
antering the optics and detarmines the diffraction limit in tcﬂ;a -:
of obiect gpace. Incidentally, a fixed lens dismeter has *' e ———e—

m@"
practical significance in that the weight of the lens 1. pri.urllyt"

denenden% on its diameter rather than ary other characterist.le" A

e.:-L
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The varisbies, wnich will be treated one at a tlu.c. are foecal -

‘of the image is very smali and the fiiz resolution becomes the .- "3.

‘deseriting the fiim limit which is rslated to the scale of t.ha

lenzth and film. Since the lens diameter is fixed the £ numser =

is obviously related directly to focal length. Exposure must :‘._-
taen be adjusted to match the film and f nusber. o

The resul:s of varving the focal length can be measured

.!-

in teras of angular or ground resolution as indicated in tne graph -:",.-": :
on Chart 7. Cbviously better quality is associsted with & smaller" ’
angulir resclution and, therefore, with a lower position or the .,
grack. Angular resolution varies as indicated and goes through 3
minimua at whit aay be termed an optimum focal length. At a a
shorter focai leagth the exposure time is reduced because at the .. ,=

smali 2 numoer image smear-becomes negligible. However, the scale. <

limiting factor. This is indicated on the graph by a line '

..~ . "

picture. If the focal length is <00 long, the exposure tiwe : ‘-;_."

: 2.
must be increased due to the high f nuaber. Consequently, image “‘,‘é
suear Decomes tne limiting factor and the large image scals does . .'..""{" |
not tax the resolution of the film. This is indicated on the :. T { .I
graph oy a line labelled smear limit. The combination of ﬁl-_'; -
resolution and image sme3r give the curve, as indicated, with , R

optimun quality of output at some particular focal length. Iﬁ - e

conciusicn, there iz some opilaun fozal length for a fixed lens . ,,,_
. e
dianeter and im3ige 3aear rate and for a particular film, L
Copy-/L.2 _of. _Coptos
Pogo_ L4 of_ 37 Pages.' <
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One obvious reason for the anqual agquivalent quality: ;,

of the films menlioned 1s that thess Cilas are all ot.‘- tha s.;-: .
fanlly, kaving aporoximately the same soectrai sensitiviiy unq
gazma and processing. If there is o be a gair in the s-ate of
tha art of Iilm manufscture, the curve for that improved film
must dip down tc a lower level on tne Zraph shown. There is
good reason to believe that suéh a gain is in the offingz.

Cnart § - Compariscn of Systems lising Different Films, )
From Chart 3 it was concluded that the relative ground and
anzular resolution is ine same for the three emulsions. In the I
tacie in Chart 9, the differences are only 7 and 8 percent which
is less than one increment on a standard resolution chart, bgg._' |
the resolutisn in the imsge mus: be co;asidora'bly better in the
fine zrain emulsion compared with the coarser grain emlsion;.
Tris zan raise probiems in dupl.ilcatir.a the image for distriobution
to 1ne intelligence community. Focal length is shorter for N\q.- )

finer grained film whics may lead to more compactnass in the lans, -, &>

. {8

nowevuer, ‘he relative anerture must he greater, that isr.' the ! i
nuaber -ﬁst be smalier, anl tnis can lead to problems in lens -_'
design. If, for example, s still finer grained film than 50-132 '
is devised, the ¢ numoer m:3v be impossibly small for the iens ._: '_.
desiener and some sacrifice in resolution will result. This-is

iiiustratsd in Crart 3 oy tne dashed lines near 1/2.8. The h
.« 1_,,‘,"‘




material tizeded fer & fixe2 amount of covorage. Film ireR’ and

weight increase as the square of the focal length and, therefnra,

eight times less S0-132 film would be required for tho same caveryge .
than the amcunt of S0-130 film. Still another sdvartage 37 tne -‘;
fin~ grain film is its relstive 1nunsit-ivj.t.y to radistion. From :,J
thnse statermenis onm cir conclude that it is best to use as iine - MT
a grain film as possibtle and the limitation here exists oniy ia . '-7c
the lens aasign of a short enough focal ienzth lerns ard in r.'ne" B ::
p=nblem of reoroducing fine image resolution. - “.
Char: 10 - Effect on Ixage Smear. . ’ %’
Tha next naramster to.vary iz image omear. Chart 10 iilustrates

