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INTRODUCTION

Aerial cameras can be classified according to their use, into two main
categories. These are mapping cameras and reconnaissance cameras.

Mapping cameras are designed, constructed and calibrated to give an
image of precisely known geometry. The interior orientation elements (i.e.
the principdl distance, the location of principal point and the lens distortion
characteristics) of each individual camera are determined with very high accuracy
by the camera calibration. An intra-lens shutter that allows simultaneous
exposure of all image points is invariably used. Hence measurements made on
photographs taken with such a camera can be used to recover accurately the
position, height,size and shape of any ground object whose image has been
recorded. In other words, such a camera satisfies completely the projective
relations of photogrammetry. In addition to this requirement for high geometric
fidelity, most mapping cameras and the photography taken with them are designed
to provide a favourable base: height ratio for accurate height determination.

By contrast, reconnaissance frame cameras are designed on simpler lines
and with very different objectives in mind. The elements of inner orientation
are not precisely known or determined. Instead, the foremost requirements of @
reconnaissance camera are reliability and excellent image quality. For this
latter condition to be satisfied, the highest possible performance lenses and
films are used to give high image resolution. Consideration of geometric
fidelity of the image are secondary. With these objectives in mind, the simple

design, the reliability and the wide range of possible exposure times make the



focal plane shutter a favourite with the designers of the reconnaissance cameras.
However, the sequential operation of the focal plane shutter introduces a marked
distortion in the image geometry.

In spite of the geometric distortions inherent in reconnaissance photography,
factors such as its wide availability and high image resolution have meant that,
on occasions, it is necessary to make measurements and compile maps from such
photographs, e.g. for thematic maps, measurement of change, map revision,
etc. These occasions are becoming more numerous in the United Kingdom with
the release of, and easy access to, the complete reconnaissance photography
of the country taken by the R.A.F. For many areas and purposes, no other
photography exists and users have no option but to attempt to use it for mapping
purposes. However, the results are often poor, which is a matter of frustration
to these users. One of the major difficulties is that the traditional analogue
methods of photography do not provide means to correct for the geometric
distortions present in reconnaissance-frame photography. It is only quite
recently with the widespread availability of, and easy access to, electronic
computers that it has been possible to consider the use of analytical methods
to solve ;he geometric problems of this photogrophy. With'an analytical approach,
the resulfs are in digital form which is not too useful to some users. However, with
the advent of the new digitally-based analytical plotters, computer-driven
orthophotoscopes, etc. this situation will certainly change in future. Therefore
a comprehensive study of the metric aspects of reconnaissance frame photography

is timely and appropriate.



The altgrnative strip and panoramic types of reconnaissance camera have,
in fact, already been analysed and photogrammetric techniques have been
devised and applied to photography taken with them (Case, 1966; Konecny,
1970; Devenyi, 1971). However, to the author's knowledge, the metric
problems associated with the reconnaissance frame photography have not been
investigated.

[t is the objective of this thesis to analyse the metric aspects of recon-
naissance frame photography and to devise and test analytical techniques which
allow them to be used for metric purposes, and, in particular, for mapping.
This report on the work carried out is organised along the following lines.

The development of the aerial reconnaissance camera since its first use in the
First World War, through its intensive development during and after the Second
World War to its use in this present age of space and satellites is outlined in
Chapter |. Chapter Il is devoted to a discussion of the two alternative types

of reconnaissance cameras (strip and panoramic cameras) which are currently
used for reconnaissance purposes. This review opens the way to a detailed
discussion of the design, construction and operational characteristics of the
reconnaissance frame camera itself in Chapter ll. In particular, the quality
of the image produced by reconnaissance frame comeras is analysed and compared
to that obtained from metric cameras. The thesis then proceeds (in Chapter V)
to a detailed analysis of the geometry of the reconnaissance frame photography.
The distortions resulting from the use of focal plane shutters and the combined

effect of the focal plane shutter and image motion compensation on the image



geometry are thoroughly investigated in this Chapter. The analytical
techniques which have been devised or adapted by the author for use with
single photographs and stereopairs of reconnaissance frame photographs are
derived and explained in Chapter V. To test their validity, experimental

work has been carried out on reconnaissance frame photography taken with
different cameras under widely differing conditions. An account of the methods
used and the preparation for these tests is given in Chapter VI. Computer
programs have been developed specifically for the processing of the measured
data. These are outlined in Chapter VIl; more detailed accounts, flow diagrams,
listings and samples of input and output data for the programs are given in
Appendix B. The results of the two main programs of testing are given in
Chapter VIII; further information, including vector diagrams of the planimetric
and height residuals, is given in Appendix C. In this Chapter (VIIl) the results
are also analysed in detail, comparisons are made as to the effectiveness of the
various methods used and with the results recently obtained by other authors;

especially for the Skylab S-190B satellite photography which became available
in the course of the present work. The closing chapter (1X) summarises the
conclusions reached through this research work, and makes recommendations

for future work.
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CHAPTER |

HISTORY AND DEVELOPMENT OF AERIAL RECONNAISSANCE

PHOTO GRAPHY

1.1. Introduction

A very important factor in planning military operations is a knowledge of
what the enemy or potential enemy possesses in the way of man-power, weapons,
material fortifications and other resources and the manner and position in which
they are deployed. The knowledge of what the enemy is doing beyond the

range of eyesight is generally termed intelligence and the effort to obtain this

information is usually known as reconnaissance. Such information may come
from prisoners, spies, patrols, etc.; this type of source has been .and is still
employed extensively. However, with the growth of science and technology,
instruments have been devised to allow the information to be gathered in other
ways. The invention of the optical telescope in the sixteenth century allowed
military commanders to extend this direct observation of enemy deployment in
the battlefield areas. Since then, military needs have a strong influence on
the development of certain types of optical instrument, these requirements
always d?manding improvements in the state-of the-art, backed often by

substantial financial resources. In tum, these new instruments have become

available to non-military users for peaceful purposes.

From the nineteenth century onwards, two major developments have
extended military reconnaissance capabilities greatly. The first is the develop-
ment of various types of air vehicle, starting with the balloon, and the second

that of the photographic camera which allows a permanent and more complete



record of a scene to be made, thus allowing interpretation by military personnel
and others who have not been present at the scene ifs-eIF. With the invention

of the aeroplane in the first decade of the twentieth century, the extent of this
capability has rapidly extended to country-wide and continent-wide observations.
Since 1960, by employing spacecraft and modern photographic cameras, man

has been able to observe the entire globe.
1.2 Early history of Aerial Photography

The first attempt to take an aerial photograph was made in 1858 by the
French photographer, Gespard Nadar (Heiman 1972). Nadar used a camera to
photograph Paris from a balloon at altitude of 80 metres. Balloon photography
then extended to America where, for example, the city of Boston was photographed
by J. Black in 1840 (Heiman 1972). The wet plates which were used during this
period were replaced in 1871 by dry gelatin plates. One of the first aerial
photographers to use this type of plate was the British photographer W.B. Wsodbury

who designed an almost automatic system of balloon photography in 1877

(N ewhall 1949).

Another vehicle that was used to carry the camera in the early days of air

Ll

photography was the kite. To raise the camera to greater heights, often more
than one kite was used. In 1895, for example, the American metrologist
William Eddy used six to nine kites to lift the camera to a height of 1000 ft
(300 m). At that time, the German army attempted to use rocket photography.

But the first successful flight of an aircraft was that by the Wright brothers which

took place in America in 1903. The use of the aircraft as a camera platform



has the great advantage over balloon, kites and rockets in that it can be flown
with great accuracy at specific heights over any specific area. M;reover,

the flight is relatively steady and it can be flown at a constant speed. The
development of aerial photography in the twentieth century spurred on by two
World Wars, numerous smaller wars and certain periods of "cold" war, has
been quite phenomenal and it is now a primary method of reconnaissance with
enormous data-gathering capabilities. A short review of this development is

a necessary preliminary to set the work reported on in this thesis in a correct

perspective.
1.3 Photo Reconnaissance during the First World War

The use of aircraft for reconnaissance started at the end of the first decade
of the twentieth century. During the period 1909-1914, experimental aerial
photographic flights were carried out in many countries. The British Royal
Flying Corps (R.F.C.).for example, started their experiments in 1912 using
commercially available cameras. In 1913, the first specially designed camera
for the R.F,.C. was built. This was the Watson Air Camera (Fig. 1) which had
af=6in. (15 cm) lens and used platesof 12.5 x 4 in (31 x 10 em) (Laws 1959).
In 1914, the Thomton-Pickard Manufacturing Co. Lid. built the model "A"
air camera (Fig. 2) for the R.I;.C. (Newhall 1969). This camera comprised
a brass-bound tapering wooden box, a focal plane, a focal plane shutter and
a f= 9 7/18 in. (25 cm) Zeiss Tessar lens. 1t utilised 4 x 5in (10 x 12.5 cm)

plates enclosed in ingenious light-tight paper envelopes which were inserted

into the camera one after the other by hand.



Fig. 1 Watson Air Ccmero

Tre importence of reconiaissance aerial Dhofoorcp!‘:y rCPEdl)’ increased curing
r~e g € , .
the First World Wor. The armies soon found that it wes possible, by this new
maons, to obtain [nf ' iha a ' —~~wer . 2ispocition of troops
> oObrain information on *he enemy's man-gower, “15pos 4
wedpons and defence installations in a way that had preVi"‘-*'Jsll’ heen impossible.
An encrmous increase in tha resouices (aircroft, cameras, personnel, Processine
s FalL® . . . . I
facilities, etc.) mode cvailunle for aerial reconnaizzance tool place and a
g ~ . ® e :
rapid ceveledrient of equipment was undertaken. The first imp’ovement 1o De

made to the British Mode! "A" air ~amera was ic add ¢ magarine. A dozen

= T

fresh plates were stacked foce down in a box d?recfl__y over the focal p!cne.
The plate was slid ir a frame over @ second box . ints which it fell by gravity.
The plates could be changed only when the canreia was held vertically. This
version was intrcducnd as the Model "C" camerc and was fallowed by the
Model "E", which was of similar design but made of metal instead of wood
(Newhc]” ]969)_ These two cameras were used b}f the R.F.C. fhrm:ghou’r the
First Worlad War. Iniiiclly all of these cameras were hand-held and were

operated manually over the side of the aircraft either obliquely or verticallv.
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To say this was a difficult operation is an understatement. Hence, the R.F.C.
asked that the cameras be adapted or re-designed for remote operation from a
position inside the aircraft with the camera axis pointing vertically downwards.

F.C. Laws drew up specifications for a camera of this type (designated the Model

"L after its designer) which was equipped with a f =6 in. (15 cm) lens and
would use 4 x 5 in. (10 x 12.5 cm) plates.

Laws and Moore-Brabazon then designed the "L.B! Type Camera (Fig. 3)
whi ch initially was driven by an external propeller and later by an electric
motor, and which could be equipped with alternative lenses of 5, 8, 14 and
20 in. (i.e. 12.5, 20, 35 and 50 cm) focal length. This became the standard

equipment of the R.F.C. (later the R.A.F.) from 1916 to 1925 (Laws 1959).

4 ..] i-'éﬂl e

Fig. 3 L.B. camera

The Germans started the war with better preparation and equipment.

Initially a 3.5 x 4.5 in. (9 x 12 cm) plate camera fitted with a f /4.5 Zeiss
Tessar lens was used. However, in 1915, Oskar Messter, a motion-picture

pioneer, designed and built a semi-automatic roll film camera, which is, in a
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general sense, the prototype of all modem aerial film cameras. A total of
250 negatives, each 4 x 4 in. (10 x 10 cm) could be taken on 100 ft (30 m) of
film 4% in. (12 cm) wide. A single manual operation was used to cock the
shutter and to bring fresh film into position for the next exposure. However,
according to Williamson (1945), the Germans predominately used the manually-
operated sliding-plate-changing box type of aerial camera throughout the war.
In the period up to 1916, the Americans used a Folmer-Schwing hand-held
camera with 12 plates in the magazine to take 4 x 5 in. (10 x 12.5 cm) photo-
graphs. A view-finder with cross-hairs was used by the camera operator to take
photographs of the prescribed area. Later on, when the Americans entered the
war, a newK-1 camera (Fig. 4) went into production, which employed a f =20 in.
(50 cm) lens and a roll of film 9 in. wide (giving 7 x 9 in (18 x 23 cm) format),

which allowed 75 photographs to be taken (Goddard 1969).

Fig. 4 K-1 Camera

1.4 Development during the Inter-War Period

At the end of the First World War, it became clear to the various air forces
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concerned that they should be re-equipped with new reconnaissance cameras
and other ancilliary equipment based on the mass of experience gained during
the war. However, the actual implementation of this policy proved difficult

in the poor economic circumstances and depression period of the 1920's and

early 1930's. Development took place slowly and painfully.

