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Abstract 
In attempting to assess the possibilities of mapping f rom earth satellites, 

various factors which do not occur with aerial photography must be considered. 
The orbital characteristics of satellites are discussed f rom the point of view of 
their eflects on photographic scale and coverage and the problems of taking 
and retrieving photography from satellites are outlined. An evaluation of the 
possibilities and limitations of mapping f rom both single and stereoscopic 
television pictures and normal frame photography is made and the tentative 
conclusion reached that topographic mapping from earth satellite photography 
may only be considered seriously for  the scales 1 : 250 000 to 1 : 1 000 000 
and for a minimum contour interval of 100 m. The economy of this very small- 
scale mapping is at present very doubtful in view of the current costs of 
building and launching a suitable satellite. Any extensive programme of 
satellite photography for mapping purposes could pose some dificult legal 
and political problems if the photography was made freely available. 

INTRODUCTION 
RECENTLY, a large number of articles by earth scientists and others have appeared 
both in the United States and the United Kingdom which discuss the potential of 
earth resource satellites. While their principal concern has been with what can be 
detected and how the resulting information may be applied to help solve geological, 
land use, hydrological, agricultural, silvicultural and other problems, most of the 
authors do not fail to include topographic mapping as one of the most obvious 
applications of these satellites. It would require a great deal of space to set out the 
various claims made in this particular respect, but perhaps the following paragraphs 
will convey the general propositions 

(a) about satellite photography: “A single space photograph could replace 3200 
conventional photographs of one region. Moreover, there could be a great 
economy in the amount of data handled compared with that at present neces- 
sary with aerial photography, since in the latter system objects far from the 
centre of each picture suffer from perspective distortion which must be 
corrected in making a map, whereas a narrow angle satellite photograph is 
inherently orthographic and can be used for a map at a small fraction of the 

t This paper was written while the author was a part-time member of the staff of the International Institute 
for Aerial Survey and Earth Sciences (ITC). Delft. 
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cost of using air photographs. Space photography also eliminates the error 
caused by the different sun angles at the different times of the day in a series 
of aerial photographs each covering only a small area. In space photography 
huge areas are photographed almost simultaneously; the images are uniform, 
easier to interpret and very considerably cheaper to acquire” (Pardoe, 
1969b); and 

(b) about the resultant mapping: “Rapid and cheap mapping of large areas of 
the earth‘s surface on a small scale from space has been demonstrated by 
the mosaic map of Peru prepared from Gemini photographs by the U.S. 
Geological Survey, the data being collected in less than three minutes and 
the mosaic map covering nearly one third of a million square miles costing 
less than &T cent per square mile. The preparation of maps on a scale of 
I : 50 000 from space photography has been stated to be feasible. Outside 
the U.S.A. and Europe only a small part of the world has so far been 
mapped on this scale so that space photography offers a relatively cheap 
way of mapping remote terrain” (Cole and Pardoe, 1969). 

Regarding the first paragraph, it might be pointed out that it is equally possible 
to ensure that one aerial photograph could replace 3200 conventional aerial photo- 
graphs of a region or that one space photograph can replace 3200 space photographs, 
but with the obvious deficiency in each case of being J3200 times smaller in scale. 
Furthermore, there is nothing inherently orthographic about narrow angle satellite 
photography if the terrain differences are sufficiently great (as in the case of Peru) 
and the errors which are produced by varying sun angles are far from obvious to 
photogrammetrists. 

As for the second paragraph, although not quoted, the scale of the mosaic of 
Peru is 1 : 1 000 000, the quality far from good and, in view of the quoted costs of 
the Gemini programme, one might ask how the cost of the mosaic was only $330? 
How the jump to 1 : 50 000 scale mapping may be made is also not explained; in 
particular how the specifications for heights and contours may be achieved and the 
necessary interpretation be carried out for such a scale is not discussed. 

While it is not difficult to be critical of parts of the statements quoted above, it 
should also be recognised that there are some rather limited possibilities of topo- 
graphic mapping from space photographs and it is important that these possibilities 
and limitations be discussed and defined, so that attention be concentrated on what 
is practicable both at present and in the foreseeable future. One may presume that 
at least part of the discussion and definition has in fact been carried out already in 
the papers of Merifield (1 964) and Doyle ( 1  967) but unfortunately these are classified 
and the only  indication of their scope is the short summary of the latter given in the 
Newsletter of Photogrammetric Engineering.? Since there appears to be no lack of 
interest in the subject, it may be thought opportune at least to attempt some analysis 
of the cartographic and photogrammetric possibilities of earth satellites, though the 
difficulties of doing so, such as the non-availability of satellite photographs of carto- 
graphic quality and the inevitable limitations of a photogrammetrist discussing 
satellite technology and characteristics, are apparent, not least to the author. 

Before discussing the photogrammetric and cartographic possibilities of earth 
satellite photography, it is essential to consider some of the characteristics of 
satellites’ orbits since, in many cases, they play the decisive part in considerations 
of the scale, coverage and geometrical arrangement which will result from such 
photography. The detailed study of these characteristics is almost a science in itself, 

t January 1968. 34(1): 107. 
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so only the simplest outline will be attempted here. A good general introduction to 
the principles of space flight is given in the H.M.S.O. publication, listed in the 
references (Anon., 1968). For more detailed accounts and for the derivation of the 
formulae on satellite motion utilised in this paper, reference may be made to the 
books and papers of King-Hele (1 960, 1966) and of Widger (1966a, b). 

ORBITAL SHAPE, ALTITUDE, VELOCITY AND PERIOD 
The basic motions of any satellite are governed by the classical Keplerian laws, 

originally developed to explain the motions of the planets around the sun, but which 
apply equally to the motion of a satellite around the earth. Rockets are, of course, 
employed as the initial propulsive devices, their purpose being to carry the satellite 
to a point above the atmosphere (about 150 km above the earth’s surface) where it 
can be injected into an  orbit around the earth. This is achieved if the forward 
velocity of the satellite is of the order of 8 km s-l (29000 km h-l), in which case i t  
will go into an elliptical orbit with the earth at one focus of the ellipse (Fig. I )  in 

Fic. I 

accordance with Kepler’s First Law. The point on this orbit where the satellite 
comes closest to the earth’s surface is called perigee; that where it is furthest away 
is apogee (corresponding to perihelion and aphelion in earth/sun distances). The 
line connecting them is the Line of Apsides, its half length being defined as the 
semi-major axis (LI )  of the orbit. This will of course be equal to the mean of the 
apogee (ha) and the perigee (hp) distances measured from the earth’s centre. 

The satellite’s speed in space will vary according to Kepler’s Third Law, so that 
the square of the time taken for a satellite to complete one orbit (i.e. the orbital 
period) is directly proportional to the cube of its mean distance from the earth’s 
centre. So if the earth’s radius (R) is 6370 km and the mean orbital height ( H )  of 
the satellite is 160 km, its orbital period (P) is 88 minutes, but if the value of H is 
increased to 800 km, P is lengthened to approximately 100 minutes 

P2 71703 
882 65303‘ 

It follows that, if the orbital height is increased, satellites will not only take longer 
to complete one revolution, but they will travel at lower absolute speeds in space 

_ -  -- 

592 



along their orbits. The values of the velocity ( V )  and orbital period (P) of a satellite 
plotted against its mean orbital altitude are given in Fig. 2. 