)

G}

PR

the affect of various amounts of smear rate when angular resol.uiiuﬁ: +
is ploited agzainst focal langth. In this-case the fixed eomtttbr.;,-.‘i;.q.f_}“
are a 10-inch diameter in 30-132 Tilm. This famiiy of curves - e):
indicates that a m=duction in smear rate ls accompanied hy a .pn;l .
improveaent in tne angular resolution and also by a shift in Lhe .

ootimum {ocal length. The iwprovemeat ina angular resolution is

ahout 25 percent for a factor of 2 reduction in smeéar rave,
Ubviocusly, this improvement cannot go on indefinitely, since the ‘ .

lens diameter limits the resolution to about 1/2 arc second. ' Lot




‘the minimum on each curve is relatively broad and can be defined’

. . e LA TR N ’ - . ,‘Z. .
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by a rezion descridbing the optimum £ number and foeal length. ~ - Wi
IT one considers a ranZe of smear and i{llumination, tha resulting :
range in anzular resolulion can be minimized i€ the focal length

is slignhtly shorier than the optimum for the norinal case,

Frox this point on in the study, it will be assumed that

every camera design will be an optimum design in that the optimus _ .

iength will te chassen for each set of conditlons. As a

Tocal
result tne only information required is the line ia Chart 10 which i P
descrices the optimum Zocsl length for a given condition. b
Shazt il - round Rasclutica'vs Aperture for a Uiven Smasr m..,,

The next paramester to be considersd is.lens diameter. It 1s-nlott.d

e
%

in ine graph agains: angular resolution for the optimim focal‘

'."’ »"
l“-'

Resnlution is also given -

length with smear rate as a parameter.

tn terms of ground resolution from 100 nautical miles.

data are independent of the fila for the current series of aex'-i'ai k

filmas. This is trus because all of these films give approximt;ly e

the same angular resolution Lf the focal length is opttlized. Tt

Coviously the resolution is improved, that is tho mmber

is reduced, L sither the lens dlameier is increased or mnr rat.o,

A
1: reduced. HNotice that the rate of improvement in usolutton vlt.?r_

an incTeass iz lens dixsster is not ons to one. If the dimur l

irersased tomfold, the 1=n'wovcmnt in >ssolutiom is only nbout

Vo 5 ..'
5 ar 5 tizes. o . ::::.J.Q*':;:z:i-cgpz_gl
- -+ ~-Page 3
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It was estimated previously that a smear rate of 1 /5 '

milliradian per sscond is approximately the practial Hmit for :'7'-." g “
photography from a sateliite at 2 100 nautical miles. The line ~,:-;n:
repressating this szear sate is in rad to call attention to this '_:_.
practical 1liait. ) ’::

Ir i3 now possible to use a few examples to deteruing o Z;

xhat is required to obtsin i given amount of resolution. A goal %%

that seeas o be in the mings of msny is sl

Althocgh thars are no fundamental liaits on

diameter this conclusicn is galts overshelming. Even if souones ‘=

R
w-a to claia that he could inprovo ihe residual swear rate by :

a factor of &, which is <ruly an uni tious Lask, the diameter --‘
of the lans d=ops only o 50 inches. This reminds one of the ) ;
o.-bi.u.n; astronomical observatory which is to have at its hnrt ".zr

Ay

a8 50-inch diameter telessops. But this system is not 'Wud s .r._
to be operational uatil about 1970 ind requires the use of a L

'._‘ b*f

Saturn booster. If, instead, one wers to reduce his roquireunu

lm-e regrly within resch. ;

W d
ot
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:11... This reduces %0 an angular resclution of 2.7 are accends. "..