Fig. 5. F8 Camera
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In Britain, it was realised that a larger format than the standard 4 x S in.

(10 x 12.5 cm) size used in all the cameras from the "A" to the "L.B." was
required. Also that the glass plates should be replaced by film and that the
camera should be completely automatic in operation. The result was the F8
camera (Fig. 5) designed originally by the Instrument Design Establishment at
Biggin Hill, but finalised into a prototype by the Royal Aircraft Establishment
(R.A.E.) at Famborough (Laws 1959). The F8 camera with its format size of

82 x 7 in.(20 x 17.5 cm) and a focal plane shutter (Fig. 6) was first produced in
1924. But not more than thirty (Laws 1959) or sixty (Laws 1946) of these cameras
were delivered to the R.A.F. before the Air Ministry authorities decided that

the F8 was too large, too heavy and too expensive. Instead, instructions were
given for the design and construction of a camera with a smaller 5§ x 5 in.(12.5 x
12.5 cm) format. The resulting F24 camera (Fig. 7) was designed along much the
same lines as the F8 and, for the next twenty years, it was a standard piece of
equipment fitted to numerous types of aircraft. Indeed it is still in use, .e.g.

in the E.S.A. Skylark Earth Resources rocket experiments in Argentina, Sweden
and Australia in 1972 and 1973 it was even used to obtain photography from space.
The range of lenses which were developed for fitting to the F24 ranged from
f=3%in. (8.25 cm) through 6 in. (15 cm), 8 in. (20 em), 14 in. (35 cm),

20 in. (50 cm) to 36 in. (90 cm) and 40 in. (100 cm) (Laws 1945; Williamson

1945).

Developments in the United States in this inter-war period took place along

rather different lines, a colourful and non-technical account being given in
Goddard's book (Goddard 1969). First, a modified version of the wartime

Folmer-Schwing K~1 was produced as the K-2 in 1921. Two years later, the
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Fig. 7/ F-=24 Caincra

Fig. 8 K-3 Camero

completely new K-3 cameru (Fig. 8) was completed, designed by Sherniin

S ———— — _——

= . . . . . ® % i
cairchild. This was an eiectrically-driven camera which featured the i7s

intervalometer and a between the lens shutter. The K-3 camera becare @

standard aeric!

Inter-war period, and : as used both for mapping and reconnaissance.
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camera in the American Army and Navy Air services during the

14

Goddard and Albert Sievens alternated as Direciors of Research and Deveioo-

ment for Aerial Phortograpl.y based on a small laboratory at Dayton, Ohio,

throughcout the infer-war pariod. Both of them placed a special emphasis on the

development of very lons iscal length cameras, not initially for very high

altitude operotion (the ceilings of aircraft were then very limited), but fo:

long range sbiique Jhetography.

—
|

)
7

ig.

= 60 in. Camera
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There is a photograph of an experimental camera (Fig. 9) equipped with f =60 in.
(150 cm) dating from 1925 (see p.371 of Goddard's book) and in 1926, Goddard
initiated a new design for o f =35 in. (90 cm) camera which was built by
Eastman Kodak. The loss of angular coverage was of course severe and, to
recover this, the K-7 camera was built by Fairchild in 1926 using 9 in. (23 cm)
film to give a 9 x 18 in. (23 x 46 cm) format, the camera being operated with
its longer side cross-track to give wider coverage. In the early thirties, Stevens
made many very high altitude flights both in aircraft and in balloons, which
resulted in much development of pressurised cabins, oxygen supplies, long-range
radio links, etc. His balloon flights, made in co-operation with the National
Geographic Society, culminated in 1935 with a flight which reached 72,000 ft
(22,000 m). A large number of long-range vertical and oblique photographs
resulted from these flights, many taken with the black and white infra-red films
first developed by Dr. Mees of Kodak specifically for these missions (Goddard
1969). '

Goddard also pioneered the use of flash powder bombs and cartridges from
1925 onwards which, in conjunction with specially developed shutters triggered

by photo-electric cells, allowed night reconnaissance photographs to be taken.

Developments in all these areas was hampered by lack of money throughout
the period of the Depression but as prosperity began to recover and war approached,
the financial stringency eased and a period of rapid development took place.
For example, in 1935, the Kodachrome process first appeared and when this

could not be adopted to aerial photography, Kodacolor Aero Reversal films

were developed between 1936 and 1939. An alternative night illumination
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system utilising powerful electrical strobe lamps was developed by Dr. Edgerten

e R A e W A e e B e SR T B .

the difficulties in yetting a sharo photograph from a low=-flying fast aircraft.

This was based on o shurierless race-track camera developed by Del Riccio in
California, in which the tilm was synchronised electrically to travel at the same
speed as the horses, mo~ins acrossa 1/4,000 in. (0.006 mm) slit which acted as
both shuiter and 'ens. This idec was adapted fer vse in Gircraft, though it was
not unti! well into Vorld War 1l that all the diffizulties were solved and the

stric comero and the twii:-lens s*ereo strip camera were produced in quantity.

Fig. 10

K-=17 Camera

In paralle! witk. these developments came awhcle series of new frame cameras.

The K-17 (Fig. 10) was produced by Fairchild with saveral variants, A, B, C and

D which could be used for nrapping and for reconnaissonce equipped with lenses,

mostly from Bausch and Lamb, from the famous wide angle f =6 in. (15 cm)

Metrogon te a f = 40 in. (100 cm) model. The K-18 was a long focal length

g = AT -

camera, the K-19 a special night reconncissance comera, the K-20 a hand-held

small-foimat (4x 5in., 10 x 12.5 cm) camera, etc. The contrast with the
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British position could hardly have been greater. On the one hand, standard-
isation on the apparently well-proven small format F-24, available with a great
number of lenses of different focal length; on the other a large number of newly
developed, partly experimental cameras with a great variety of formats, often

designed for specific roles and purposes.

1.5 Photo Reconnaissance during the Second World War

This topic is one which has had a great deal of coverage, especially in
series of popular books (e.g. Babington=Smith 1957; Heiman 1972; Goddard,
1969; Brookes 1975, etc.). However, the emphasis in these is on the aircraft
and the personalities involved, the applications to the various battlefields and
to strategic bombing and the related economic aspects, etc. Much less information
is available on the technical aspects of cameras, lenses, emulsions, etc., both
because of wartime security and the fact that it is not of interest to the general
public and to the lay reader.

For the British the story opened disastrously and ended well. The period

1939-40 led to the discovery that the F-24 was unsatisfactory in many respects.
It hadbeen designed for operation from maximum altitudes between 12,000 and
20,000 ft (4,000 to 6,000 m) and ;.::s the altitudes of operational aircraft
quickly rose, its small format exacted a penalty either in scale or resolution

or in angular coverage. In March 1940, the situation was partially remedied by
bringing back into service the F8 cameras, including fifteen hastily repatriated
from India (Laws 1959). Steps were taken to put the F8 camera back into

production (Oates 1943) and a parallel effort was made by the R.A,E. to
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produce a more modern camera capable of operation from high altitudes.

Fig. 12 F52 Camera
Fig. 11 F52 Tamczra Diagra

This was ihe F52 camara (Fig. 11) the prototype of which was produced in

the quite remarkuble ti.ne of 54 days (Laws 1945). It had a 8% x 7 in. ( 20 x
17.5 cm) format (Fig. 12) ard was normally equipped with a f =36 in. (90 cm)
lens. Manufactured by Williamson, it was used especially from fast, specially
developed hich-aititude Spitfire and Mosquito aircraft which, by the end of
the war, operated from uititudes in excess of 40,000 ft (12,000 m). The F21
camera contint ea ta be used extensively e.g. from low altitudes and as a night
camera on R,A.F. dorider aircraft. It was also mass-produced in the U.S.A.

-

as the K-24 and supplied to all the Allied countries under the Lease-Lend

programme. A survey and mapping camera, the F49, witha 9 x 9 in. (23 x
23 cm) format and a ¥ =6 in. (15 cm) with wide-angle lens was also developed

along the same lines os the F52 and a hybrid, the FE3, appeared which utilised
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the magazine, body and format of the F52 together with the Ross survey lens
(an example of this camera is in the possession of the Department of Geography

at the University of Glasgow).

In the United States, the new designs already being produced experimentally
in the period prior to the War were rapidly developed and mass-produced in the
typical American manner. The K-17, K-18, K-19, K-20 etc. were used widely.
The K-22 was produced both by Fairchild and the Chicago Aerial Survey Co. as
a standard day reconnaissance camera with a 9 x 9 in. (23 x 23 cm) format and

a range of lenses from the f =6 in. (15 cm) model to the f = 40 in. (100 cm) model

giving a range of angular coverages from 93° to 9°.

Fig. 13 Sonne S7

Camera

Fig. 14 Dr. Baker with high

altitude Camera.
While these cameras were the principal ones used, for specialist low-level
work, e.g. stereo-cover of invasion beach sites both in France and in the
Pacific, the Sonne strip and stereo-strip_cameras (Fig. 13) produced by the

Chicago Aerial Survey Co. were employed, especially by the U.S. Navy. In
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1940, a development was initiated which was to have far-reaching consequences
for high-altitude reconnaissance work. This was the establishment with the U.S.
A.F. support of the Optical Research Laboratory at Harvard University under

Dr. James Baker, then a young astronomer. Work started on a series of advanced

f =40 -in. (100 cm), 60 in. (150 cm) and 100 in. (250 cm) long focal length
len;es with very high resolution (Fig. 14). The 40 in. lens was used in the

K-22 camera, but the 60 in. lens was only made ready in 1944 and used in
Western Europe in limited quantities (Goddard 1969). The lens was a folded
design (in the form of a U) and was the first to provide automatic compensation
for changes in air temperature and pressure. The 100 in. lens was only completed
as the War ended.

On the Geman side, there was little use of high speed fighter aircraft for
reconnaissance and twin-engined bomber aircraft were mostly used. These were
quite suitable for the Russian front until late in the War, but since such aircraft
were no match for the Allied Spitfire and Mustang fighters, it meant that little
reconnaissance of Britain and other heavily defended areas took place. The
Germans did convert a few Junkers 86 aircraft (Models P1 and P2) to high-flying
operation (40,000 ft), but it appears in general that strategic reconnaissance
was little practised (Brookes 1975). The main cameras used were the Zeiss
RB series with 20, 50 and 75 cm focal lengths and the unusually large 30 x 30 in.
format.

To summarise the situation at the end of World War Il, one can say that,

on the Allied side, high-performance reconnaissance frame cameras were the

norm. While a range of lenses had been developed for a wide variety of possible

uses, the emphasis was on photo-reconnaissance using the Spitfire, Mosquito,



P-51 Mustang and F-5 Lightning which, by operating at altitudes of 40,000 ft

(12,000 m), offered safety from enemy fighter aircraft and anti-aircraft fire.

Hence long fucal length, narrow-angled lenses were standard especially for

strategic reconnaissance as distinct from tactical bottlefield missions.

1.6 Developments Post=\Vorld War ||

At first, devzlopments in ine immediate post-War veriod were slow, but
with the onset of the Co'd War and the sudden adveni of the Korean War,

development began apoce. A: first, American dzveiopmenrts were concentrated

s el e — g T — T — —

on frame cameras with stiil longer focal lengthienses. The K-30 camera utilised

the Raker f = 100 in. (250 cm) lens with an aperture of f/10(Fig. 15) and had a

format <ize of 9 x 18 in. {22.5 x 45 cm).

Fig. 15. The f =100 in. (250 cm)- lens camera.
When installed in an aircraft flying at an aitituac of 50,000 11 (15,000 m) it
provided a photo scale of 1/6000, The K-30 camera was equipped with a focal
plane shutter with speedsvarying from 1/100 to 1/1000 second. The relatively
slow shutter speeds were inevitable with the restricted opertures common with

these leng focol lengths. Such cameras were physically quite enormous ond very

heavy (Fig. 14). This did nct trouble the Americans with their giant B-29



22

Superfortress and B-36 high-altitude bomber aircraft. However, the trend was
to change quite rapidly as jet aircraft e.g. the F-80 and F-86 fighters and the
B-47 and B-52 bombers, began to be introduced in large numbers. These could
operate at still greater altitudes and much higher speeds but, apart from the
B-52, they were much smaller in size than their propeller-driven predecessors.
New cameras to take care of these new operational parameters were developed.
Supersonic aircraft were brought into service so that still newer designs were
produced. Specialist photo-reconnaissance aircraft such as the RF=101 Voodoo
and RF-4 Phantom were introduced. With the development of anti-aircraft
missiles, operating ceilings increased on the one hand while, on the other,
many reconnaissance missions were conducted at high speeds and at very low
altitudes to avoid radar, gunfire and missiles.