AIlitud. 01 Orbil fH)-km 

Relationship between orbitol altitude and 
the velocity and period of a satellite IWidger1966aI 

FIG. 2 

Along its orbit, the satellite's speed will vary according to Kepler's Second Law 
which states that the line connecting the satellite and the earth's centre will cover 
equal areas in equal intervals of time. Thus the satellite's velocity is greatest when 
it is nearest the earth (i.e. at perigee). Obviously the satellite must increase its 
velocity as it falls from apogee to perigee, or it would not be able to climb back up 
again to apogee. However, there is another factor which plays an important part in 
defining a satellite's orbit, that of atmospheric drag. I t  is a small quantity; at a 
height of 200 km, it is only 1 x 10-lo of that at mean sea level on the earth's surface 
(King-Hele, 1966). Small though it is, it will be a maximum at and around perigee, 
so the satellite will fly off towards apogee at a slightly reduced velocity than on the 
previous orbit. This gradually reduces the height of apogee and, since the height 
of perigee remains at about the same value, it leads to the reduction of the elliptic 
orbit towards a circular one. When the orbit is circular, atmospheric drag then 
operates equally throughout the orbit. When this has reduced the orbital height to 
about 160 km, the orbital period is as low as 88 min and with increasing air resistance, 
the satellite soon re-enters the earth's atmosphere and burns up. This figure of 160 km 
applies to metal satellites; with balloon satellites, rapid decay of the orbit sets in at a 
much greater altitude of about 400 km. 

A circular orbit may also be achieved directly at the time of injection of the 
satellite into orbit, if the rocket speed and direction can be controlled precisely 
enough. However, this is very difficult to achieve in practice and tiny errors in these 
quantities result in elliptical orbits. The parameters of the orbits which have actually 
been achieved for the TIROS series of meteorological satellites, which were designed 
to be circular, are given in Table I (Widger, 1966b). 

TABLE I 

I TIROS I I 11 111 1v v VI VII VIII( 

I Perigee altitude (km) I 741 726 819 843 971 710 649 752 I 
I Apogee altitude (km) I 701 623 734 709 590 683 621 701 I 
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The smaller departures from circularity are such that they appear to cause little 
difficulty in the synoptic meteorological work for which TlROS was designed. For 
cartographic work the situation is a little different. A variation of 30 to 50 km in 
altitude would result in very considerable variation in ground coverage and photo- 
graphic scale. With a camera equipped with f = 0.15 m lens, if the satellite had a 
perigee of 150 km and an apogee of 200 km, the photographic scale would vary 
between 1 : 1 000000 and 1 : 1 333 333 (Fig. 9), though the variation would be 
smaller if only a limited area had to be covered. Furthermore, since the velocity over 
the ground varies with an elliptical orbit, this results in a variation in the time 
intervals between successive exposures over different sections of the orbit. Since 
these are serious difficulties if the photography is to be used for cartographic 
purposes, it is probable that a cartographic satellite would require the addition of a 
small rocket motor or thruster jets, which could then be used to correct errors in 
orbital inclination as well as for circularising the orbit itself. However, this would 
add considerably to the size, weight and expense of the satellite, which would then 
need a more powerful and more expensive rocket to place it in orbit. 

Besides orbital shape, period and altitude, other factors must also be considered. 
The plane of the orbit, whether elliptical or circular, will intersect the earth's surface 
to form a great circle. The point on this track which, at any instant, lies directly 
beneath the satellite is termed the sub-satellite point, again analogous to the sub- 
stellar point. If the speed of a satellite in circular orbit in space is 

631 kms- l  
4(6370+ H) V =  

(Widger, 1966a) whereR = 6370km, then its speed over its great circle (or sub- 
satellite) track on the earth's surface will be reduced by the factor R/(R + H), so that 
V, = (631 x 6370)/(6370+ km s-'for anon-rotatingearth. For an orbital altitude 
of 170 km, this will be equal to 7.60 km s-l. 

Such speeds are enormously high by comparison with those of normal photo- 
graphic aircraft, which may have a speed over the ground of 80 to 90 m s-l. Thus a 
satellite's speed is roughly 100 times faster, which causes image movement to be a 
serious problem since the satellite will move through a distance of 76 m while the 
shutter is open for i h s .  With most camera/film combinations used by photo- 
grammetrists and cartographers, 40 lines/mm and upwards can be resolved, which 
for the first figure is equivalent to ground resolutions of 7.5 m at 1 : 300000 scale, 
12.5 m at 1 : 500 000 scale and 25 m at 1 : 1 000 000 scale (Fig. 14). 

If very high altitudes are used, since the orbital velocity is lower and the 
corresponding ground speed is less, the image movement will be reduced, but at the 
cost of increased difficulties with scale and resolution. Satellites with high orbital 
altitudes also have the feature that they are in the view of a given point on the ground 
for a longer period, which is of advantage if photographic and other imagery has to 
be transmitted to a ground station. 

ORBITAL INCLINATION 
The angle that the orbital plane makes with the equator, measured at the 

ascending node anti-clockwise from the equator, is termed the orbital inclination, i 
(Fig. 3). If  this angle is less than 90", since a component of the orbital velocity is in 
the same direction as the earth's rotation, it is termed a prograde inclination. A 
retrograde orbit has an inclination greater than 90" and may be describedeither directly 
by the angle i, e.g. 97", or by its supplement (180" - i )  followed by the term retrograde 
(in this case, 83" retrograde). The point on the equator which is intersected by the 
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satellite's track on its north-bound crossing is termed the ascending node; that on 
the south-bound track, the descending node. The ascending node is usually defined 
either in terms of its Right Ascension (the geocentric angle measured along the 
equator eastward from the First Point of Aries), as in astronomy, or in longitude in 
terrestrial terms, the two being related by the GST of the instant at which the satellite 
crosses the equator from south to north. The partial orbit which takes place between 
the point of launch of the satellite and its first ascending node is described as Orbit 
Zero; as soon as the first ascending node is passed, the satellite enters Orbit One. 

The angle of inclination ( i )  plays a vital part in defining the area of photographic 
coverage which is possible from a satellite. If, for example, a satellite has a value of 
i = 50°, then the sub-satellite track along which the satellite will be directly overhead 
can only reach maximum latitude values of 50" north and south. Thus, polar 
(i = 9 0 )  or near-polar orbits have a special significance if complete coverage of 
the earth is desired over a period of time. 

FIG. 3 

EFFECT OF THE EARTH'S ROTATION 
So far, the orbital characteristics have been considered without taking into 

account the effect of the rotation of the earth. The result of this effect is that the 
sub-satellite track will not retrace its path along the same great circle on the earth's 
surface on successive orbits (with the exception of the special case of the sub-satellite 
track coinciding with the equator). So, on successive orbits, the ascending node will 
be displaced in longitude by the angle the earth has rotated during the orbital period, 
P min. Since the earth rotates approximately 360" in 24 h (1440 min),t the actual 
angular displacement in longitude will be Ah = 360" x (P/1440) = P0/4. If the orbital 
period of a circumpolar satellite in a circular orbit is 90 min, the earth will rotate 22.5" 
to the east during this period, so the ascending node will be 22.5" (i.e. 22.5 x 1 1  I km 
-2500 km) further west than on the previous orbit. Since the effect of the earth's 
rotation on the sub-satellite track is continuous, the latter describes a wave-shaped 
path on a map plotted on a Mercator projection with a west-east wavelength of 
(360- Ah)" in longitude and a latitudinal amplitude of i" north and south. It also 
means that a distinction has to be made between the actual sub-satellite track 
produced by the successive projections of the satellite position on the surface of the 
earth and the heading line, which is the  projection of the satellite's orbital plane on 

t Ignoring differences between mean and sidereal time. 
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the earth's surface at a particular instant of time. A small angle varying with latitude 
will exist between these. This has a small influence on photographic coverage; for a 
satellite with three-axis stabilisation, if the image is produced by a lens or prism 
scanning the terrain, as in panoramic photography, the scan will take place about 
the stabilised heading line rather than about the sub-satellite track. 