;:;. 12 - Reguired Correction of Image Motionm.
The relatlionship given in Chart 11 can be used in a different

manner. It is possiole to locate, on the graph, existing and ~ A

Proposed systems to determine what degree of correction of 1;... L

ssear is required to attain the design goal. Ground -uolnti.on .

nas been removed becanse each of these systems operates at 1t.s E

own particular altitude and eannet necessarily be scaled to . . ="'-f{,.
100 nautical miles. vmuqucutly. the vorueal position.of mh ;f i
systea on the graph does no: indicate the quality of ground - . '-*

resoluticn obtained tut rather the angular resolution 'madod to
oroduce the required quality. ' T

2.6 has 3 9-inch diameter lers and a requirement to

resoive 10 feet at 2:. contrast Trom an altitude of 125 nautical -

-

notice that the dot representing this system falls above the : LE

2 milliradian per second rate indicating the conservatism of t:ho N ‘,f

......

. " Copy-LQu_of_
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E-S has a lens diameter of 13 inches and must attain 1.1 arc ;
second resolution to TJesdlve five feet at 2:1 contrast from 150 o ,e
nautical miles. Tre roquired smear rite is very neariy 1/s of o -{‘%:,
a iilliradian per second or nearly two times batier thain the '.3

1/2 milliradian per sscond practical limit. This design require. &
ment iz very ambitiocus, especially when it is considered that z

the curves represented here are in their present iocation because .- =

of Zorced processging which did not exlst on S0-132 type film at
the time when E-5 was proposed srd built.

It snauld RIADETEI L that there are small
variations in lens tranmiiasion, filtration, and exposure, but', ) |
for the systems that have been described here, those oftoctg
will be very small on Chart 12. .
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Chazt 13 - Minimus Diameter F-Number Focal Length for.a . _:‘
Given Resolution and Smsar Rste for SO 132 Film. L nE
If a specific film is chosen it is possible to include on the "ﬁ'
g7

graph of angular resolution versus lens diameter, lines deser‘.u.,g‘.'“'"

: b the optimum Zocal length and f-nulbor. This has been done for :':"‘7
-—1 ' SO 132 film on Chart 13. One should remember that this is baged - ,_‘
- L on lenses wnich spprosch the diffraction of an on-axis simil lar 1_0-‘ .":,
E those described on Chart %4. Thers is one obvious nnit and tl'nt i

- is 2/.5, the theorstical limit for the f-number of an aplanauc
'. a , | iens, Obviaush the 1lines on Chart 13 are not in accord uu. S

¥ ‘r‘

present capability of iens design. There 2re no oxhting lemu: .

of 2/.5 relative aperture and vith.a field of view which is % :f‘:ﬁ;

oy

‘H" fficlently large for p-aeucal uge in serial 'photo‘rlph’. J"..-“,_'

Y —t T .l .
. Therefors, it is necessary to show the loss in resolutiou asa.

. u res:lt of adberrations cf lenses which are beyond the state of._t.h!;‘

art in relative aperture. ts iz done in Chart 14, - '”

S |

Chart 1t - Optimam Diameter in F-Number for Lenses with ;-"

Expected Aderrations, SO 132 Fila, . noks

On Chart 14 the lines of constant f.number are curved to indleat.

ol

that lens aberrations become a severe limit to the. ground _:;'-.;;.""-:

i L

resolution that car be obtained. As a result the lens is le
efficient from the stanapoint of cbtaining a given resolutic

a given lenc disnetor. Yor a'.mplc.'




e

larger diameter would be necessary and the photographic system . -

- vould operate far short of the diffrsstion lidit. |

¢l 7 - The .of.’oet: of aberrations can be illustrated oy drauing
RS s boundary 1ine beyond which it becomes very difficult to design .
, 3 lenses approaching the dirfraction limit. This boundary is dnm:.'
; H in red om Chart 4. Agaln one must reslize that such a bound'.q
1: s neither sharply defired nor can it be represented precisely .