The number and range of American reconnaissance cameras developed in
the 1950's and 1960's is quite bewildering. Attempting to isolate a few main
trends during this period , the first is the continued development of ultra-long
focal length high resolution reconnaissance cameras. In the forefront of this
development was the Optical Research Laboratory, previously at Harvard
University, but later transferred to Boston University under the direction of
Dr. Duncan Macdonald. (Still later, when the USAF cut back its support
for the laboratory, the famous ltek Corporation was formed to operate it as
a commercial company.) The Baker f =100 in. (250 cm) design was refined
by the laboratory, so that a lighter weight version was produced, but focal
lengths increased to f = 240 in. (610 cm),ogc:in on a large 9 x 18 in. (23 x

46 cm) rectangular format to combat lack of coverage but still using stondard

9 in. (23 cm) film.
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With advent of the Lockheed U-2 and the Martin B=57E Canberra ultra-
high altitude (with ceilings in excess of 70,000 ft (21,000 m))strategic recon-
naissance aircraft, ever-greater performance was required from cameras, lenses,
shutters and films. The testimony of Dr. Alekseyevich, the Russian recon-
naissance expert, given at the trial of Gary Powers, the pilot of the U-2 shot
down near Sverdlovsk in 1960 (and recently analysed by Brock 1976), allows
some insight into the performance achieved. This particular U-2 had a f = 36 in.
(90 cm) camera (believed to have been built by Perkin-Elmer) which produced a
scale of 1/22,000 from H = 70,000 ft (21,000 m). To give relatively wide=-
angle coverage with this lens, the camera utilised two rolls of standard 93 in.
(24 cm) filmrun side by side across the focal plane to give a format of 46 x
46 ¢m and a coverage of 28°. Seven parallel strips were taken by a rotating
lens through seven glass windows in the body of the plane. This appears to
indicate the use of a horizontally positioned camera axis with the lens and
45° mirror rotating as a unit. Thus the total lateral cover was 200 km. No
less than 2,000 m of film was available in the camera magazine.

Goddard in his book also refers to the development of reflective mirror
optics to cut down the size and weight of these large lenses and to give
relatively wide apertures and acceptable exposure times at long focal lengths.
This development was started at the California Institute of Technology during
the Second World War under Dr. Milliken. The resulting cameras did not go
into production during the War due to problems with the mirror tamishing,
especially in the tropics, and to problems with vibrations associated with
propeller-driven aircraft. The development continued later at the Boston

Optical Research Laboratory, and Baker was of course responsible for the
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optical design of the well-known Baker-Nunn satellite tracking cameras which
were built in the early1960's and utilise reflective mirror optics. One may assume
that American cumeras of this type exist for use in aircraft. Almost cerininty, the
USAF 240 in. camera was of the Cassagrain reflective mirror type. iter. mention
that they had built a f =240 in. (610 em) f/20 system to this design in which the
front mirror was located only 40 in. (100 cm) from the focal plane (Itek

Laboratories 1951). The best~known of such cameras are, however, the range

(TA-20 to TA-12C) developad by the Cude Delft company in the Netherlands

with focal lengths of up te 1.20 m (Fig. 16).
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Fig. 16 Oude Delft TA- series Camera Diagram
Since 1960, cparating r.-i?'i:'ude; of {et reconnaissance aircraft have grown still
greater, the Luckheed SR-71 being capable of operatingat H=100, 000 to
120,000 £t {30,;5"‘0 o 36,500 m). Furthermore, since 1962, Earth-orbiting
satellites have been used for strategic photo-reconnaissance (Klass 1971a).
Wiih these, the speeds of the camera platforms have bzcome still greater
(29,000 k.p.h. v 3,000 k.p.h.) and operating altitudes still higher (180 km

and upwards v 30 km). Thus the needs for longer focal lengths, ever shorter
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exposure times and higher film resoluticn (which are all contradictory) are,
os'éver, primary requirements for strategic reconnaissance. Reportedly,

the current Lockheed Big Bird recontaissance suteilites vse a Perkin-Elmer
camera of f = 8 ft(2.5 m) which gives a scale of 1,435,000 from H = 180 km
(Klass 1971b). There is little doubt that the cameras used so successfully end
reliably in the various N.A.S A. projects had Laen devetoped earlier for
military reconnaissance purposes. Thus the film camero. v:ith rudio-transmission
used in 1966 and 1967 in the Lunar Orbiter series cf erploralory satellites had
already been developed for the Samos series of sirategic reconnaissance
satellites operated from 1962 onward; (Klass 1971a). Also, the film cameras

used in the manned Apollo lunar missicias were long focai length military

reconnaissance cameras - the Hyzon (later Actron) KA-74 frame camera

(Fig. 17) and the ltek KA-80 panoramic camera (Fig. 18). Therefore the

civilian NL,A,S,A, flights, executed in the full glare of Worls press and
television coverage, have helped greatly in lifting the curtain on various

types of high performance reconnaissance cameras, which would otherwise be

little known.
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Fig. 17 KA-74 Camera in Fig. 18 ltek- KA-80 Camera
Apollo Spacecraft fitted to Apollo Spacecraft
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Another main trend in the United States developments has been the wide-
spread adoption of panoramic camaras. Goddard (p. 379) assigns their intro-
duction to aerial reconnaissance work to Philbrick, a U.S.A.F. officer working
at the Boston Optical Research Laboratory. He modified an S7 strip camera to
give a 9x 30 in. (23 x 75 cm) format and a coverage that, from a flying height
of 30,000 ft (9,000 m) over New England, stretched from Portland Maise to
New England. A panoramic camera was a solution to solve the age-old problem
of obtaining large scale and high resolution with wide angular coverage. This
it does achieve especially since the long focal length narrow-angle lens is
used on-axis through the exposure. However, it is achieved at the cost of
large scale changes and considerable geometrical distortion, especially towards
the edges of each photograph.

A final point about American developments has been the introduction of

small, remotely~controlled drones (or remote piloted vehicles (R.P.Vs) such

as the Ryan Firebee since the Vietnam War. These generally have restrictions

conceming the size and weight of the cameras which can be installed in them.
A development closely associated with these drones has been that the photo-
graphs taken by cameras on board these vehicles can be developed, scanned

electronically and transmitted back by radio to a receiving station, so that

the information is not lost if the drone does not return to its base. Parallel
developments have taken place on board "search and find" reconnaissance
satellites with radio transmission to an Earth station (Klass 1971a) and, as

mentioned above, the technology involved is known from the highly successful

series of Lunar Orbiter satellites of N.A.S.A. (Figs. 19 and 20).
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Fig. 20 Lunar Orbiter Camera

Fig. 19 LUI’IGI‘ Orbh‘er SpGCechFf Sn:/gf.jm
Placing special emphasis on American work is justified, given the giant
effort and great variety of reconnaissance camera development which has taker
place in the United States. In the other Western European countries, development
has been on an altogether more modest but still significant scale and has been
remarkably successful though restrictec to certain ficlds. In Britain, the

traditional reconnaissance frame camera has remainad the chief type and a

A\

series of cameras have been produced on the standard 79 mm, 5 in. (12.5 cm,
and 9 in. (23 cm) film formats. The mair producer of 70U min cameras has been
the firm of Vinten, especially with thei: 95 series (Fig. 21) though Williamson

S —— W

has also produced the F134 design. The 5 in. film cameras include the F117

1n

of Williamson (Fig. 22), the type 690 of Vinten and the unusuai 135 (Fig. 23)

of A.G.l. which produces two side-by-side photographs looking forward and
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Fig. 21 Vinten 70 mm Comera

Fig. 22 Williamson F] 'il7 Comera
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backward rather like a stereo-strip camera, but utilising a frame format. The

ubiquitous F52 has been replaced first by the F?6 camera and then by the A.G.I.

F126 design with a range of lenses from f =6 in. (15 cm) to 36 in. (90 cm) .
Experimental large-format panoramic cameras have been developed in the U.K.,

e.g. the Williamson E85 (Williamson 1954), but they do not appear to have

entered service. However, this may change with the recent introduction of the

type 750 camera by Vinten which may be regarded as a scaled-down version
(using 70 mm film) of the ltek KA-80 rotating optical bar panoramic camera

used in the Apollo lunar photographic missions.
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The influence of American development (and of Brock who has retumed to
Vinten from ltek) may also be noted in the Vinten LOROP (long range oblique
camera) (Fig. 24) proposal discussed in Flight International, 16 May 1974. This
also bears a noticeable resemblance to the U-2 camera arrangement described
by Alekseyevich, but again a small-size of camera (the type 690 with 5 in.
(12.5 cm) film) is used, fitted with a Leitz f = 24 in. (60 cm) f/4 lens.

In the Netherlands, as already mentioned, the outstanding designs are the
Oude Delft cameras equipped with reflective mirror optics which appear to
have had widespread use in N.A.T.O. reconnaissance aircraft. But 70 mm
film frame cameras employing lens optics, e.g. the TA-7 (Fig. 25) and TA-8

series, have also been developed by Oude Delft. French development appears

to have followed much the same path as in the U.K. with a range of frame
cameras utilising the standard 70 mm, 5 in. (12.5 cm) and 92 in. (23 cm)

formats, e.g. the Omera series utilising Matra-S.F.O .M. lenses. In West

Germany, the large format 23 x 23 cm Type HRb cameras (Fig. 26) produced
by Zeiss Oberkochen appear to be adapted versions of the well-known RMK

series of metric cameras.

Fig. 26 Zeiss Oberkochen

HRb reconnaissance
frame Camera

Fig. 25 Oyde Delft TA-7 M 70 mm Camera
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Having quickly sketched the history and development of aerial reconnaissance
cameras and photography, it is profitable to consider in more detail some of the

most recent developments mentioned above, since several of these are of

particular relevance to this dissertation.



CHAPTER I

Continuous strip and

panoramic cameras
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CHAPTER [l

CONTINUOUS STRIP AND PANORAMIC CAMERAS

2.1 Introduction

Arising from the previous chapter, it can be seen that there are three types

of reconnaissance camera:-

(i)  the frame type

(ii)  the continuous strip type and

(iii) the panoramic type.
In this chapter, the latter two types will be discussed in some detail. They have
been developed more recently than the traditional type of frame camera - in
the case of the continuous strip cameras from just before the Second World War;
in the case of the panoramic cameras from the period of the late 1950's onwards.
Although this thesis is concerned primarily with frame-type cameras, some
consideration of these altemnative solutions is justified both on the grounds of
completeness and also so that the comparisons between these different types,
made later on, can be better understood and placed in a correct context. In
particular, it will be seen that,while the continuous strip and panoramic cameras
are optimised for certain roles and missions, the traditional type of frame camera
has been developed continuously and successfully and still offers considerable

advantages in many situations, not least to the military and civilian users.

2.2 Image Movement Compensation

One of the major problems encountered when using conventional aerial

comeras to obtain photography from aircraft flown at low-altitudes and at high
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speed is that the distance moved by the image on the focal plane during the

exposure time results in a discernible image blur. This image movement is

directly proportional to the craft speed and the exposure time, and inversely
proportional to the flying height. However, even if a high speed of exposure
can be employed, the image motion may still be significant when the camera
is installed in an aircraft flying at supersonic speed and at low altitude.

For example, an aircraft flying at Mach 1 (280 m/sec) at a low altitude of
200 ft (60 m) - which is now frequently required in military air operations -
and using a camera with a f =38 mm lens, would certainly produce a blurred

image irrespective of exposure speed, as the following diagram (Fig. 27) shows:
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Fig. 27 Image motion at different shutter speeds
Although the amount of blur is dependent on the exposure time, it can be
seen that no practical shutter speed would eliminate this image motion.
At first, high _altitude photography was largely free from such troubles

because of the smaller scale and lower resolution. But as camera lenses and

films have improved in resolution.and aircraft speeds have gone up (the SR-71
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flies at 3000 k.p.h. = nearly 800 m/sec), image blur can be important even
from high altitudes. With the advent of satellites orbiting at 29,000 k.p.h.

8 km/sec, and the use of high resolution cameras, the problem is still present.
The result of these considerations is that image movement compensation (i.m.c.)
is fitted to virtually all reconnaissance cameras no matter which principle they
are based upon. In principle, this can be done by moving either the film or

the lens, the other component remaining fixed: the former is usually the more
practical method (though not in some types of panoramic camera). An
alternative procedure is by continuous tilting of the camera during exposure

so that the optical axis always points at a fixed position on the terrain; as will

be seen later, this method is confined however to cameras with narrow-angled

lenses.