Another effect of the earth's rotation is that it gives a small, but significant 
boost (0.47 km s-' at the equator) to the launching speed of the rocket of a satellite 
if it is directed eastward. Most satellite launching organisations make use of this 
aid and so most satellites travel from west to east along their orbital path. Considera- 
tion of the speed and direction of the earth's rotation will also modify slightly the 
linear velocity of the satellite over the earth's surface, 6,  given above. 

As already discussed, when the orbital altitude of a satellite is increased, so the 
orbital period lengthens, due to the lower orbital velocity and to the greater distance 
which has to be covered along such an orbit. If the altitude is increased sufficiently, 
the orbital period will eventually become 24 hours, equal to that of the earth's 
rotation. Such a satellite, if placed in an equatorial orbit ( i  = 0") moving in an 
easterly direction, appears to remain directly above one point on the equator, hence 
the application of the term geo-synchronous to such an orbit. At first sight this 
would appear to be of special interest for the photographic coverage or visual 
surveillance of an area over a considerable period, but unfortunately the orbital 
height (H) required to produce such characteristics is 35 800 krn (5.6 earth radii) 
which rather reduces the usefulness of the observations that may be made from such 
a satellite. As Katz ( 1  960) predicted, the main use of geo-synchronous satellites so 
far has been for communications (e.g. the SYNCOM and INTELSAT series) and 
synoptic meteorological purposes (e.g. the ATS and the forthcoming GOES 
satellites). 

PRECESSION OF THE SATELLITE'S ORBIT ABOUT THE EARTH'S AXIS 
The next factor to play a role in determining the characteristics of satellite orbits 

is the flattening of the earth. So far, a spherical earth has been assumed, but the 
distance between the poles is in fact 21.4 km shorter than that along the equatorial 
axis and there is a variation between the values of gravity at the poles (9.832 m s - ~ )  
and at the equator (9.780 m s - ~ ) .  For this reason a very small variation in orbital 
altitude will always take place, however precise the initial injection of the satellite 
into orbit, and this will cause a small variation in photographic scale. 

Much more significant, however, is the fact that the gravitational effect of the 
equatorial bulge causes the orbital plane of a satellite to rotate about the earth's 
axis in a direction counter to that in which the satellite is moving, so that it no 
longer remains fixed in relation to the stars as has been assumed in this discussion 
till now. The orbital inclination ( i )  remains fixed, but the orbital plane precesses as 
a whole around the earth's polar axis, so that the line connecting the ascending and 
descending nodes varies in Right Ascension. For a prograde satellite (i.e. one 
moving in the same eastward direction as the earth's rotation) the precession of the 
line of the nodes is westward, and for a retrograde satellite moving in the direction 
counter to the earth's rotation, the precession will be eastward. The rate of precession 
depends on the orbital inclination ( i )  and the mean orbital distance from the earth's 
centre (a) and is given by King-Hele to be 9 . 9 7 ( R / ~ ) ~ ' ~  cos i degrees per day. With 
a circumpolar orbit ( i  = 90"), cos i will be zero, so that no absolute precession takes 
place in this special case. 

As well as this absolute precession which takes place relative to the stars (or in 
space), it is also necessary to consider the precession which will occur relative to the 
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sun. Since one sidereal day equals 23 h 56 min of Mean (Solar) Time, the earth spins 
through 360" in that time plus, in the extra 4min of Mean Time, almost an extra 
degree of longitude. The actual quantity will be 360"/365.25 days = 0.9856" longitude 
per day. If  the effect of this precession relative to the sun is applied, for example, 
to a circumpolar satellite, which has no absolute precession and whose orbital plane 
therefore remains fixed relative to the stars, it will cause the time of the ascending 
node for a particular meridian to vary relative to normal clock (or sun) time. So 
while the ascending node may be at 12.00 h on one date, it will be approximately 
6 h different some 3 months later (90" + 15"/h) and 12 h different, 6 months later 
with rather serious consequences if solar illumination of the area is required for 
aerial photographic purposes. For non-polar orbits, it is necessary to add 
algebraically the sum of the two precessions to obtain the total precession relative 
to the sun to establish the situation regarding illumination. Information from 
Widger ( I  966a, b) has been used to construct Table I1 which illustrates the effect of 
these precessions for three typical meteorological satellites. 

An unique condition will result when the two precessions exactly balance each 
other (as in the case of the NIMBUS satellite in Table 11). This occurs when 
9,97(R/0)~'~ cos i = - 0.9856". In this situation, the ascending node of the satellite 
will occur at the same local time on each orbit which means that the angular relation- 
ship between the sun and the satellite's orbital plane remains a constant, producing 
what is known as sun-synchronous orbit. This has a special significance for photo- 
graphy from satellites, since such an orbit ensures that the angle of the sun's 

TABLE I 1  

Orhitol 
Satellite altitude 

( H ) ,  km 
~~ 

TIROS I 721 
TI ROS VI 695 
NIMBUS I000 

Approximate precession rates Torn1 daily 
precession 
relatice to 

(per day) 
-__ 

Orhito' 
inclination ( i )  

I n  ahsolirte space Solar the sun 
- 

48.4 5 (westward) 1 -  (westward) 6 (westward) 
58.3 4 (westward) I (westward) 5 -  (westward) 
81.3 I (eastward) 1 (westward) 0 

(retrograde) 

riod P number of orbits per 
2b,i?2nc,inaiion angle i for a sun- 
s nchronous orbit In. 0.9856 dog'..? 
Ayl versus height ti of a circularorbit 

FIG. 4 
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Aeronautics and Space Administration (NASA) shows the relationships which must 
exist between the values of H, P, and i to produce sun-synchronous orbits. 

PRECESSION OF THE LINE OF APSIDES 
The position of perigee within the orbital plane may be specified by the angular 

distance ( w )  measured from the ascending node to the point of perigee itself. 
However, this position is not fixed, for the Line of Apsides is itself being rotated 
within the orbital plane due to the differences in gravity caused by the earth’s 
equatorial bulge. Thus the elliptical orbit of the satellite is slowly rotating within 
its own orbital plane so that the positions of perigee and apogee are always changing 
(Fig. 5 )  and at  a given point on the ground there is a variation of altitude over a 
period of time. A further effect is introduced by the asymmetry in gravity values 
between the hemispheres which is produced by the tendency of the earth to be pear- 
shaped. This results in the height of perigee being lower in the northern hemisphere 
than in the southern hemisphere. King-Hele (1966) quotes that, for a satellite with 
i = 45”, if the height of perigee is 7000 km above the earth’s centre at the maximum 
latitude value in the northern hemisphere, it will be 14 km higher several months 
later when it reaches its corresponding maximum latitude value in the southern 
hemisphere. 

h i g e e  moves steadily from 
its southern opex I P I  to its northern 
apex (PJond bock dgain over a peri- 
od of several months. (King Hele) 

FIG. 5 

There are other relatively minor effects on the orbit, such as those produced by 
the gravitational attractions of the sun and moon, by the pressure of the sun’s 
radiation and by the earth’s electromagnetic field and so some of the statements 
made above need further qualification, but perhaps enough has been written already 
to indicate that flight planning for a satellite can be a rather more complicated 
matter than when an aircraft is used to carry the camera or other sensing devices. 

FLIGHT PLANNING 
Obviously the type of systematic coverage of an area produced by an aircraft 

making a series of consecutive parallel and adjacent runs at a given altitude cannot 
be achieved with a satellite when, as in one of the examples given above, the ascend- 
ing nodes of a satellite with a mean orbital altitude of 350 km on successive orbits 
may be 2500 km apart. In such a case the various factors already discussed will all 
have to be considered, so that the corresponding orbit on the next and following days 
is displaced slightly to the west or east to ensure that the photography or the scans 
of other sensing systems will have a small lateral overlap of the area that was covered 

598 



from the previous orbit (Fig. 6). The maximum separation on successive or on 
adjacent orbits will occur at the equator and, if the lateral overlap is chosen to suit 
this equatorial separation, then this overlap will increase with latitude as the sub- 
satellite tracks converge and overlap. The difficulties of achieving the precise control 
of an orbit to fulfil these requirements must not be underestimated. 