'. 2___‘ by a straight lins., Zowever, the data that was used to locate -

: . t:is line indicates that tne boundary is approximately correct ..
r and large dopartures 2o the ~ight .of this line are well muid; :

HE
P : of whal his Yesn accespliohed to date.

‘F] Tasrefors, there srs two boundaries, one which is
‘_;_’ sspresented by the i/2 x:lliradtan per second practical lhitu'
) smear, and one whick describes our lixitation in deaignn;g'i.a_;
"'f'"!g . | Unfortunately the only reglom of practical operation lies in u%;

i :

narrow V above the smear limit and to the left of the lens qnantr‘

......
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films of higher spesd yield the same angular resolution if the .' g
focal length is longer. Since the lens quality boundary was .
deternined by the relative apertars of the lens, it should be ' .
possible to move that boundary to the right if coarser grain_ » .

filas than S0 132 are used. T sl
Chgry 1§ - Limitation of Lens Quality on Optimum Dla-qt-r.:-*;;,'." -

The displacement of the lens quality boundary caused by cbaég';'..-'.-_'};i
grain filas than SO 132 is indicated om Chart 15. . Notice that “-:

.-
vy

i now Seccass possible to design and operate a v‘*-‘l.f.'“l"iii_:?;"

snormous. ' SR
Therefore, one can conclude that if the "ro.so'lutlionli.:*' ,_
to be improved bel TR R
sssential to sxpose on :.'asm and faster films at the cxponu ot %
coarser grain, larger image scale, and greater film vnight. Aq =

8 result iths qs*.a 3i%s as one progrossed rm-
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—wn much more rapidly' than would first

be expected and the weight penaliy for placing such an enormous

syster in orbit is extremsly great.

Chert 10 - Widih of Ground Coverage versus Ground Resolution,
Tne data on ‘mage quality vermus guantiiy for lens systems given
on Chart 4 is mepeated in abbreviated form on Chart 16. As

e wanticned earlisr, better ground resolution cam be obtained only
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to insure targot; ;iian This decisic . "-;_
. and the choice of camera types has a Zreat influence on the
! | .
' resolution that can be obtained with a given weight limit. 35
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Chart 17 - Weight of Optics versus Lens Aperturc.
It vas stated previcusly that the weight of a lens is primsrily
a function of its diameter. Lens diameter versus velght is '
plotted in Chart 17 and the data does irdicate & smooth curve
relating these two factors. As would be expscted, the optics
for s panoramic system are samewhat heavier than that of a strip
system containing a single lens, consequently a second line is
dravn Zor panoramic sysimms. Note tast in the region from aoout
10 inches diametor and upward, the increase in lens weight is
propor:iional to approxiaztely the squars of the increase in .

........................

Sonsideradbly in excess of one ton.

Shart i8 - Filz Weight versus Gmnd_hoolution. ‘ E
Thers is a very simpla relationship beiween ground resoclution, . ‘:“
Zilm resolution, ard amount of coverage. This is $1lustrated in r
Chart 18. One hundred percent coverage is defined as all of the .,;‘:'
Communist countries smounting to appro.xiuuly ten million square :"'

_ nautical miles. It is assumed here that all photography is in o :“
stereo requiring at least two pictures of each area and that ﬂd
one-third of the weight of film accounts for redundancy and ;? .
wvastage. This loss is not unreasonshle when one considers . : :'
interframe spacing, bor<ars, lesder, treiler, and redundancy of. .- -
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here is Estar thin base havinc a total thickness of about "”3 s
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‘Chart 19 - Photographic Payload Weight versus Ground. ‘

Resolution. .

If one combines the weight of the film, two lenses, nhm.p;g* .

system, structure, slectronics, and the many other iteas uhte';f"_
constitute i photographis pxyload, he can plot the total .,.,‘,.,

e
-
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?nae-.ﬂ.é.ot. -_95335.