2.3 Continuous Strip Cameras

Quite apart from the modifications to cameras and to procedures to
combat ‘i’moge‘ motion, special continuous strip and stereo strip cameras have
been designed specifically for low altitude photography taken from a high-
speed platform. In these cameras, the film is continuously in motion to
compensate for image movement and so the photography taken with such
cameras exhibits very unusual characteristics both for measurement and inter-
pretation.

As already mentioned, the strip camera was first developed by Del Riccioin
the United States at the request of Goddard and brought into service during
World War Il. In this type of camera, the film is moved continuously past

a slit in the focal plane during exposure of the strip image (Fig. 28) The



Direction of -+
Film Motion

/]

Fig. 28 Design Concept of the Continuous Strip Camera
speed of the film is proportional to and synchronised with the speed of the
aircraft, which has to be measured and fed to the camera film advance mech-
anism. The slit is set perpendicular to the direction of flight and has a variable
width according to the exposure time required. Since there is no relative image
movement during exposure, short exposure times are not needed to stop image
motion and hence a very narrow slit is not obligatory. Exposure may also be
controlled by the iris diaphragm of the lens. However, comera stabilisation
of some sort is usually applied to the strip camera, otherwise the rapid changes
in tilts likely to be encountered in low altitude, high-speed flight would
result in double imaging or gaps in coverage. From high altitudes, the effects
of aircraft roll and pitch and aircraft vibration are magnified greatly and so
strip cameras are seldom employed outside the low-level role. A twin-lens
type of strip camera has also been produced which allows stereo-photographs

to be taken and used. The desired stereobase is achieved by setting the
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lenses some distance apart on opposite sides of the slit as shown in Fig. 29.
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Fig. 29 Continuous Stereo Strip Camera Diagram

The Sonne S-7A was developed during World War 1. It utilised standard 9 in.

(23 c¢m) film and was available with a wide range of lenses from f = 3.5 in.

(2 em) to 20 in. (50 cm). The later S-11 camera was first used in 1950 during

L]

the Korean War, installed in the RF-80 jet aircraft. The KA-18A Continuous

Strip Comera illustrated below (Fig. 30 and 31) dates from the 1960's.
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Fig. 30 KA-18A Strip Camera Diagram
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Fig. 31 KA-18A Strip Camera

From the discussion above, it can be readily seen that the practical
utilisation of strip and stereo-strip photography will involve the use of special
instruments and procedures which are very different to those available and
familiar to those practising photo-interpretation and photogrammetry on the
traditional type of frame photography. Special offset stereo-viewers have been
developed and measurements on strip photography can be made on comparators
for later reduction by analytical methods. However, the restriction of the
strip and the stereo strip cameras to low level, high speed missions has meant
that the utilisation of the resultant photography remains a specialist activity
restricted to a very small group of military users. Certainly, it is far less
likely to be encountered than panoramic and frame type reconnaissance

photography.
2.4 Panoramic Cameras

Reconnaissance photography may often be conducted from extremes of

high and low altitude. For high altitude operation, cameras are equipped with
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long focal length lenses to give large-scale high resolution photography. In
such cases, frame-type cameras have very small angles of view and réstricted
areal coverage. In order to overcome this difficulty, often several such
cameras are installed in a fan_configuration to give the widest possible view
across the direction of flight. However, the installation of two or more such
large cameras (since focal length may be from 24 in. to 36 in. (60 to 90 cm)
with large format sizes) brings problems arising from their volume and weight
and the available space in the aircraft. Furthermore, the problems of shutter
synchronisation, the possibility of failure of one camera, the difficulty of
handling and correlating several rolls of film and the difficulties of ir:stallaﬁon
and maintenance all combine to make multiple camera installations undesirable.
The oblique camera axes and tilted photographs give also difficulties with
both interpretation and mapping. However, for many years there was no
alternative solution and much of the R.A.F, coverage of the U.K, has been
carried out with fans of two, four or six long focal length cameras. For very

low altitudes, the matter of wide angular coverage is also a problem even with

shorter focus, wider angled cameras and again, the use of fans of cameras

often carried in special reconnaissance pods slung below the aircraft is not

uncommon, especially in current R.A,F. practice.
However, the panoramic camera offers an altemative to multiple frame
camera installations and is now in quite widespread use, especially in
American military reconnaissance aircraft. It is adaptable to high, medium
or low altitude operation. In the high-altitude case, large scale and high
resolution results from the use of a long focal length lens while wide angular

coverage (which can be from horizon-to-horizon) is achieved by causing the
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lens to rotate and so scan the terrain on either side of the flight line. Usually
the high altitude panoramic cameras, like their frame equivalents, utilise
large width film and formats. Taken in conjunction with the long focal length
lenses, they are comparatively large and heavy - though much less so than

a corresponding multiple fan configuration. For low altitudes, focal lengths
are shorter, smaller-width film is employed ond formats are smaller. So low
altitude panoramic cameras are much smaller in size and weight.

The basic principle of panoramic photography is shown in Fig. 32 below.

Fig. 32 Principle of Panoramic

Photography

The focal plane is circular and the
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resultant panoramic photograph will

Fig. 33 Panoramic Distortion appear as in Fig. 33. This shows

the so~called 'panoramic distortion' which results from the cylindrical focal

plane and the rotary sweep action of the lens.

Since the panoramic camera is here
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Fig. 34 Sweep Distortion

during the sweep time of the lens.

This so~called 'sweep distortion'

(Fig. 34) modifies the positions given by the panoramic distortion.

Still further, there will be an addi-
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Although, in principle, all ponoramic cameras produce an image with a
geometry and distortion pattern as shown in the diagrams (Fig. 32 to 36) given
above, there are numerous approaches to actually realising the sweep action
in the camera. [n the late 1950' and early 1960's when American manufacturers
were asked to submit designs for panoramic cameras, almost every one came up

"

with a different design. A few representative examples will be outlined below.

2.4.1 Rotating Lens Type of Panoramic Camera

This design corresponds to the arrangement already described (Fig. 32)
above. A cylindrical focal plane is used, the film being stationary during the
scan (Fig. 37). The lens is rotated about its rear nodal point. Attached to it
is a scanning arm at the end of which are small rollers for flattening the film
and a slit through which the light from the terrain is admitted to expose an image
on the photographic emulsion. The slit must of course cover the width of the
film which is being exposed. The size of the slit in the direction of scan
determines the length of exposure; the wider the slit, the longer the exposure.
Obviously, the maximum scan which can be obtained by this design will be less
than 180°, otherwise the lens will be pointing into the focal plane. This simple
arrangement gives excellent resolution and, since there is no movement of the
film (as in the other types to be discussed below), no synchronisation of lens
and film is required. When used with long focal lengths it is a bulky and spacs:-

consuming design. However, because of its high resolution capability, it has

been used for a large number of medium to high altitude panoramic cameras

built by ltek (e.g. the Hyac design) and Fairchild (e.g. the KA-81 and KA-82

*

designs).
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Fig. 37 Stationary Film, Rotating Lens Panoramic Camera

Panoramic Camera

A variant of this design is the split-scan type (Fig. 38) in which two lenses
are used, the one pointing to the left and the other to the right of the flight
track. A common drive system ensures simultaneous left and right scans.

In both the single lens and split scan types, because of the impracticability
of moving the curved film plane during exposure of the film, image movement
compensation is normally carried out by moving the lens or lenses in the direction
of flight. During the non-imaging part of the cycle, the lens or lenses return to
their starting position (the slit being capped). While this is taking place, fresh
film is transported into position for the next exposure to be made. Inevitably,

this means that a rather slower minimum cycling speed results as compared with

alternative designs.

2.4.2 Rotating Prism Panoramic Camera

This is a configuration by which a full 180-degree or greater scan can be
achieved. As shown in Fig. 39, a double-dove prism whose diagonals are
aluminised and cemented together is placed in front of the stationary lens with

its vertical axis. This prism rotates at a uniform rate through 90 degrees for
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each 180-degree scan. The film passes around and is advanced by a rotating
drum whose rotation must be accurately co-ordinated with that of the prism in
order to achieve good image quality. To compensate for the image motion,

the lens is translated longitudinally at a continuously varying rate during the

picture~taking cycle. This arrangement has been used in the Fairchild KA-60C
and KB-18A cameras designed for low-level reconnaissance photography. Both

employ a f =3 in. (75 mm) lens and a 70 mm film giving a é x 24 cm format.
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Fig. 39 Rotating Prism Panoramic Camera \

Fig. 40 Rotating Prism
Panoramic Camera

Perkin=Elmer

An alternative arrangement utilised in Perkin-Elmer design is that shown
in Fig. 40 in which the optical axis is turned through a right angle and the
film is moved in a plane past a fixed slit. As with the rotating lens type, so
the rotating-prism type has also appeared in a split-scan version. An example
is the Williamson F85 (Fig. 41), one of the very few British panoramic camera

designs. This utilises two f = 36 in. (90 cm) lenses, each of which has a



scanning mirror placed in front of it (Fig. 42). Again the film is advanced

using a drum.

FLM SPOOLS

CAMS OPERATING
MIRFIORS

PIVOTING MRROR

34" TELEPHOTO LENS

Fig. 41 Williamson F85 Panoramic Fig. 42 Williamson F85

Camera Design Panoramic Camera

The rotating-prism type of panoramic camera has the feature that it needs
extremely accurate co-ordination and synchronisation of film movement and
prism rotation to realise the highest resolution. So generally the design is not
favoured for cameras where resolution is a top priority. On the other hand,
it gives a more compact design than the rotating lens type and its continuously
spinning prism allows a very rapid series of photographs to be taken which makes
it particularly suitable for high-speed low-level operations where ultra-high

resolution is not the highest priority.

2.4.3 Rotating Optical-Bar Panoramic Camera

This design (Fig. 43) attempts to combine the high resolution inherent in the
scanning lens type with the need for rapid cycling speeds in high speed recon-
naissance aircraft, which will occur especially when the angular coverage in

the direction of flight is restricted.
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OPTICAL BAR PANORAMIC CAMERA

Fige 43 Rotating Optical Bar Type of Fig. 44 ltek K A-80 Panoramic

Panoramic Camera Diagram Camera

The main part of the optical axis is placed horizontally, which is of course
advantageous for installation in an aircraft, if a long focal length lens is used.
Two mirrors are used, one of which turns the optical path through the objective
lens itself, the other tuming the path on to the film. The whole optical bar
consisting of the lens and the two mirrors rotates continuously around the optical
axis at a constant speed - which obviates the need to start and stop the rotating
lens and allows high cycling speeds if required.

The film is placed on a cylindrical focal plane concentric with the optical
axis. Although the film motion across the focal plane is intermittent, usually
the film supply and take-up spools revolve continuously, supplying film to a
series of sprung rollers which, in essence, produce a buffer store of film ready
for use in the next exposure.

The design is obviously more complex than those described above. The
continuous rotation characteristics of lens and film are favourable for operation
with no need for deceleration, stopping and acceleration of lens and film and
with minimum power requirement. On the other hand , the weight is unusually

high since two large high quality mirrors are required. Nevertheless, this design
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has been produced as the ltek KA-80 (Fig. 44) with a f =24 in. (60 cm) f/3.5

Petzval lens using 5 in. (12.5 cm) film. While it has been used in drones, it
has attracted a great deal of attention through its use on certain of the Apollo
lunar missions. By using a highly-corrected large-aperture lens working over a
small angular field and a slow very high resolution film (Kodak 3404), the truly
remarkable resolution of 135 line pairs/mm at low contrast has been achieved
on-axis and 108 line pairs/mm at the edge of the field (Brock 1976).

The same philosophy and design has since been adopted by Vinten whose
new sze 750 camera (Fig. 45) is essentially a scaled-down version of the KA-80
using 70 mm film and a f = 3 in. (75 mm) f/2.8 lens and so is designed specifically

for low=level high-speed flights.

Fig. 45 Vinten 750 Panoramic

Camera

Fig. 46 Operation of Vinten Type 750 Panoramic Camera
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Fig. 46 illustrates the operation of the camera. The magazine has a film
capacity of 280 ft (85 m) which gives up to 335 photographs. The maximum framing
rate is 7.4 photographs per second and, with a 10 percent overlap, the film capacity

is sufficient for 8.7 miles (14 km) coverage at 200 ft (60 m) altitude and speed of
1100 km/hr.

2.5 Use of Panoramic Photography

Whlle the advantages of panoramic photography - the high resolution large-
scale photographs and the wide-angle cross-track coverage = have been stressed,
there are also disadvantages, especially from the point of view of the users.

The first difficulty is that of geometry. Unlike vertical frame photography,
there are very large scale changes from the central part of each panoramic photo-
graph out to the edges. Along with this comes the very distorted geometrical
pattern of the plan detail and the considerable extent of the dead areas resulting
from the ultra-wide-angle coverage. Transformation printers, e.g. by ltek,
attempt to remove the scale changes and distorted geometry, but obviously the
rectified photographs cannot have the same quality over the whole format. Also

the need to rectify the photography incurs a considerable delay which is unaccept-

able in many military operations.