Lateral overlap 
I 

Sub-satellit# track. Day 2 

Orbit 17 
. . ..,..... ..,.. . . . ... ./.,... .:.>:.:.:: . . ..... .. 

Sub-satellite 
track. I k v  1 
Orbit 2 

I 

Lateral overlap 

FIG. 6 

With the filling-in of the strips being carried out on successive days, the 
requirements for a sun-synchronous orbit to give consistent illumination for photo- 
graphy can be understood. Since adjacent strips will be covered on different days, 
the likelihood of interruption of coverage through cloud will be much higher. There 
is also the certainty that, on many occasions, if an area is enjoying good photographic 
conditions, the satellite will not be overhead at any time during that period. This 
can, of course, be offset to some extent by the fact that the satellite may pass directly 
over each individual area to be covered on  numerous occasions (perhaps every two 
or three weeks) over a long period of time (such as a year), so increasing the likeli- 
hood of successful cover. However, this solution, while giving some possible 
difficulties with illumination from season to season, has the great disadvantage that 
to ensure a relatively long life, the initial orbital altitude has to be high with the 
result that it is more difficult to achieve the larger scales and good resolution needed 
for cartographic purposes. Given the factors already discussed, the difficulties of 
achieving cloud-free cover even over a period of time will be considerable, though 
obviously this will vary between different regions of the earth. 

It will also be apparent that there are limited possibilities of designing simple 
flight lines to give optimal coverage of the topography to be mapped. To take an 
example, it is not possible to have east-west coverage from a single run of successive 
photographs along any parallel of latitude except that of the equator, since the orbital 
plane will always include the earth's centre. Again, if a topographic area has a 
general orientation of 20" to a parallel of latitude which may be 65", if the inclination 
of 20" was given to the orbital plane, the sub-satellite track would then not reach the 
required latitude. In  such cases, the photographic coverage must be built up from 
different runs using an orbital inclination which is large enough to give the required 
latitudinal coverage. 

While the many difficulties which must be overcome have been mentioned, there 
are advantages of satellite as compared with aircraft flight that are important for 
photography and other sensing systems, particularly in the lack of aircraft vibration 
and atmospheric turbulence. The attitude of a spacecraft may be controlled in 
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different ways; by gyroscopes, by use of a magnetic torquing coil which produces a 
controlled magnetic field about the satellite which interacts with the earth's magnetic 
field, or by using infrared devices which sense the position of the earth's horizon. 
These provide signals to small motors or thruster jets which can correct the tilts 
sensed. Consequently, the tilts of cameras and other sensors should not exceed 1"  
and will normally be less, which is much lower than can normally be achieved with 
aircraft. However, with satellite photography, it is also most important that the rate 
of variation in tilt be kept to a very small value while the shutter is open, for over 
the distances encountered in satellite orbital altitudes, this could cause a considerable 
shift in the ground position of the principal point during exposure. This may not 
be serious if the photo-scale is small, but it could be if the scale is large and the 
ground resolution high. 

If required, it should be possible to make a more accurate determination of the 
camera tilt through the use of a second camera which simultaneously photographs 
the stars in the same manner as the Solar Periscope of Santoni was used for aerial 
photographs. However, this would be achieved at the expense of additional com- 
plexity and weight of equipment in the satellite, extra problems of data retrieval and 
the need for additional measurement and computation before the values may be 
determined. 

EXPERIENCE WITH SYSTEMATIC SATELLITE PHOTOGRAPHY 
For examples of photographic satellites, consideration may be given to the 

TIROS meteorological satellites. As already discussed, the requirements for long 
life, consistent picture scale and coverage resulted in the use of an altitude of 740 km, 
a near-circular orbit and an orbital inclination of 48" or 58". In 1964, with the 
experimental NIMBUS I satellite, a near-polar, sun-synchronous orbit to provide 
coverage of the entire earth on a regular basis was utilised for the first time with a 
meteorological satellite. This type of orbit has since been adopted for the TIROS IX 
and X satellites and the series of TOS (TIROS Operational Satellites) which, since 
1966, have been providing routine photographic coverage for meteorological 
purposes under the management of the U.S. Environmental Science Services 
Administration (hence the designation of these satellites as ESSA 1-8). The orbital 
altitudes of these ESSA satellites differ, but that used with some of the series is 
approximately 1400 km to allow, in conjunction with a wide angle television camera 
(f= 5.8 mm on a raster format of 12x 12mm = 90"), such a wide strip (nearly 
3000 km) of coverage on each orbit that a single satellite will produce uninterrupted 
coverage of the earth's cloud cover in the course of a day and a series of such 
satellites will produce such pictures three or four times per day. 

In 1971 and 1972, the first two Earth Resource Technology Satellites (ERTS A 
and B) are planned to be placed in orbit. In many ways, they make use of the 
technology developed for and the experienced gained with the TIROS, NIMBUS 
and ESSA meteorological satellites. The ERTS satellites will be sun-synchronous 
and, since one requirement is to see if changes can be detected between seasons, there 
is a need for a reasonable orbital life and therefore for a considerable orbital altitude. 
As already discussed, this tends to conflict with user requirements for scale and 
resolution. Television cameras will again be used; in this case three will operate 
simultaneously, using filters to give coverage in the different spectral bands of 
04754.575, 0.580-0.680 and 0.690-0.830 pm. Since the scale of the pictures 
produced by the ESSA meteorological satellites is so small as to be of little use 
to earth scientists, the use of a slightly lower orbital altitude (H = 920 km), a longer 
focal length and a larger format size (a 2 inch (50 mm) diameter vidicon tube is used 
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instead of a 1 inch (25 mm)) are obligatory to produce a meaningful resolution and 
larger scale. Since this results in a very narrow angle coverage, it means also that 
systematic coverage of an area can only be obtained through the flying of adjacent 
strips over a period of 18 to 20 days with all the resultant difficulties. However, 
since the planned life of each ERTS satellite is one year, they will produce evidence 
of the extent to which the problems of cloud cover can be overcome by long-term 
photographic coverage. 

Experience with the lower orbital altitude satellites, which are those most likely 
to produce the scales and resolutions of interest to cartographers and photo- 
grammetrists, has been obtained with both the Lunar Orbiter satellites and the 
United States and Russian earth reconnaissance satellites. With the former, near- 
equatorial, elliptical orbits have been used (perilune 45 km; apolune 925 km for 
Lunar Orbiter 1) so that the satellites could spend more time in the sun to make 
maximum use of solar power for transmission of the picture back to earth, while 
the photography itself was taken around perilune. Levin et a/.  (1968) mention that 
the “perilune altitude was chosen to achieve a balance between good photographic 
resolution and coverage of sufficiently large areas. Beyond that, the shapes of the 
orbits had to be established in such a way that perilune would coincide with the 
time when the illumination of the area being photographed was suitable for photo- 
graphy (i.e. when the sun was 10” to 20” above the local horizon). Also, the inclina- 
tion of the orbit had to be low enough to obtain suitable overlapping of photographs 
from adjacent orbits yet high enough to provide photographic coverage in good 
lighting over an acceptably wide range of latitudes.” With the first three Lunar 
Orbiters, comparatively large scale photography of the possible landing sites for the 
Apollo missions was required, hence the use of the low orbital heights of 45 to 50 km 
(Norman, 1969). The remaining two Lunar Orbiters (IV and V) were employed 
chiefly on achieving systematic small scale coverage of the whole moon on both its 
near and far sides and used circumpolar orbits and much higher altitudes for the 
purpose. 