Control lic.--....___..,:,-, .



o4

.4

ER T
L

LS
R

- o0 amtasiaatere .
-
L]

o

M

Can .
e
LY

v mene
Ree = ot

o

- - - ..
L] . .o
o amets m brnadesth Sucee: bia Seen dmoa
2]

K

oo
L.

é
o el

.

L.

[ v Ny W

v

versus ground usolutian tor a givou amount of coveragc. It" )

vill be assused here that the ‘system ‘operates at an altitude ot E

100 nautical miles and t.hat the auar rate is correctad to gh. T

practical limit of 1/2 milliradian per second, any larger smear .
rate than this will increzse the weight. It is obvious that this..\r
data is an extrapclaiion or_ onstiag'qsms. The large nuuber; R
of the chart are aonuquntly subject to fairly large errors - .a

but they are indicative of systam size.

-8
.5'

The weight roqumnt for a2 ten-foot resolution’ syatg. ~,;
covering 1008 of the area of interest is about 1,000 pounds; . : .

oiice that this is a little less than.the-mmber given !‘or 8-6. i
the reason for this is that Z-6-has s larger. tnlcrane. in: mu- ‘
rate amounting to about 2 1/2 ailliradians per seeoad. Sinee- 1‘,

either system Hould require the use of an Atlas Agena, it m :-:.
proper to use a maxizum tolerance and utilize the full’ \night

?.

available. It is true that the weight limitations given fér
the three boosters are not as definitely fixed as indicated 1n x,'-'
”}

tho chart, however, these are the nunbo'-s that have boen uud in

\ ,-!

the past in designing various aystems to be carried by t.hon

...:'

boosters. There is an incresse in weight as the usoluuon i,_s

dropped {rom ten feet
resolution requires a boécur approximste to the size ot'n-' g

ce -.LQr. £
P:::.M:t-i?-fssﬂ-
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T es an enormous .

l..: ‘ -3 payload, the order of 100 tons. ' ""‘SW
- | I7 tnere ame improvaments in the state of the art in 3;
4 the next several years, it should be possible to improve the . ¥
_ resolution within a given weight limit., For example, kit one, '
i assumes teai the sansitivity of the Tilm can be increased bra .. j"
’u: Zactor of i‘wo wAithcut any loss in quality,:and.if one-assumes - .;
;—; that the smear rate can be reduced to 1/4 of a milliradian per .-:-‘
‘:‘ second, “hat 2he Zield of view can be increased 'oy\ a factor of .- Zf
0 1.5 due to an iaprovasent in iens design and if the welght'of .-’
py the film can be reduced by a factor oF 2 by a thinner film huc '.-. ”:
: then it doss =ecoms possibic to obtain small coverag |

-tn 2 Tiwsn 1II. HRowever, it would be dangerou »

o A 4 "
to assume that this many advances in the state of the art can be '_,l"'

-

- -
-

made in the near futare. T

Chart 20 - Items Considered. A
As a review, Chart 20 lists the various items that have boon‘ a
considerad in thr zeugy. ' . .f
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_Again, as a reviaw, ssverzl things have been concluded from :-

this study.

1.

2.

3.

Chart 21 - Oenersl Conclusions. ~ T el ety

For general purposes the visible portion of the spectrum is _,
still the best. It is wise to include as wuch of the visible .+
spectrum as can be sccomsodated by the color correction of - '_::.'L

the lens. In ths more sophisticated systems it is worthwhile ‘
. . ., 'e':=

20 add in’rared Zor supplemeniary photography.

It will be diZficult %o improve upon 1/2 milliradian per, ' ,~

second smear rate wiless thare is sou major change in tho H

technioue for scrreciion., Ground resolution is lndepondcnt -..