The geometrical aspect also looms large with the very small base : height

ratio which is inherent in normal panoramic photography. The along-track angular

coverage of panoramic photography is very narrow so that numerous photographs

have to be taken to ensure coverage and overlap. Even then, only a poor stereo-
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impression can be obtained. This is a major consideration for some types of
photo-interpretation where stereoscopic viewing of objects in 3-D model

is a requirement.

To improve the base : height ratio and thus to improve the geometrical
accuracy and the stereo-impression, the [tek KA-80 camera was used in the
Lunar Apollo mission in the convergent mode (Fig. 47), Ey tilting the camera

to point alternately 12.5° fore and aft.

Steren pair
P §)

[ 10 5w sent overiep

Fig. 47 Convergent mode for operation
of KA-80 Camera in Apollo

This imposes an additional set of large tilt displacements to superimpose on the

already complicated and distorted geometry of panoramic photography (Fig. 48).

Fig. 48 Diagram showing Forward and Backward obliques -

Effect on unit-sized grid squares.
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The resulting photographs require special, complex stereo-viewing devices

which incorporate separate pancratic systems to allow the images from the two

photographs to be presented to the observer's eyes at equal scale. Obviously,

it is also necessary to provide Dove prisms for image rotation so that the images

can also be presented to the observer with epipolar lines parallel to the observer's

eye-Eose. The operation of such complex stereo-viewing devices needs not
inconsiderable training and skills on the part of the interpreter.

In view of the foregoing discussion, it is obvious that measurement of distances,
areas and positions on panoramic photography, even to a low degree of accuracy,
Is a task of considerable complexity, not readily performed by the majority of
users. At the low accuracy end of the spectrum, special monocular panoramic
mensuration viewers have been built, e.g. by ltek, which incorporate purpose-
built analogue computers which compensate for the main components of the
geometrical displacements inherent in panoramic photography. Such devices
are complex and expensive and yet, since they are monocular, they cannot be
used to give measurements of height.

For more accurate planimetric measurements and for the determination of
heights even to a limited accuracy, resort has to be made to complex and
enormously expensive analytical plotters such as the OMI-Bendix AS-11 series.
These machines can accommodate the long focal lengths often used and can be
programmed to deal with the complex geometrical characteristics of panoramic
photographs. Also, they have zoom pancratic systems and Dove prisms available
to cope, under computer control, with the difficult stereo-viewing of panoramic

photographs. However, only a very few of the AS=11 B series of analytical
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plotters have been built with all these characteristics and these are located almost
entirely in the Aerospace and Topographic Centres of the U.S. Defence Mapping
Agency. The photogrammetric solutions used by this agency for measurements of

panoramic photography have been outlined by Mahoney (1963) and by Case (1967).

2.6 - Comparison of Strip,_Panoramic and Frame Cameras

From the discussion above, it can be seen that, while strip photography and
panoramic photography have definite and undisputed roles to play in reconnaissance
photography, they are not useful in all situations and circumstances, nor are they
acceptable to all users. The traditional type of reconnaissance frame camera
is still widely used, even by the American military services who have been the
major force behind the development of strip and panoramic cameras and photo-
graphy. For many tasks the frame camera has great- advantages both from the
operational and the user's points of view. It is, however, a curious feature that
the metric aspects of reconnaissance frame photography have received little
attention, and, as far as the present writer is aware, no thorough analysis of
this subject has taken place or, if it has, it has not been published - perhaps
for reasons of military security. The succeeding chapters will analyse the
mechanical and optical characteristics of reconnaissance frame cameras, provide
a theory for the geometrical aspects of these cameras and give the results of a
series of tests and experiments to confirm the results of these theoretical

investigations.
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CHAPTER Il

THE AERIAL RECONNAISSANCE FRAME CAMERA

3.1 Introduction

In this chapter, the basic construction of the aerial reconnaissance frame
camera will be outlined. The characteristics and components that play a major
role in the image quality and geometry of photographs taken with such a camera

will be discussed in more detail.

3.2 Basic Design of the Aerial Frame Cameras

Fig. 49 shows the general configuration of an aerial frame camera

Fig. 49 Schematic Diagram of an aerial frame camera

The following are the main components of such a camera:-
(@) Camera body including the camera drive mechanism and
electrical supply,
(b) Film magazine,

(c) Lens cone,

52
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~ (d) Lens (or mirror optical system),
(e) Image motion compensation system,
(f) Shutter.
Although the basic construction of all aerial frame cameras is similar, those
designed for reconnaissance purposes are optimised for resolution and for image
quality, whereas those built for mapping applications have an emphasis on stable
and calibrated geometrical characteristics. In tumn, this leads to very different

characteristics for some of the components given above, in particular the lens,

shutter and image movement compensation system.
3.3 The Camera Body

This part usually houses the camera drive motor and mechanisms, electrical
power supply and connections, the focal plane and the image motion compensation
system. The film magazine fits on top of the focal plane and the lens cone, shutter
and the lens itself are attached to the underside of the camera body. When an
aerial camera is operated, a means to wind the shutter and to advance the film
for the next exposure is required. An electric motor is the power source for the
entire camera. The electric motor receives current from the aircraft power

supply, and, in tum, moves the cams, gears and shafts so that power is transmitted

to the camera shutter and to the film magazine.

Another part of the camera body is the focal plane which may have a

register glass plate to support the film and to ensure that it lies flat in the focal

plane. The register glass is located in the camera body with its surface perpen-

dicular to the central axis of the lens.



3.4 The Film Magazine

For most oerialtcameras, the film magazine acts as a light-tight container
for the film.

The alternative glass plate type of camera has a (limited) use in photogram-
metric work where very high precision is required. However, it finds no place
in reconnaissance operations, where there are no requirements for high metric
accuracy and where the weight and bulk of the plates and the slow cycling speed
are unfavourable characteristics. Glass plates also require much delicate handling
and do not lend themselves to fast continuous processing as can be carried out on
films for reconnaissance work.

The detachable type of magazine is that mostly used in reconnaissance
cameras. |t can be taken as a unit to a darkroom for loading and unloading the
supply and take-up spools which actually carry the film. Since the magazine
cannot be changed in most reconnaissance flights (unlike mapping operations),
the capacity of an individual magazine is often very large. The film length depends
on the base thickness but with the advent of very thin-based polyester films,
lengths of several hundred metres are not unknown for large format cameras -
the extreme of 2,000 metres for the U-2 camera has already been mentioned.

An alternative arrangement is to use film cassettes e.g. os in the standard

RAF large format camera, the A.G.l. F-124. These are light-tight units
enclosing the supply and take-up spools which are quickly detachable from the
main camera body which, in this case, contains the film transport mechanism

and film-flattening mechanism. The cassettes are light-weight, easy to handle
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and to change.

A third possibility which has been tried experimentally in reconnaissance
cameras is to use cut=films (Williamson 1957). In this case, individual sheets of
70 mm film are used instead of a roll film, giving a format size of 2 3 x 27 in.
(57 x 57 mm). This makes it easier to keep the films perfectly flat and free from

P

curl. It also has the advantage that the selection and abstraction of any individual
photograph is much r:ore rapid (random access) than having to use a spool-winder
(serial or sequential access). No problem of accelerating and decelerating two
heavy spools at each cycle is encountered, and since only a single piece of film
is moved, this causes a considerable saving in motor power in automatic cameras.
Moreover, the stress by tension and the resultant differential film distortion
encountered during the processing of a roll of film is eliminated. The lack of
development of this apparently attractive idea makes one speculate on the
possible reasons. It seems probable that the minimum cycling speed is quite high,
since a mechanism not too dissimilar to that required to change glass plates is
involved. Fast continuous processing machines cannot be used readily either.
These two reasons may have played a part in the idea not being pursued further
for reconnaissance work.

The film magazine also contains a means for holding the film flat in the
focal plane during the exposure. Various arrangements are encountered -
vacuum flattening, mechanical flattening by pressure plate, etc. The vacyum
flattening method & widely used, especially with metric cameras; for example,

the Wild and Zeiss Oberkochen mapping cameras. The U.S. Air Force usually

employs vacuum film flattening with its large format 9 x 2 in (23 x 23 cm)



56

reconnaissance cameras. As is well-known, British mapping cameras (e.g. the
Williamson F-49 and Watts FX~105) use the altemative arrangement of mechonical
flattening using a pressure plate and register glass. The same system is employed
in large format British reconnaissance cameras. In the F~126 camera, the film

is clamped between an optically flat register plate and a spring-loaded backplate
just before exposure. Certain American small-format (5 in. or 70 mm film)
cameras use a similar arrangement. The register glass (which then forms part of
the camera body) can be engraved with a reseau which is, of course, of conside-
rable advantage when metric aspects of reconnaissance photography are being
considered.

In the case of many small format (70 mm) cameras, e.g. the British A.G.l.
F-135 camera, the narrow film is held flat by simply being tensioned across a
spring loaded backplate. As in vacuum flattening cameras, no reseau will be
possible. Since image movement compensation systems are common in recon-
naissance cameras, the magazine will often contain a special motor which allows
it to wind the film during each exposure. In the F-126 camera, the back pressure

plate, the film and the register glass move as a unit for image movement compen-

sation purposes.
3.5 The Lens Cone

The purpose of the lens cone is to exclude light from striking the film or
plate and to support the lens, keeping it at a predetermined distance from the
focal plane. In the case of metric cameras, the relationship between the lens

- and the focal plane (inner orientation) is accurately determined during the
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process of camera calibration. The position of the principal point is defined
by the stationary fiducial marks in the supporting frame, and images of these
fiducial marks are formed on the photograph at the time of exposure. In most

reconnaissance cameras, however, the image frame is a part of the detachable

film magazine, ond hence no fiducial mark images are available on the photograph

to locate the position of the principal point. Some cameras are designed with
interchangeable lens cones to suit different photographic missions. This is
applied to both reconnaissance and mapping comeras. For example, the A.G.lI.
F-126 reconngissance camera can be fitted with £ = 150 mm (6 in.), 300 mm

(12 in.), 600 mm (24 in.) or 900 mm (36 in.) lenses in interchangeable lens
cones, while the Wild RC~10 mapping camera has three interchangeable lens
cones to accommodate lenses of f =88 mm (32 in.), 152 mm (6 in.) and 305 mm

(12 in.) focal lengths.
3.6 Optical System

3.6.1. The Lens

The function of the lens is, of course, to gather the bundle of light rays
for each of an infinite number of points on the terrain and to bring each bundle

to focus as a point on the focal plane. When a lens designer is undertaking the

design of a lens for a modern aerial camera, he must consider all the various

aberrations - spherical aberration, coma, astigmatism, curvature of field and

chromatic aberration - which can occur in any lens.
However, an individual lens can only be corrected for certain aberrations.
If these are removed or minimised, the other aberrations will still be present.

Normally, lens designers have to use a number of lenses or lens elements to
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ensure that certain aberrations are corrected to the degree that may be required

for a particular application. [n this respect, the advent of electronic computers
has allowed lens designers to consider far more alternatives and to make modi-
fi’caﬁons much more readily than before. Even then, some sort of balance or
compromise has to be reached regarding these lens aberrations. Sometimes the
aberrations can be kept small at the cost of introducing large geometrical
distortions. If this results inan improvement in performance in terms of resolution,
illumination and image quality, then this will be preferred since the metric aspects
are Unimpf;nrfant. In most reconnaissance camera lenses, geometric lens distortion
can be expected to be large in amount and sometimes irregular in distribution.

The lenses used in reconnaissance cameras, besides exhibiting comparatively
large radial distortions (Fig. 50 a) often exhibit asymmetric radial distortions, e.g.
quite different distortion patterns may occur along different radial paths from
the centre of the photograph ( Fig 50 b). The main reason for this phenomenon
is the lack of precise centering of the lens elements when assembling the lens.
Usually this is also accompanied by tangential distortions (i.e. geometrical

distortions which occur tangentially to the normal radial distortion) (Fig. 50 c).

(a) Symmetric (b) Asymmetric (c) Tangential

distortion distortion distortion

Fig. 50 Geometric lens distortions
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From discussions with the British manufacturers of reconnaissance cameras
(Williamson, A.G.l. and Vinten) it appears that since there are no special
requirements for geometrical fidelity of the image and no stringent specifications
to be met in this respect, thus the task of centering the lens elements is under-
taken using the procedures and tolerances for "normal" photographic lenses. On
the other hand, when Professor Petrie raised the matter with Zeiss Oberkochen,
the reply was that Zeiss assemble the lenses for their reconnaissance cameras on
the same jigs and using the same procedures as for their metric cameras - so, in
this case, asymmetric and tangential distortions are low.