Information on the experience gained with photo-reconnaissance satellites is 
understandably hard to come by and no photographs have ever been released to 
allow analysis of what is being practised. Nevertheless, the information published 
by tracking organisations on all satellites gives the possibility of inferring what takes 
place and analyses have been made by two British scientists, Perry (1968) and 
Gatland (1969). The American programme makes considerable use of the Agena 
rocket, which has a nose cone which may be used for mounting scientific instruments, 
equipment for monitoring radio and radar signals on FERRET missions or photo- 
graphic cameras on SAMOS photo-reconnaissance missions. Gatland (1969) reports 
that initially television techniques were used to relay the tape-stored pictorial data 
to ground read-out stations, but the comparatively poor resolution led to the use 
of photographic equipment and the need to employ a re-entry capsule with retro- 
rockets and parachutes to collect the data. The SAMOS missions often employ 
near-polar, sun-synchronous orbits for the reasons already discussed, but they also 
employ elliptical orbits (e.g. 160 km at perigee and 350 km at apogee) to ensure a 
useful lifetime of at least a week or two. The lack of a consistent orbital altitude 
over the whole of such an orbit which would trouble many users is not a difficulty 
with photo-reconnaissance satellites, since the actual photography is carried out at  
and around perigee over a relatively limited area. Obviously the orbits must be 
planned so that perigee will coincide with the area of interest at a time when the 
sun is producing suitable illumination conditions for photography. Gatland also 
quotes the characteristics of the Agena reconnaissance satellites which fall mostly 
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into two groups, the first with i = 106" and a life of 8 to 15 days and the second 
with i = 80 to 90" and a lifetime of 18 to 20 days. The orbits may be modified by 
restarting the Agena rocket system, both to make in-flight adjustments to ensure 
coverage of the area of interest and to raise the total lifetime, which would be very 
short when perigee values of as low as 130 km seem to have been employed on 
occasion. 

Quite a number of the Russian COSMOS satellites also appear to be used on 
reconnaissance missions, at least by inference from the orbital characteristics and 
short lifetimes which Perry (1968) has analysed in detail for certain overflights of 
the United States (Fig. 7). Since the needs of photo-interpretation lead to large 
scale photography and therefore to the use of low altitudes and long focal lengths, 
the coverage of an area by a photo-reconnaissance satellite cannot be achieved in a 
single orbital pass and from the considerations already discussed, it will again be 
necessary to build this up over several orbital flights on successive days. This will 
place a premium on good weather conditions being experienced throughout the 
period of the flight, so presumably the satellites are launched only when a forecast 
of such conditions over the area of interest has been made. 

The sub-satellite trockr of COSMOS 121 owr 
North America during its 8 day life. 
The orbital inclination is  72' [Perry19681 

FIG. 7 

DATA ACQUISITION AND RETRIEVAL 
Once the questions of the orbital characteristics and coverage have been settled, 

the next consideration is how the imagery itself shall be taken from the satellite and 
then recovered by the users. The methods which have been devised are often rather 
different to those familiar to most photogrammetrists and cartographers, so some 
discussion of these is necessary. Three methods may be considered to be practicable 
at present: 
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(i) The use of television cameras to record the images of the terrain, which are 
passed to ground stations using video methods. These have been utilised 
in the American TIROS and ESSA and the Russian METEOR meteoro- 
logical satellites and are proposed for the forthcoming ERTS satellites. 

(ii) The use of cameras recording on film which is processed in the satellite, 
then scanned and transmitted to earth using video techniques. This 
technique was used with the Russian Lunik-3, Luna-12 and Zond-3 lunar 
photographic satellites and the American Lunar Orbiter series. 

(iii) The use of aerial photographic cameras recording in the usual way on film 
which is recovered and processed, as was the case in the SAMOS and 
COSMOS reconnaissance missions already discussed and in manned orbital 
flights such as those of the Gemini and Apollo programmes. 

( i )  The use of teleilision techniques 
The use of television techniques for acquiring and transmitting images is the 

most unusual feature by normal standards and may be discussed first. Obviously 
when considering the use of a normal film camera, if the users' requirements are for 
continuous systematic coverage of large areas on repeated occasions over a long 
period of time, as with the meteorological and ERTS satellites, it is impracticable 
to have on board the satellite either a sufficiently long roll of film or the many 
magazines that would be required for these missions (though when manned orbiting 
space stations become a reality this may no longer be so). So the erasable surface 
and also the comparatively light weight of the vidicon camera have great advantages 
for such missions. 

Whereas the television cameras which record pictures for the familiar domestic 
television are of the rapid scan, motion picture type, the cameras used in meteoro- 
logical satellites produce individual pictures which are taken at intervals to satisfy 
the desired overlap and in fact cycle at about the rate of a conventional cartographic 
film camera. The basic elements of a photographic television system are outlined 
in Fig. 8. 

k a i c  Elernonts of a Photograph 

T'k*iaion ?$:fled from Wong 

te of CamemTube 

k a i c  Elernonts of a Photographic 

T'k*iaion ?$:fled from Wong 1969) 

te of CamemTube 

ic 

1969 

FIG. 8 
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The image of the object is focused optically on to the target of the vidicon 
camera, on each part of which a charge is produced which is proportional to the 
intensity of the light falling on it. This electron charge image is then scanned 
systematically line by line to produce a video signal which is converted to a radio 
signal and transmitted to the ground station. There the radio signal is converted 
back to a video signal which is used to vary the intensity of the electron beam falling 
on the cathode ray tube of the receiving set. Finally, this image on  the CRT screen 
is recorded using a photographic camera. 

The problem of transmitting television images from the satellites is quite a 
considerable one. The characteristics of certain satellite television systems given by 
Wong (1969) and Wood (1970) are summarised in Table 111. 

TABLE 111 

Satellite Operation 

Mariner 1V 
Ranger 7p 
Ranger 7f 
Surveyor 7 
ESSA-7 (AVCS) 
ERTS-A 

Mars Fly-past 
Moon Impact 
Moon Impact 
Moon Lander 
Weather Satellite 
Earth Resource Satellite 

Frame size 
(mm) 

~- 

9 x l o  
2.8x 2.8 

1 1  X I 1  
49 x27 
20 x23 
50 x 5 0  

No.  of 
scan 
lines 

200 
290 

11-50 
600 
800 

6000 

Line 
width 

on .frame 
( r m )  

46 
10 
10 
82 
24 
8 

No. of 
elements 

40 000 
84 000 

1 322 500 
360 000 
640 000 

36 000 000 

The width of an individual line is derived from the frame size divided by the 
number of scan lines. This line width is then considered to be the size of a single 
video or picture element and, if the picture image along a single line is divided into 
elements of a similar size, then for a square format by squaring the number of scan 
lines, the number of video elements to be transmitted is obtained. However, this is 
not the whole story. Each element has to be described, not in terms of being black 
or white, but in having a particular value on a grey scale. The number of bits 
required to do this will depend on the number of increments in the scale that are 
thought to be discernible on the image being scanned. Quite commonly, five, six or  
seven bits are used. In the case of the Mariner 1V satellite which flew past Mars 
in 1965, each element of the 40000 was composed of six bits, so that 240000 bits 
had tc be transmitted for a single picture and with a transmission rate of 8i bits 
per second, this took over 8 h to transmit. However, this rather low rate was due 
partly to the very great distance of transmission (214 000000 km) and the relatively 
limited power available. Since 1965, the times have been cut drastically and trans- 
mission of a single photograph from the latest Mariners took 4 min when a very 
large and sensitive receiving dish was used for reception on earth. 