.,u

of the currert filas for fixsd lens dismeter-and. uoarsnu.,.,'
It will be nececsary to mske an improvemsnt in. the stau. of-...a

the art to iaprove upon the resclution that can be obt-nnod

. '—:’-n

for a fixed input %o the camera., Although each fun ot tho
curront series gives apgroxizately the same rosult.. ﬂn._,u

':~
grain film sheuld be utilized for minimum welght and -tni-u

I‘

. ‘l

radlation susceptivility. : '-.":'_ o

-

H 'il...\y

-

The diameter of the lens is mors fundamental in its unut: ’

wd‘ <

than is focal length, f-number or any other factor. For a i

Ay
et

given smear rate and angular resoiution a dismeter can be ™.,

deternined, however, an optimux focal length exists fdr'a'.:"-" ‘-:'."

glven film and renge of saear in iiluxinztion eondtuou
LY 8- -
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. weight.
5. Froam 100 nautical miles thers 1- difficulty in pushing u-.,

es3 one uses fuur rilm thm

ij2. Obviocusly Te 18 a weight pemalty in making thfa' - fLr
change, - e e e - .

5. As a result of this limitation the resolution limit for & /' .X%"

There arcwanu An’ whieh’ i.:pran-mta 1n t.lu stau or u'..

art are likely to occur aad to uttoct the quality thit vu ,s,—.
described in this stoly. On Chart 22, improvements: are u-t.... |

in order of likely success. This cbviously dopondl on tho '
opinion of the author. <wice the film spnd for the same quaut

seaxs like a very likaly tni=g to occur in the next !n ynrs. ‘. S

:-.“

There 13 2ls0 a grest deal otuorkbomdomonmdueingt'-
weight of the optics and a 20 reductiom’sees in the ornng.

. ..,-x

Greater lens tranmission dspends on more efficient opti.cal ‘-\ "

coatings. Work dome on this field also sesms promising. - The l;\' % .

has been a gradual uprovaunt. in the quality of lens d'oci,'_gq.
Since lenses now approzch the diffraction limit, it seems = 7,

.". el
Copy.., Q-.ot---.--cn:
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"sensitivity of taa film beyond 0.7 aicrens and thereby. mcro_na_ -
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advisable to.take advantage of. .this improvement in uidcnhg _~t.h. .
field of -the lens. .uthongh there is a boundary b-t.mn the Y
vh"ol;"-and infrired ‘nposeé because of. the:rchange in the brighi;'.':;- :

ness relationships in the scene, it is possible to extend ..he red

the amount of available energy. If this increase is modest, tho :
brightness =elationships will not bo affected adurscly._ In .ni;
study it.wa2 assuamed that tha altitudo vas 100 nautica? n‘les, » _-".;-:.'
~cwar altitude gives po ant.i.nlly greater .resclution. Redue:.ngi

the szear fate is 2 vary effactive way of improving tho potonttaln

than otners, any improvement vul be: mrthuhilo. .

In the secaxd coluzn these improvements art.,"'ra:"Eod .';,:, i
order of the gain in resolution which results. Me.'-th. ru. A :
speed cor ths same quality and half the smear rate bot.h ylcld

about a3 25% potential ‘mprovement in recolutienm. Lo\nr altitudo -},
provides an improvemsnt but cnly at the cost of raducod eoverqo. ;.

wWicer lens field azkes panoramic phclography easier 11: that tm' '
cycle time is increxsed. The result is scme hm-ovcnnt ln 1-5;0 P

suality. Il it becomas posgidls 4o reduce the vaight ot a. gim

optical system, an i{mnrovement in resoluiion can be obutned by "'-

increasing the lens diicster to use the weight which’ hu b«n ;

c e
,.:'é% >
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ﬁ.--f‘_." savea. Fursher sxteradd rec sensitivity and greater iens. .
" L { .

L transmissica yleld swsl! tut usable incresses in potential .-

R Tesol.zion.
‘. 'w'4 ; H
) Although saze of -tiace improvemenis in resolution may
i- not iook very lzrge, the a2 that there are many of them implies .- -
- t . . . .
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