It is obvious that such considerations play a most important part when trying
to consider the metric potential of reconnaissance cameras. Only a systematic
programme of calibrating reconnaissance cameras will elucidate fully the extent
of the problems. In the case of the particular lenses used in the experimental

part of the present investigation, by good fortune, these exhibited symmetric

distortions only. Their characteristics will be discussed in some detail later in

Chapter V1.

3.6.2 Concentric mirror optics

The alternative to a lens producing an image of the terrain in the focal plane
Is to use concentric mirror optics. As mentioned in Chapter I, these appear to have
been used in various reconnaissance frame cameras. Information is not easily found
(nor is it complete) on American designs. However, much fuller information has
been made available to the present writer by the Oude Delft company in the

N etherlands, which has produced a series of reconnaissance frame cameras based



on concentric mirror optics since 1957. The design is based on the concentric
mirror arrangement of Bouwers. In this, all the mirror surfaces are spherical and
have a common centre of curvature located in the centre of the entrance pupil
(Fig. 51). Any line passing through this common centre may be considered as

an optical axis.
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Fig. 51 Bouwers Concentric Mirror System applied to an aerial camera

Consequently, the aberrations are reduced, and the image quality should be high

and the same over the entire field. However, the focal plane is also curved so

that the film is forced to assume a spherical shape during the exposure. Even

if implemented perfectly, this has, of course, considerable implications for the
geometry of the negative when placed flat for actual use in a viewing/measuring
instrument. In practice, one might expect that this difficult requirement for
flattening film to a spherical shape might not be fulfilled exactly, in which case

some additional and unpredictable film distortions may result. Due to the
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spherical shape of the focal plane and the possible film flattening difficulties,

the Oude Delft cameras all use narrow width (70 mm or 5 in.) film. Also,
rather remarkably, focal plane shutters are used which, with a spherical focal
plane, must give considerable design and operational problems. Speeds are
high (up to 1/1,000 sec) which, in conjunction with the very wic;le apertures,

will reduce image blur and increase resolution to a high level.

Fig. 52 Optical arrangement of long-focus Oude Delft Camera

equipped with concentric optics and right angled prism.

As can be seen from Fig. 52, the concentric mirror system consists of:

(1) a spherical concave mirror,
(2) a negative meniscus lens,
(3) a doubling colour correcting plate,
(4) a vertical plane mirror,
(5) a 45 degree plane mirror for the right-angle models and
(6) the image plane having a slight spherical shape.

As mentioned above, very wide apertures are possible.

In the Oude Delft series these range fromf /0.8 in the shortest (but still
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long) focal length (20 cm) to f /3.9 in the longest focal length (1.20 m). These
permit the use of fine-grain films to achieve high resolution or the taking of
photographs at very short exposure times which is of great advantage in reducing

image blur at high flying speeds.

| " e
1k

Fig. 53 Oude Delft TA-120 Camera

The Oude Delft series are designed mainly for medium and high altitude
operations and thus are equipped with mirror systems having equivalent focal
lengths of 20, 30, 60, 90 and 120 cm (The TA-20, TA-30, TA-60, TA-90 and
TA-120 respectively). The TA-120 air camera (Fig. 53) is equipped with
250 ft (80 m) of 5in. (12.5 cm) unperforated film to produce an image size
of 4.5x 4.5in. (11.5x 11.5 cm). Right-angle models have been produced
(Fig. 52 and 53) incorporating an additional 45° plane mirror, which permits

a horizontal position of the rather long focal length camera in the aircraft.

3.6.3. Lens Resolution

The ability of an image-forming system to reproduce detail is determined

by its resolving_power, which may be expressed as the number of the smallest
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elements per unit area or per unit length that can be resolved in the photograph.
The lens aberrations which have already been mentioned cannot be eliminated
entirely and they impose several limitations on the lens performance and its
re;olv‘i'ng power.

Even with an ideal aberration-free and distortion-free lens, which is also
free: of all the imperfections resulting from its manufacture, an infinitely great
resolving power is impossible because of the diffraction phenomena. Real lenses
always have finite openings and, therefore, they always produce diffraction
effects.

Airy (1834) found that the image of a point produced by an ideal lens is a
bright disc of a measurable dimension, surrounded by an infinite number of rings.
The size of this disc and hence the resolving power of the lens was found to be
dependent on the wavelength of the light used and the aperture of the lens. This
is expressed by the diffraction limiting formula (Shershen, 1958):

M) f

= 2 e e e e e e e e (1)

where r is the radius of the Airy disc, or simply the minimum distance

r

between the images of the points or lines that may be distinguished
separately;
A is the wavelength of the light;

M is a coefficient to indicate the amount of contrast;

IQ..

is the diameter of the entrance pupil of the lens;
and £ is the focal length of the lens. (f/d is the aperture of the lens).

This formula is correct only for an ideal aberration free lens. The reciprocal of
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r in the equation gives the number of line pairs (Ip) resolved per millimetre
(resolving power) Fig. 54 shows graphically the resolution in line pairs per

millimetre obtainable with an ideal lens of variable aperture.

:5—89,;": I Fig- 54

5600
g o 4o .
> =00 Variation of resolving power
g 400
300 with the lens aperture for an
£ 200
§ [ ]
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Lens operture (f-number)

It is clear that, as the ideal lens is stopped down, its resolving power drops
rapidly. For example, aberration-free £/4 lens has a theoretical resolution of
350 Ip/mm, whereas stopped down to f/16 its resolving power would drop to

85 lp/mm. This explains why wide-aperture lenses are usually preferred in the
case of reconnaissance phétography. .

The point is reinforced by the fact that wide-aperture lenses also allow
shorter exposure times, thereby minimising loss of resolution caused by image
motion resulting from the movement of the camera~-carrying platform (aircraft,
satellite, etc.). However, it is far from easy to manufacture and assemble large
aperture lenses for the very large focal lengths used in high-altitude recon-
naissance work. For example, to achieve an aperture of f /2 for a lens of
f =24 in (610 mm) means that the diameter of the lens elements is 12 in (305 mm) .
This means that the lens elements will be very large and heavy and will be much
more difficult to manufacture, handle and assemble. In tum, they will also

be much more expensive than narrower-aperture lenses.
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The highest figures for resolution are obtainable on-axis, i.e. around the
central area of the format. However, there may be a drastic reduction in
resolution towards the comers of the photograph. This fall-off in resolution is
. very much more significant with the super-wide-angle and wide-angle lenses
which are favoured, for geometrical reasons, in metric cameras. In normal-
angle lenses, however, it is much less of a problem.

To determine the resolution of a system containing several components,

such as lens, film, image motion, the following empirical formula (Shershen

1958; American Society of Photogrammetry, 1966) is often used:

IR = I/R] IRy + IRy + il (2)

S

where R, is the resolution of the system and
Ry, Rg etc. are the limiting resolutions of the components. However,

the resolving power of the lens cannot simply be determined as such since,
inevitably, resolution measurements also involve a target and an emulsion. Thus
the resolving power quoted will (or should) specify the target used e.g. high or
low contrast and the type of film used.

- However, even these resolution values do not readily point out the factors
responsible for favourable or unfavourable system performance. Thus, an

alternative statement of image quality; the Modulation Transfer Function (MTF)

is now preferred. The MTF or sinewave response is a curve indicating the degree

to which image contrast is reduced as spatial frequency is increased. The
MTF's of the well-known Wild Aviogon mapping lens and the Skylab S-1908B

reconnaissance camera lens are given in Figs. 55a and b. respectively.
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Fig. 55 (a) MTF for the Aviogon (b) MTF for the S-190B Lens
Lens (Welander 1968, (Gimlett 1975, Welch,
Welch 1971) 1976).

From the above, it can be seen that the S-190B lens has higher MTF values at
higher spatial frequencies than the mapping Aviogon lens. For example, at
the modulation of 40 percent, the Aviogon lens has a spatial frequency of 45
cycles/mm while the S-190B lens has a spatial frequency of 90 cycles/mm.
Again starting from spatial frequency of 30 cycles/mm, the MTF curve from the
Aviogon lens drops rapidly when compared with that of the ETC lens. This is
one example to show the superiority of reconnaissance .|enses over metric
lenses in terms of lens quality.

Individual MTF curves can be produced for lens, film, image motion and
other relevant variables in the camera system and a single MTF value for the
camera system could be obtained by multiplying the responses of the appropriate
lens, film and other curves, frequency by frequency. This process of combining
the individual MTF curves is known as cascading.

This process can be illustrated by Fig. 546. The former (Fig. 56a) shows the
individual MTF curves for the Wild Aviogon lens, the Kodak 3400 film and

10 um of image motion and also the product of these three MTF's which is the
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system MTF (Welch 1970) The latter (Fig. 56b) shows the MTF curves for the
5-190B lens, the 3434 and 2430 Eastman Kodak films employed to record and
duplicate S-190B photographs. The predicted MTF's obtained by cascading the
lens MTF with the MTF's for the original (3414) and (2430) duplicating films
are shown in Fig. 56c (Welch 1976). It can be noticed from these figures

that while the MTF value of 40 percent for the S-190B photograph corresponds
to a spatial frequency of 60 cycles/mm, at the same MTF value for the Aviogon
system, the spatial frequency is only 25 cycles/mm. This example further
emphasizes the point that final MTF value of the total system in reconnaissance
photography is significantly higher than that produced by what most photogram=-

metrists and photo-interpreters would regard as high-quality mapping or metric

photography.

100

Response (Percent}
" »
= =)
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(a) MTF's for a Wild Aviogon lens; Kodak 3400 film; 10 ym of image
motion, and the total MTF of the system (Welch 1971)

Fig. 56

(b) MTF's for the S-190B lens; the Eastman Kodak 3414 and 2430 films
(Welch 1976)

(c) Total MTF for second generation S-190B photographs (Welch 1976).
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The actual resolution of the photographic system (which is a concept more
readily understood by most users) can be predicted by intersecting the MTF curve

of the system, excluding the film, with a Threshold Modulation (TM) curve

" . which is a graphical plot of visually determined film resolution for targets of

several contrasts. This is illustrated by Figs. 57 a and b in which resolution
values for the photographic systems have been determined for each of the
examples given above. Again, the predicted resolution for the S-190B
reconnaissance system exceeds that of the Aviogon metric system (cf. 60-70

lpr/mm for 1.6 : 1 target contrast v. 46 lpr/mm for 2 : 1 target contrast).
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Fig. 5/ a. Estimated resolution at a target contrast of 2 : 1 for the
Aviogon system (Welch 1971).

b. Estimated resolution at a target contrast of 1.6 : 1 for the S-1908

system (Welch 1976).

3.7 Format Size and Arrangement

As already mentioned, within the N.A.T.O. countries the film widths have

become standardised at 70 mm , 5in. (12.5 cm) and 9 in (23 cm). In general,




69

the 70 mm width is used for low altitude reconnaissance photography where demands
for resolution are lower and the small bulk of the camera allows several cameras
to be used in a fan arrangement which is frequently a requirement to achieve

angular coverage. The wide width (23 cm) film is employed mostly at high and

medium altitudes where high resolution is a priority and the intermediate 5 in.

>

(12.5 cm) width is employed at both low altitudes (to give better resolution if

required) and at high altitudes where it is more economical of film and allows
more exposures, though at the cost of angular coverage.

Normally, the formats used with these films are square, e.g. 6 x 6 cm,
11.5x 11.5 em and 23 x 23 cm, but there are some interesting departures from
this. American practice with many high altitude reconnaissance frame cameras
equipped with long focal length narrow angle lenses has been to recover angular

coverage by using rectangular formats, usually 9 x 18 in. (23 x 46 cm) with the

long side normally sat across the flight direction.

Fig. 58 Rectangular Format Camera operated cross-track.

This format was first used in the K-7 camera of 1926, but it is also used in the

following recently manufactured cameras:-
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12 in. (30 cm)| 24 in.(60 cm)| 36 in.(90 cm)] 48 in.(1.20m)

The result is a very poor base/height ratio caused by the small longitudinal or
forward overlap and the very narrow forward angular coverage, which gives a
poor stereoscopic impression of the terrain.