With the newer ESSA weather satellites, one of two different television systems 
is used. In the AVCS (Advanced Vidicon Camera System) the pictures taken by the 
vidicon camera are stored on a tape recorder. Whenever the satellite comes within 
range of either of the two CDA (Command and Data Acquisition) ground stations 
at Fairbanks, Alaska and Wallops Island, Virginia, it is commanded to transmit the 
stored pictures. Since all the stored data must be transmitted in the short period 
that the satellite is within range of the ground station, a broad band width and a 
30 m diameter steerable parabolic antenna must be used at the ground station. 
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Each photograph is transmitted and received in a few seconds and it is then 
retransmitted in real time to the National Environmental Satellite Centre (NESC) 
in Suitland, Maryland. Since this method does not allow local users to obtain 
weather pictures without quite a considerable delay, each even numbered ESSA 
satellite (ESSA-2, -4, -6, etc.) utilises the alternative APTS (Automatic Picture 
Transmission System). This transmits each picture after it is taken using a very 
slow scan vidicon which takes 200 s to read out the 800 line image, but which requires 
only avery narrow bandwidthandcan be received by localusers. A networkof relatively 
inexpensive APT ground stations has been set up in countries all over the world. 

When the pictures are received, they vary greatly in quality, as can be imagined. 
Noise or unwanted images are created during transmission due to atmospheric 
conditions, while imperfections in the system design, components and operation 
create further geometrical distortions and infidelities in the image intensity. For 
many users of the meteorological satellite pictures, these conditions may be tolerated, 
but for the high quality AVCS pictures and for those acquired at great cost during 
extra-terrestrial missions (e.g. to Mars) where there is great interest in the finer 
detail, the quality must be improved. Efron (1968) and Wood (1970) discuss the 
problems and the techniques developed to overcome these problems in some detail. 
Basically the picture image is first converted to digital form, by converting the 
individual picture elements to digital values which represent the grey scale for each 
element. The information is stored in a computer where programs are used which 
remove noise as far as possible and apply digital filters to return the signals to some- 
thing closer to their original strength (thus providing image enhancement). By use 
of the reseau which is normally engraved on the target plate of the vidicon tube it is 
also possible to remove some of the major geometrical distortions. A graticule may 
also be added to give rough geographical position and orientation to each meteoro- 
logical satellite picture. Many of the disturbing effects may, therefore, be removed 
and the pictures returned to something nearer to their original quality. But the 
techniques are elaborate and require the use and expense of a large digital computer. 
With each ESSA-AVCS photograph requiring the processing of some 640 000 
elements, it requires the use of NESC’s very large CDC 6600 computer to handle 
about 150 pictures per day. With the higher resolution, larger format vidicon 
cameras proposed for the ERTS satellites the picture will contain 36 OOO 000 bits, 
which is 50 times as many as on the ESSA-AVCS photographs and three such 
images will be received in the tri-spectral system proposed. 

With narrower angled cameras also being used to increase resolution, a single 
ERTS satellite will generate 680 such pictures per day. Wood estimates the resulting 
computer load to be 250 times that currently being handled by the NESC computer. 
Keller ( 1  970) also considers the problem and comes to the conclusion that: 

( I )  film processing will have to be used extensively with direct transformation 
of the received signals to film without digital processing; 

(2) selection in the treatment of data will be obligatory (e.g. areas which are 
cloud covered or not of interest must be discarded); and 

(3) digitising of pictures to allow further digital processing to upgrade their 
geometrical and photometric qualities will only be undertaken on special 
request for a selected portion of the data. 

It is also worth mentioning that, even after the received negative images have been 
processed, the final multi-spectral images have to be built up as coloured composites 
of the three separate black and white negatives. This is a very interesting technical 
innovation and one awaits with interest the results to see how well registration of the 
three television images can be achieved. 
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( i i )  The use of jilm recording and television transmission 

With the Lunar Orbiter satellites, the intermediate solution of photographically 
recording the image on film and then scanning and transmitting it to earth was 
adopted. A single roll of 70 mm film, 80 m in length and with a pre-printed reseau, 
was used to record the images produced by a wide angle lens (f= 0.08 m) and a 
telephoto-lens (f = 0.61 m). The format of the former was 56 x 65 mm and of the 
latter 56 x 219 mm. Although the spacecraft's speed, 7000 km h-l at perilune, was 
much lower than that for an earth-orbiting satellite, it was still high enough to require 
image motion Compensation to be applied with exposure times of 2% to + s. The 
film was developed by the Kodak Bimat technique, in which the exposed film was 
pressed against a special processing web that developed and fixed the film, which 
was then dried over a heated drum. Read-out of the film could not take place until 
all the film had been exposed, but when the photography was completed and 
processed, it was carried out using an electronic scanner. This utilised a rapidly 
scanning light spot to scan the film, the intensity of the light being monitored by a 
photo-multiplier tube which generated a signal proportional to the light intensity 
which was amplified and transmitted to the earth. Only a portion (2.5 mm x 56 mm) 
of each exposed photograph, termed a framelet, was scanned at a time, the film then 
being advanced and the next framelet scanned. It took 22s to scan an individual 
framelet and over 43 min to scan the 294 mm of film taken up by a wide angle and a 
telephoto exposure. Reconstruction of the image on the ground was made by 
placing, side by side, the individual framelets (26 for the wide angle lens and 96 for 
the telephoto-lens) recorded on 35 mm film; hence the characteristic striped appear- 
ance of the Lunar Orbiter photography. 

Katz (1960) considered the problem of transmitting larger format film negatives 
from an earth satellite in detail in his analysis. Even if the transmitting and receiving 
facilities allowed the use of a normal commercial television bandwidth of 4.25 MHz, 
it would still require 30 min to transmit a single 230 x 230 mm photograph with a 
resolution of 100 lines per mm. So a maximum of 48 high resolution photographs 
could be transmitted in 24 h, but this would require a large network of ground 
stations (and perhaps the use of communication satellites?) to receive them, since 
the time that a satellite is in view of a single ground station is limited. It would, 
however, be possible to transmit the same number of exposures over a number of 
days to only a few such ground stations. Sets of exposures on film could then be 
made available at intervals of some weeks, which would probably still be adequate 
to record the changes in which the earth scientists are interested. However, the 
simplest and cheapest alternative is to physically recover the capsule containing the 
film cameras, which has the distinct advantage of eliminating both the enormous 
cost involved in building and maintaining a network of ground receiving stations 
and the degradations in image and geometric quality caused by the data transmission 
process, so preserving the resolution and information obtained with such cost and 
difficulties. Users would then have to wait till all the exposures were made before 
any photographs became available. 

The quality of the Lunar Orbiter photography was almost certainly superior t o  
that which could have been achieved using a vidicon camera and the use of the larger 
format had the advantage that it produced a larger scale picture from a given 
altitude. The lack of an atmosphere on the moon not only gave cloud-free conditions 
but also allowed the use of much lower altitudes (as low as 45 km) than are possible 
with earth satellites. For the continuous day-to-day coverage of the earth over a 
long period at high orbital altitudes as required for meteorological purposes and as 
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proposed for the ERTS satellites, the limited capacity of a film magazine is inappro- 
priate and the use of television cameras is at present obligatory. 

The Lunar Orbiter photography also represented an enormous advance over 
that previously available from earth-based astronomical telescopes and has been of 
inestimable value for scientific purposes and for planning the Apollo lunar missions 
and selecting the landing sites. However, while aerial triangulation and mapping 
has been carried out from the Lunar Orbiter photography (Norman, 1969), the 
geometrical quality is far from optimal for photogrammetric purposes, the dis- 
continuities between the individual framelets being particularly troublesome. The 
result of this experience is that future Apollo missions are planned to have a con- 
ventional photographic camera mounted in the command module to allow photo- 
graphy of a higher resolution and better geometrical characteristics to be obtained. 
indeed the crippled Apollo 13 had on board a Hycon cartographic camera equipped 
with an f = 0.45 m lens o f f4  aperture for this purp0se.t 

(iii) The use ofJilrn cameras 

Like all the equipment just discussed, film cameras mounted in satellites will 
have to be able to withstand the considerable stresses which will occur at launch 
and during re-entry and to operate over the broad band of temperatures and in the 
weightless and near-vacuum conditions to be encountered in outer space. Whether 
existing cartographic cameras with some modifications can be used satisfactorily is 
a matter to which the operators of photo-reconnaissance satellites could soon supply 
an answer. Obviously a very large number of exposures would almost certainly be 
required during a single satellite mission which in turn would require the use of 
larger magazines than are currently normal. However, the cost involved in con- 
structing, launching and operating satellites is such that the development of special 
cameras could relatively easily be justified. One may presume that, if super-wide, 
wide or normal angle photography is being planned for stereo-compilation purposes, 
the usual range of focal lengths and format sizes will continue to be appropriate. 
The photographic scales and areal coverages which would be produced by these 
cameras are plotted in Fig. 9. 

If the largest possible scales and best possible ground resolutions are required, 
then long focal lengths and narrow angular coverages will have to be used. Cameras 
of this type have been developed for use with aircraft, with focal lengths of 1.20 m and 
even, in one or two special cases, 2.54 m and 6.10 m (Katz, 1960). From the lowest 
practicable altitude (H = 180 km), these would give scales of approximately 
1 : 150000, 1 : 70000 and I : 30000 respectively. These are similar to the scales 
which can be taken by normal photographic aircraft and will of course need still 
larger magazines if any considerable areal coverage is to be achieved. 

Another consideration is that fast optics (with large apertures) will almost 
certainly be necessary for satellite cameras for a number of reasons. One is that 
they allow a reduction in the length of the exposure time, which is desirable to 
prevent image motion when such a high speed vehicle as a satellite is being used as 
the camera platform. Also, in principle at least, they should yield much sharper 
photographs than slow lenses. However, to maintain an aperture off.4, for example, 
will require a very large diameter lens*(aperture diameters of 150 mm in the case of 
f =  0.60 m and 300 mm i f f =  1.20 m). These are much more difficult to manufacture 
and very much more expensive than the short focal length cameras of similar aperture 

t .40iarion Week and Space Technology, 23rd March, 1970. 
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which are normally used for aerial photographic work. The weight of long focal 
length cameras with large diameter optics and a large film magazine will also be much 
higher and, in general, the greater the weight and the higher the altitude, the greater 
the rocket propulsive power needed and the greater the expense of sending the 
satellite into orbit. 

AREAL COVERAGE Isa.krns) 

PHOTOGRAPHIC SCALE 

FIG. 9 

MAPPING FROM TELEVISION PICTURES : PLANIMETRIC MAPPING FROM 
SINGLE PHOTOGRAPHS 

Enough has been said of the current and proposed techniques of acquiring 
satellite pictures and photographs for mapping; this leads to a discussion of the 
mapping techniques themselves. Meteorologists have been carrying out mapping 
of a sort from satellite television pictures. As has already been discussed, some 
rectification of these pictures can be achieved if digital processing is carried out. 
Corrections for some of the major geometrical distortions of the television system 
may be made, as can those for one of the major sources of positional error, earth's 
curvature. An appropriate graticule may also be added during digital processing 
from the computed positions and altitudes of the satellite or later by manual super- 
imposition of transparent graticules by the user. No corrections can be made for 
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topographic errors or for small variations in tilt, but none of these are really 
significant having regard to the tiny picture formats (e.g. 25 x 25 mm), small scale 
(e.g. 1 : 13 000000) and poor resolution (0.1 mm = 1.3 km at the photo-scale). In 
any case the needs of the users hardly demand any more refined treatment and the 
results of the “mapping” are in general quite satisfactory for them. 

With the advent of the ERTS satellites and their intended use by earth 
scientists, the question of mapping from television pictures will become a much 
more important one. In order to obtain acceptable resolution, the format size is 
larger (e.g. 50 x 50 mm) and the focal length longer, so the angular coverage is 
smaller (12” to 15”) and the contact scale of the pictures larger (1 : 4000000). In 
this case 0.1 mm = 0.4 km and the maximum expected resolution, even under 
considerable enlargement, is expected to be the order of 100-150 m (Anon., 
1969). 

To discuss mapping from these small format television images is difficult, for 
so much depends on the standards of the users. In general, most geographers, 
geologists and other earth scientists have quite low demands regarding either 
absolute or relative precision. If the mapping involves the simple transfer of 
interpreted detail from the processed pictures on to an existing small scale base map, 
then this can probably be carried out to the comparatively low standards required. 
However, if there is any question of original mapping of any considerable area to carto- 
graphic standards from such pictures, one must be pessimistic about the prospects, 
though obviously one must await the actual imagery before one can be categorical. 

In trying to assess the photogrammetric possibilities of space television pictures, 
the first point to be made is that the image is produced by a lens which images the 
terrain on a target plate in the vidicon camera. Although focal plane shutters have 
been used, there appears to be no reason why a between-the-lens shutter capable of 
operating over the same range of exposure times (1.5 ms (04015 s) is used in TIROS) 
should not be employed. The basic geometry would then be that of the familiar 
central projection of a normal aerial photograph. 

Wong ( 1  969, 1970) has recently investigated the geometrical characteristics 
and fidelity of space television images. In the earlier paper he made a detailed 
theoretical analysis of the many distortions introduced by the various components 
of television systems and came to the conclusion that most of these are systematic, 
though the actual magnitudes do vary with time. In the second paper, he reports the 
results of calibrations carried out on a series of pictures taken by Mariner IV, 
Surveyor 7 and ESSA 7 using the rCseau patterns recorded on the images as targets 
and a Mann monocomparator for the measurements. After scaling of the measure- 
ments by a conformal transformation, the residual standard errors were f 0.23, 
+ 0.43 and f 0.24 mm respectively, which are equivalent to 5.1, 5.2 and 9.7 lines of 
the television pictures in each case. These are, of course, enormous errors by photo- 
grammetric standards, especially when such small formats are involved in any case. 
However, Wong has then applied an affine transformation which reduced the errors 
to f 0.013, f 0.131 and f0.033 mm respectively, showing that the major component 
of geometrical distortion is caused by scale differences between the horizontal and 
vertical directions of the pictures. Further analysis also showed that the random 
errors were very small, so it would appear that, provided corrections for systematic 
errors can be made to the measurements, individual point positions can be deter- 
mined analytically from television images. However, any potential that these 
television pictures have for mapping from single images or stereopairs will depend 
on how far the large systematic distortions caused by the system can be corrected by 
electronic digital processing. 
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Even after digital processing, the provision of a network of control points or 
the in-flight measurement of tilt to a high precision will be necessary to allow 
rectification to take place if mapping from single photographs is contemplated. It is 
not yet known to what extent the in-flight recording of tilts will be suitable for 
rectification; possible precisions of O O . 1  to O O . 3  using the spacecraft's attitude sensing 
devices have been quoted. Of course, any errors due to the variation of terrain 
topography cannot be eliminated. 