However, it is also possible to set the long side of the format parallel to
the flight line, in which case the base/height ratio will be increased, albeit
at the cost of limited lateral coverage. There is reason to believe that this is
in fact being done increasingly to achieve good stereoscopic viewing from high
altitude aircraft and Earth-orbiting spacecraft.  As a pointer to this, the ltek
Company announced in 1974 that it would build the so-called Metritek camera.
This will be available with a 9 x 18 in. (23 x 46 cm) format and with alternative
focal |'engths of f=12in. (30 cm) and 18 in. (46 cm). This is to be mounted in
a four-engined, ultra~high altitude version of the Learjet, capable of flying at
altitudes greater than 60,000 ft (20,000 m). The same camera is also proposed

for the Geosat satellite and the trial flight will take place in one of N.A.S.A'

Shuttle proving flights in 1980. In all cases, the camera, which is thought to be

a metric version of a military reconnaissance camera, is to be operated with its
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long side parallel to the flight line.
3.8 Image Movement Compensation (IMC)

An important factor that may well determine the resolution of the photograph
is image movement. Any movement by the camera system during the exposure
of the photographic material may cause a degradation of the image. This image
degradation depends upon several factors including the following:
1. Time of exposure.

2. Type and speed of movement.

3. Ground resolution of the camera system.

3.8.1. Comera movements

The camera system movements may be classified in two groups: angular
movement and linear movement. An angular movement is a tilt of small order
resulting from aircraft vibrations and aerodynamic forces acting on the aircraft.
A linear movement is the forward, backward or sideways movement of the image.
The main item is the rapid forward movement of the aircraft, but smaller linear

movements are produced by aerodynamic forces.

At the low altitudes at which many reconnaissance aircraft fly, the extent
of the former (angular) movement can be quite discemnible. But in such cases,
the photo scale is large, so while resolution may be degraded a little, it takes
place without any serious results for the users. However, the latter (linear)

movement can be much greater in overall amount with more serious consequences

for the user.
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3.8.2 The Effects of Craft Speed, Flying Altitude and Exposure Time on

Image Movement

With a forward motion of the aircraft at speed V, the exposed image will

move on the focal plane at a speed v =L.V, During the exposure time tg

H
the image displacement (dx) on the focal plane will be

dx =..l5..V.te P < ).

Expressing the image displacement dx in millimetres, the craft speed V in
km/h, the exposure time t, in seconds, the camera focal length in millimetres

and the flying height H in metres, the above formula can be written as:

dx =0.278 . L. v .+ ol ceen (4)
H
Assuming a camera focal length of 12 in. (300 mm) and an exposure time of

1/500 second, the image displacements for various flying altitudes (H) and

craft speeds (V) are shown in Fig. 59

0.10 y
f:l 300 mm
te= 17500 Sec.

Fig. 59 Variation of image motion
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with craft speed and
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It is clear from the above diagram that the image displacement is directly

proportional to the craft speed and inversely proportional to the flying height.



73

For example, for a flying height of 2,000 m, and a craft speed of 1,200 km/h,
‘the image displacement will be 0.10 mm which is a considerable image blur.
But such a craft speed at even lower altitudes is often met in reconnaissance
conditions.

However, if the image scale (f/H) is being kept constant, the exposure time
should be varied inversely as the speed of the aircraft, in order to minimise the
image motion. This is illustrated by Fig. 60, which shows obviously that the
shorter the exposure time, the less the image motion. This is of course, only
possible if the lens aperture can be widened to give the correct exposure. But
even then, at the high speeds of modem reconnaissance aircraft and of Earth-

orbiting satellites, the image motion can be considerable and other solutions

have to be found.

Fig. 60 Variation of image

motion with craft

speed and exposure

time.

0.00
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800 1000 1200

power .

Many modern films possess high speed (in exposure terms) but, if so, this

characteristic is achieved at the cost of lower resolution than can be got from
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fine grained slower films. When image motion is an important factor as in
reconnaissance work, then using a high-speed film in conjunction with a faster
shutter speed often produces better resolution than would be obtainable on a
fine grain film and a slow shutter speed. The needs for high shutter speeds to
stop image movement and the needs for fine-grained film to give the high
resolution necessary in reconnaissance work are contradictory. For the first of
these two requirements, the solution has been to incorporate Image Movement
‘Q_gg‘lp_g_r_l_s_c_’rj_m_(l_l\i(_:) in the camera. IMC was first used shortly after the Second

World War when cameras had to be installed in the new jet-aircraft that flew

at very high speed and low altitudes. -

3.8.4. IMC Systems

There are two main IMC systems which are in current use with reconnaissance

cameras.

(a) Moving the film during the exposure.

Experience has shown this to be the more convenient method of IMC and it

is that commonly used in most reconnaissance cameras.

Fig. 61 IMC by moving the

film in the flight

direction.
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The ’recfm'ique is to move the film in the focal plane in the direction of flight with

{.‘

- speed v = V== to achieve zero image motion (see Fig. 61). In cameras equipped

with a register glass plate and a pressure plate, e.g. the F-126 camera, the

film is clamped between the two and all are driven by the IMC motor. The
pressure plate is lifted immediately after exposure and retums together with the

register glass to their starting positions while the film is rapidly wound on (Fig. 62).

assyre Film
plote

| Register
\ geh?l:: plote
Toke
Feed spool

Fig. 62 Moving glass plate and pressure plate to achieve IMC.

An alternative to this is to displace the lens in a direction opposite to the flight

f

direction, again at a speed of v = V.FI- . However, the movement of the lens is
perhaps more difficult to achieve; therefore it is not in common use in recon=
naissance frame cameras. As noted previously, the method is used in many
panoramic cameras where moving the film in a curved focal plane is a still more

difficult procedure.

(b) Rotating the camera:

In this method, the optical axis points towards the same ground point through-
out the duration of the exposure. This is done by tilting the camera in the
direction shown by the curved arrow in Fig. 63. In this case, the image

compensation is not equal over the whole format. While the compensation
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Fig. 63 IMC by tilting

the camera.

is effective around the point A, it will not be so effective towards the edges of
the field and leads to a residual image blur which will be discussed in more
detail in the next chapter. However, it is the only method of implementing
IMC for cameras which are not equipped with moving film capability.

The use of the rotating camera system is however limited by certain factors:
(i) It is impracticable to use this system with a wide-angle camera since the
lack of image compensation at the edges of the format would impair the image

quality. This technique, therefore, is only applied to cameras with long focal

lengths, narrow=-angles and small format size such as the S-190B camera (f =

460 mm, 14° angular coverage and format size = 115 x 115 mm) used in the

Skylab spacecraft.

(ii) The camera rotation has to be synchronised exactly with the camera shutter in
some way. Furthermore, when rotating the camera in its mount, a smooth-acting
mechanism is needed which will produce the continuous change in tilt needed
throughout the exposure. If this is not achieved, the effect is similar to that of

a camera vibration. Obviously the provision of this mechanism adds weight and

requires more space in the aircraft or spacecraft.

An altemative method of achieving IMC which has been tried experimentally



is to rotate a spherically configured element mounted in front of the main camera

lens (Shershen 1958), see Fig. 64.

Fig. 64 Rotation of the projection

rays by means of an

Lens

» » Ruhﬁn?
accessory optical device. elemen

This consists of two elements, a fixed element and a rotating one. Again, it is

impossible to produce a complete displacement over the whole format by this
method. Moreover, the manufacture and assembly of these extra elements is
complex and their effect on the resolution and other qualities of the main camera
lens may be to lower the overall performance, so it is not used in current aerial

cameras.,

3.8.5 Accuracy of IMC

Quite apart from the mechanical aspects of ensuring accurate IMC, it is
quite essential that the flying height (H) and the speed (V) of the platform carrying
the camera be measured accurately. In practice these are provided by the
standard aircraft instruments; the height by means of the aircraft (barometric)

altimeter and the ground speed by pressure-sensing devices. In the F-126 camera,

the speed of the "IMC motor" is controlled by a closed-loop electronic device

which is locked to the V/H signals from the aircraft navigational system. The

accuracy of IMC employed in this camera is claimed to be within 2 percent.



/8

3.9 Shutters

The aerial camera shuiter is one of the main components of the aerial
photographic camera. It plays the role of preventing light from striking the film
emulsion except during the time of exposure.

_ Two types of shutter are used in modern frame cameras. These are (1) the

intra=lens shutters, and (2) the focal plane shutters.

3.9.1 The Intra-lens Shutter

The intra-lens or between-the~lens shutter, as its name indicates, is located
in the air space between the elements of the lens. This type of shutter is commonly
used in mapping cameras and in certain reconnaissance frame cameras. The common

types of the intra-lens shutter are the leaf or blade type; the rotating disc type,

and the louvre shutter.

Fig. 65 Leaf-type shutter

(a) Half open position

&

a b

(b) Closed position.

The leaf-type shutter (Fig. 65) is composed of four or more leaves mounted
on pivots and spaced around the periphery of the diaphragm. When the shutter
is tripped, the leaves rotate about their pivots to the open position, remain open
for the required exposure time and then close up. This type of shutter is used in

some American reconnaissance frame cameras (e.g. KA-3A Fairchild camera).
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Fig. 66
Rotating-disc

type shutter.

The rotating disc type shutter (Fig. 66) consists of a series of continuously

rotating discs. Each disc has a cutaway section. When these cutaways mesh,
they form an open aperture which allows the exposure to be made. The speed
of rotation of the disc can be controlled such that the desired exposure times
and intervals between exposures are obtained. This type of shutter is very
efficient (up to 90 per cent efficiency) since no stopping or starting of the parts
is required as with the other types. Certain reconnaissance cameras such as

the Zeiss HRb and some American cameras (e.g. the HR-233 camera) are

equipped with this type of shutter.

The louvre type shutter consists of a row of thin overlapping blades (Fig. 67)

made of steel or a light alloy.

Fig. 67 Louvre-type shutter.  (a) Closed position

(b) Open position.
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The blades rotate about their axes by about 180 degrees during the exposure.
When the blades come to the vertical position the light is allowed to pass through
the lens, thereby causing an exposure to be made. In principle, the louvre-
type of shutter may be located anywhere in the optical system, but to keep down
the physical size of the shutter it is usually located close to the camera lens.

In certain older British reconnaissance cameras, the shutter was mounted behind

the rear lens element, while in the large German and Russian cameras, it is

mounted between the elements of the lens.

Obviously, there must be a considerable number of blades to cover the entire
lens aperture. When all the blades are in the vertical position, their thickness
forms an area which substantially reduces the light-gathering area of the lens
“aperture. Therefore, the light efficiency of this shutter only approaches 45 to
47 percent (Shershen 1958). Another disadvantage of the louvre-type shutter
is that it adversely affects the distribution of illumination over the image field,
since when the blades are in a vertical position they tend to obstruct the oblique
rays which have entered the lens from reaching the focal plane. Therefore, in
practice the louvre-type shutter is only used with normal-angle lens recon-
naissance cameras. From the geometrical point of view, it can be considered

together with the other intra-lens shutters detailed above.

3.9.2 The Focal Plane Shutter

It is thus named because it operates close to the focal plane of the camera.
In the most common form of the focal plane shutter, the main component is a

light-tight curtain in which there is a slit which is moved rapidly across the

nf



81

focal plane to allow an exposure to be made. The curtain is usually composed
of a piece of rubberised cloth, wider than the focal plane and a little longer
than twice the frame size. The curtain is attached to rollers, one at each end
of the negative area (Fig. 68).

Fig. 68  The curtain-type St ol plene

focal plane

| \ Capping
§ curtain

shutter.

A tensioned spring is used to wind the curtain back until the slit is clear
of the frame opening. When the shutter is tripped, the slit moves across the
focal plane towards the oplposite side of the frame. Hence light is admitted
through the slit and an image is formed on the film. To prevent light from

striking the film while the curtain is being wound back to the starting position,

another capping curtain is located in front of the shutter curtain. The capping

curtain has a large opening to prevent capping of the lens during the exposure
time. Most of the older large-format British reconnaissance cameras, e.g.
F-8 and F-52, are equipped with this type of shutter.

In newer designs of the focal plane shutter, the necessity for a capping
curtain during rewinding has been removed by making the curtain travel in
opposite directions for altemate exposures. This bi-directional design also

allows room for the blind to decelerate, its inertia and that of the roller being
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taken up and stored in springs, which are used to accelerate it at the beginning
of the next exposure. The exposure duration is controlled by changing the

initial tension of the spring or by changing the width of the slit itself. A typical

-

example is the focal plane shutter used with the F-126 reconnaissance camera.

An altemative design which has only recently been developed is the

>

rotary_focal plane shutter which has a circular disc with a slit across its centre

that sweeps the focal plane admitting light to pass to the film during the time

of exposure (Fig. 69).

Slit

Fig. 69 Rotary focal plane Fig. 70 Wedge-shaped slit

shutter for even exposure

However, if the slit width was kept constant, the exposure time would vary
from one part of the photograph to another, due to the quite different speed of
the slit at different radial distances from its centre of rotation. Thus there
would be a longer exposure at short radial distances. To overcome this difficulty,
the slit is made as a wedge (Fig. 70) thus ensuring an even exposure.

This most interesting design has the great advantage that it can, if necessary,
be run continuously so that there is no starting and stopping, no acceleration or

deceleration, no change of direction etc. This means in turn that power
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requirements are lessened, that very high cycling speeds are possible and ultra-
short exposure times can be used. In the case of the Oude Delft TA-7 cameraq,
the speed can be as high as 1/9000 or 1/]5,000 sec. Even with a low=level
high speed aircraft this reduces image blur to a minimum, e.g. at 1,000 km /hr
(280 m/sec), an exposure time of 1/9,000 sec corresponds to a movement over
the ground of 3 cm. IMC will certainly not be necessary in this case.

The disadvantage of this shutter is that the diameter of the disc must exceed
the format size by a factor of more than two as a complete minimum. This
effectively limits the use of the shutter to very small formats or the circular
disc will become impossibly large. Thus its main application is to small format
cameras using 70 mm film, e.g. the Oude Delft TA-7, Williamson F-134 and
A.G.l. 139 Agiflite cameras.

Another interesting point is that it will produce a quite different type of

geometrical distortion pattem compared with that of the usual type of focal

plane shutter with the slit set parallel to the format edges.

3.9.3 Comparison of Shutters

From the design point of view, the louvre-type of shutter is the simplest
of the intra-lens type. But, as already mentioned, the efficiency is low and
the illumination is reduced towards the edges of the field. Hence its use with
reconnaissance cameras is limited. The efficiency of the blade and rotating

disc is very much higher (general light efficiency ranges from 80 to 85 percent)

and the tllumination limitation does not occur.

Also from the geometrical point of view, the intra-lens shutters are the
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most accurate type of shutters, since they expose all image points simultaneously.
Therefore, this type of shutter is the standard for all metric cameras and they
are used with certain,mainly American and German, reconnaissance cameras
derived from metric cameras. However, their use with long focal length
|en§es is limited. For a lens with a large effective aperture, the overall
dimensions of the aperture increase and so the shutter size and the mass of the
blades increase to an extent that makes them impractical to manufacture and
operate. For example, the leaf- or blade-type of between-the-lens shutter
would require great spring forces for their operation. In order to operate such
a shutter across a lens aperture of approximately 130 mm to obtain an exposure
of 1/000 second, an operating spring force of the order of 208 kg would be
required. .

In general, the focal plane type of shutter is the most simple and effective

for reconnaissance work, both in principle and in practice. A relatively small
force is needed to operate its springs. A wide range of exposure times (up to
1/3000 second) can be achieved, the very short exposure times being especially
appropriate to reconnaissance operations carried out at low altitudes and high
speeds. The light efficiency coefficient is also high and, with a small aperture,
can easily exceed 90 percent. The simplicity and robustness of the shutter also
make it extremely reliable with a high time between failures (HTBF) even in

the very demanding conditions under which many reconnaissance cameras are
operated. These various advantages make the focal plane shutter the most
favoured type when designing and building reconnaissance frame cameras.

Furthermore, as mentioned above, with the long focal length lenses used in high
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altitude operation, if a wide aperture is used (as is desirable to achieve short
exposure times and high resolution), it becomes impracticable to use an intra-lens
shutter, which would become large, heavy, very expensive and (possibly)
inefficient. The focal plane shutter is independent of aperture size, so that this
difficulty does not arise.

However, the fundamental principle of operation of focal plane shutters
causes significant geometrical distortions of the aerial photographic image from

the ideal perspective projection on which most photogrammetric theory, methods

and instruments are based - though this was not appreciated for some time. For
this reason, the focal plane shutter is not used with current mapping cameras.
These geometric effects have been a limitation in the use of photography taken
with reconnaissance cameras in that distances, areas, positions, heights, etc.
can only be obtained from them to a limited degree of accuracy. They are also
of a nature which is very difficult to overcome with analogue=-type measuring
equipment or devices. It is only with the advent of analytical and numerical
methods and, in particular, the more convenient computing devices that have
become available in the last few years, that practical methods of overcoming

these difficulties can be envisaged.

3.10 Summary

From the discussion in this chapter so far, it can be seen that reconnaissance
frame cameras are designed on as simple a basis as possible, with the main aims
of producing cameras able to operatein every testing conditions both in the air
and on the field, yet with a high degree of reliability. At the same time, the

photography must be of the highest image quality and resolution. The lenses used



are therefore designed and built so that they produce images of this type without
regard to any lens distortions which may result. Again, this demand for high
resolution images meant that the IMC technique is employed almost invariably

to compensate for the image motion caused by the forward craft motion. Another
'i'mpc;rfant factor that helps in producing the high quality image is the use of the

focal plane shutter which has given high efficiency, excellent reliability and

very short exposure times, again at the cost of the geometrical qualities of the

photograph.

The matter of the geometrical disturbances of photographs taken by recon-

naissance cameras will be investigated thoroughly in this thesis both from the
point of view of the geometrical theory and the alternative strategies and
methods that can be used to overcome the difficulties that occur. Also a series
of experimental tests have been conducted to prove the effectivenes of the
methods proposed. However, before reporting on these, it is perhaps appropriate

to conclude this chapter on reconnaissance frame cameras by including three
summary tables which give the main characteristics of representative recon-
naissance cameras which are in current use. These three tables cover the three
standard film widths used in N.A.T.O. reconnaissance cameras, but show
cameras which are designed for quite different flying heights (low, high and
orbital altitudes); for operation from different types of platform (aircraft v.

satellite); and which use different IMC arrangements (film movement v. camera

rotaﬁon).



Manufacturer

Primary use

Format (cm)

Cycle time

(sec)
Film length

(m)
FMC type

Angular

coverage

Shutter type

Shutter speed
(sec)

Lens (focal
length)

Table 1

70 mm Reconnaissance Frame Aerial Cameras

High speed,

low altitude

reconnais=-
sance

5.7 x 5.7

Up to 2 frame

S€C.

7.5

i) 32°
(ii) 11°

focal plane
rotary blade

(i) 100mm
(ii) 300mm

Vinten Fairchild

High speed,

low altitude | low altitude
reconnais= | reconnais-
sance sance
5.7 x 5.7 |5.7 x 5.7
4 & 8 frame/|{1.0, 2.0,
sec 4.0
33 5
- moving
platen
(i) 65°30' | (i) 74°
(ii) 41° (ii) 41°
(iii) 33°
(iv) 32°
(v) 21°
(vi) 1°
focal plane | intra-lens
endless
shutter blind
1/1000 and 1/1000
1/2000
(i) 43mm | (i) 38mm
(ii) 75mm | (ii) 7é6mm
(iii) 98mm
?v) 100mm
v) 150mm

(vi) 300mm

High speed,
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J.A.Maurer| NV, Optische
Inc. Industrie
Delft

High speed, | High speed,

low altitude | low altitude

reconnais= | reconnais-
sance sance

5.7 x 5.7 5.7 x5.7

0.2 1.5, 2.5, 4,
6, 9, 15

frame/sec.

15 33

- moving

film

(i) 74°
(ii) 56°
(iii) 48°
(iv) 41°
(v) 32°

11°

focal plane
rotary blade

focal plane

1/900,1/9000
1/15000 upon
1/2000 | request.

300 mm (i) 35mm
(ii) 50mm
(iii) 62mm
(iv) 75mm
(v) 100mm

1/500,
1/1000
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Table 2

13 cm Reconnaissance Frame Aerial Cameras

Camera F-117 S-190B KA-50A TA-120 KS-25

Manufacturer | Williamson Actron Chicago Aeridl|N.V.Optischg Fairchild

Industry Industrie,
Delft.
Primary use Reconnais— Satellite  |[Reconnais- |Reconnais~ [Reconnais-
sance sance sance. sance
Format (cm) 11.5x 11.5 |11.5x 11.5 |11.56x 11.5 J11.5x 11.5 [N11.5x 11.5
Cycle time 0.8 2.4 max. 0.17 - ‘ 1.0
(sec) autos
Film length 16.5 60 30, 76 83 | 76
(m) | |
FMC type - rocking moving film - 1 -
camera J
Angular 41° 6° 14° g 104° 20 5° | 10°
coverage
Shutter type |Twin blade focal plane | focal plane |focal plane |focal plane
intra-lens bidirectional
Shutter speed [1/60, 1/125,]|1/100,1/140] 1/60 to 1/125 to 1/25 to
(sec) 1/250,1/400 1/200 1/3000 1/1000 1/1000
Lens (focal 150mm 460mm 45mm 120mm 600mm

length)
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24 cm Reconnaissance Frame Aerial Cameras

1 Manufacturer A.G.l.
Primary use  |Medium /high
altitude re-
connaissance
Format (cm) 23 x 23
Cycle time 1.0 max
(sec)

Film length(m) 76

FMC type moving
platen
Angular (i) 74°
coverage (ii) 410
Shutter type focal plane
bidirectional
Shutter speed | 1/250,1/500
(sec) 1/1000
Lens (focal (i) 152mm
length) (ii) 305mm

Hycon

High altitude| Day recon-

recon-
naissance

23 x 23

1.5-3.1

460

rocking
camerd

12° 30

focal plane
mono-
directional

1/500 to
1,/2000

610mm

Zeiss
Oberkochen

Chicago Aeria
Industry

Day recon-

naissance naissance
11 x 24 23 x 23
0.33 max 2.0
55 120 - 150
moving -
platen
57° (i) 74°
(ii) 41°
(iii) 12° 30!
focal plane intra=lens

(rotary disc)

1/500,1/1000 1/300 to

1/2000 1/3000
1-55 mm (i) 152mm
vertical (ii) 300mm
2-80 mm (iii) 600mm

oblique
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CHAPTER IV

" GEOMETRIC THEORY OF RECONNAISSANCE FRAME PHOTOGRAPHY

TAKEN WITH FOCAL PLANE SHUTTERS

4.1 Introduction - Geometrical distortions resulﬁng from the use of a focal

plane shutter

-~

From the discussion in Chapter 3, it can be seen that,due to its simple
design, reliability of operation, wide range of exposure speeds and high efficiency,
the focal plane shutter has proven to be the most suitable shutter for use in
reconnaissance frame cameras. However, the intra-lens shutter is still the type
invariably employed in mapping cameras. The reason for this is that, on opening,
the intra-lens shutter admits light to all parts of the negative at one instant and

similarly it cuts off the light from the whole negative at the moment when the
exposure is completed. This mode of operation allows the image points on the
negative to have a precisely defined relationship with all the object points

photographed. This is the well-known perspective projection relationship which

is the basis for all normal photogrammetric operations.

By contrast, the operation of the focal plane shutter causes a change in
the simple perspective geometry of the photographic image, since it does not
allow the exposure of the whole format simultaneously. However, this statement
does require a little qualification. If the camera is stationary relative to the
object during exposure, no difference in the normal geometrical relationships
between image points, perspective centre and ground points will result from

the use of the focal plane shutter. These will be identical to those produced
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by the normal between-the=-lens shutter. But as soon as the camera platform is
maving relative to the object (as in photography taken from an aircraft or
spacecraft) then considerable departures from the normal perspective geometry

occur when a focal plane shutter is used, due to its sequential mode of

operation.

4.2 Operation of the Focal Plane Shutter

This will be considered for the usual type of slit which is set parallel to
two sides of the image format and operated with a parallel motion. lis
sequential operation is illustrated by Fig. 71 which gives a cross-section through
the lens, the shutter and the image plane. The corresponding plan view of

the image plane (Fig. 72) gives the sequence of events for the exposure of

a particular point
(i) the slit approaches the object;
(ii) the position of the slit just before the opening phase;
(iii) end of the opening phase;

(iv) end of the wide-open phase and start of the closing phase;

(v) end of closing phase. Gi) (iii)

Fig. 72 Sequence of events for the exposure
Fig. 71 Operation of the Focal of a particular point.
Plane Shutter
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From this, the exposure time (te) can be expressed as:

te=W+0 it (5)
Us

where W = width of the slit, ¢ = the width of the light cone intersected
by the shutter blind; Us =slit speed at the time of exposure.
Therefore, the effective exposure time is directly proportional to the width
of the slit and is inversely proportional to the slit speed. In other words, the

exposure time can be shortened either by using a slit of smaller width or by

increasing the speed of movement of the slit.

4.3 Introduction of Movement of the camera platform during exposure

A

Fig. 73 Image displacement caused by craft motion 00°

due to the focal plane shutter operation.

If the whole format is exposed while the camera is at station O (as with

an intra-lens shutter), then the perspective geometry of the image will not be

disturbed (the terrain points A and B would be imaged at positions a and b
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respectively in the focal plane). In the case of the focal plane shutter (Fig. 73)
the slit starts from the position where the image point a is recorded. By the
time the slit has reached the position k', at which point B will be imaged, the

craft will have moved to station 0'. If the time required to move the slit from

position k to position k' is equal to t; (the shutter transit time), t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>