Base : height ratio 

Y l  
Y2 
Y 3  
Y4 

MAPPING FROM TELEVISION PICTURES : STEREOPAIRS 
So far, only the use of single television pictures has been discussed, which means 

that any mapping which can be carried out will be purely planimetric. For the 
determination of heights to any reasonable accuracy, stereo-television pictures taken 
from long life, high altitude satellites appear to show little promise. The need for 
comparatively large picture scales to meet ground resolution requirements will lead 
to long focal lengths being used and with the very small formats of the television 
pictures, a very narrow angular coverage will result. In turn this leads to a very 
narrow base : height ratio (0.08 for the ERTS satellites), very poorly determined 
relative orientation and very narrow intersection angles at  the ground ( 4 . 6  for the 
ERTS pictures with a 60 per cent overlap; see Fig. 10 and Table IV), SO that the 

1.02 0.61 0.3 I 0. I 5 0.07 0.08 

45".5 31".5 17'. 1 w . 7  04O.4 04O.6 
54".1 34". 1 17O.4 08".8 04O.4 04O.6 
32O.2 2Y.5 16".0 08' .5 0 4 . 4  04O.6 
35'.0 27'.3 16O.2 08' .6 w . 4  04".6 

Intersection atqkr at the terrain. 

0,and 4 represent the exposure stations 

FIG. 10 

TABLE IV.-Vertical photographs 

Super- Wide Normal Narrow Ultru- ERT2 
wide narrow 

Aiigirlar cooerage I 122" 95" 56" 30" 15" 15" 
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terrain heights will have a very low absolute or relative precision. Even if a precision 
of 1 part in 2000 of the orbital altitude was possible for a single spot height after 
applying all corrections (and this is by no means certain), this would only be equal 
to f 4 5 0 m  from the ERTS orbital altitude of 920km and the possible contour 
interval would be three or four times larger than this. 

It has been proposed (Gurk, 1970) that the geometrical aspects of images 
obtained from the ERTS satellites could be improved by increasing the base : height 
ratio and the terrain intersection angles through the use of convergent pictures. This 
would be achieved by tilting the spacecraft 20" off vertical, first in the forward 
direction of flight and then in the rearward direction (Fig. 1 I). This is, of course, the 
same solution as was tried out by photogrammetrists using aerial cameras before 
and after the Second World War, though it was achieved by the rather simpler 
method of using two cameras rather than altering the attitude of the camera platform. 
To add to the difficulty of the line pattern, the usual characteristics of convergent 
photography will continue to apply with considerable change of scale across the 
format and the need for special pancratic systems and rotation of the epipolar planes 
to enable stereo-viewing to be achieved in stereoscopes and measuring instruments. 
This drastically reduced the attraction of convergent photography for photo- 
grammetrists and photo-interpreters and it will be interesting to see the reactions of 
users to a revival of this type of imagery. The necessary geometrical and optical 
corrections can of course be accommodated in computer-controlled analytical 
plotters such as the OMI/Bendix AP-2 and AP-3 machines, but the great cost and 
complexity of these machines, which in the end can only produce measurements and 
plots at a rate no higher than those of conventional precision or topographic stereo- 
plotting machines, has caused them to be of little interest so far to nonmilitary users. 

Ropoaed ERTS stereo pitch manoeuvre 
I Gurk 1970 I 

FIG. 1 1  

Presumably one may expect an increase in the quality of the television images 
which can be obtained from high altitude, long life satellites. An increase in the 
format size coupled with a corresponding increase in the number of scan lines used 
in the vidicon cameras would result in an increase in the scale and resolution of the 
pictures. Indeed many photogrammetrists, seeing some of the subjects and applica- 
tions which earth scientists propose to investigate from earth resource satellites, will 
conclude that a very substantial increase in these qualities will be obligatory, if they 
are to be successful. These, in  turn, will lead to the need for greatly increased 
scanning speeds, transmission rates and processing rates on the ground. No doubt 
improvements in the appropriate technologies will keep pace with some of these 
requirements, but when all is said and done, the geometrical and photometric 
qualities of a television system can hardly be expected to match, in the foreseeable 
future, those of a high quality photographic film camera. All the considerations 
already discussed appear to point to the need for low orbital altitude satellites, fairly 
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large format film cameras and physical recovery of the film if the scale, geometry 
and resolution are to be seriously considered for cartographic work. Indeed, as 
already discussed, this is the solution adopted for American and Russian photo- 
reconnaissance satellites. Here analysis simply shows that the various irreconcilables 
of large scale, good resolution, wide coverage, large base : height ratios and high 
precision in planimetry and height operate with their usual force and that if user 
requirements lead to the emphasis of one or two characteristics, the others suffer 
accordingly. 

MAPPING FROM PHOTOGRAPHY : PLANIMETRIC MAPPING FROM 
SINGLE PHOTOGRAPHS 

If one begins with a consideration of single photographs, it may be thought that 
a virtual orthographic projection is produced. Figs. 12a, b t  and c show the values 
for radiaI relief displacements (drh) in the focal plane of vertical photographs, 
produced by relief from 0 to 4000 m in increments of 500 m. Since the formula is 
drh = h H r / H ,  for a given altitude, drh will be independent of the focal length used, 
and in the graphs it is expressed in terms of the orbital altitude from 100 to lo00 km. 
Because the value is varying with the radial distance ( r )  from the nadir point, the 
three graphs give the displacements for (a) the corner of the photograph 
( r  = 160 mm), (b) the distance to the edge of the photograph where it is tangential 
to the radius ( r  = 110 mm) and (c) the distance r = 50 mm. 

The errors due to earth’s curvature and refraction must also be considered. 
With the focal lengths and altitudes commonly used in aerial photography, these 
errors normally will not exceed the smallest amount one can plot graphically direct 
from a single photograph, although they must be taken into account in the small scale 
mapping of stereo-pairs in plotting machines and in analytical work. For the much 
greater altitudes of satellite photography, the situation is rather different. The errors 
due to refraction at these altitudes have been investigated by Brock and Faulds 
(1960, 1961). Using the ARDC (Air Research and Development Command of 
the U.S. Air Force) Model Atmosphere, they have computed tables and graphs 
for the angular errors due to refraction for varying angles from the vertical up to a 
height of 1500 km. Using these values, it can be shown that they will not produce 
errors which are significant for graphical plotting direct from photographs, though 
of course they will have to be taken into account in plotting with stereo-plotting 
machines and in analytical work. 

As may be expected, the errors caused by earth’s curvature (Fig. 13) are much 
more important. The formula relating the elevation errors due to curvature in terms 
of the radial distance is given by Smith (1958) as 

The displacement resulting from earth’s curvature in the image plane may then be 
derived by using the formula for relief displacement given above 

h 
dr - A r .  C - H  

This simplification assumes (i) that ( H +  h,) = H ,  (ii) that DC = EC = h, and 
(iii) that h, is parallel to the flying height, H. These assumptions are justified since, 
in the former, the value of h, will be small relative to H, while for the latter, the 
geocentric angle, 8, subtended by the area of coverage will never exceed a few 
degrees of arc for the cases being considered. 
t Errara: In the wide angle and super-wide angle cases, the focal length should be expressed in metres and not 

in centimetres. 
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FIG. 13 

Substituting ( 1 )  for h, in expression (2) leads to 

H r3 d - _ _  
rc - f 2 2R' (3) 

The values for dr, for r = 50, 110 and 160mm respectively are also plotted on 
Figs. 12a, b and c against orbital height for different focal length values. The graphs 
show, as may be expected, that for low orbital altitudes, the errors in plan position 
due to relief are plottable at contact scale and that they only decline to carto- 
graphically insignificant amounts (the plotting limits of 0.2 or 0.4mm are shown) 
at higher orbital altitudes. For these higher altitudes, the displacements due to 
earth's curvature play an increasingly greater role and again these are plottable, even 
for narrow and normal angle photographs. It is, of course, possible to eliminate 
these curvature errors by constructing a suitable optical correction plate for a given 
altitude for use with an optical enlarger/rectifier. However, even if this is done, the 
solution of adopting higher orbital altitudes to bring the errors due to relief below 
the plotting limits is not one likely to be followed when the resulting reduction in 
scale is reducing the resolution of objects on the photograph and one is led back to 
all the problems of high orbital altitude satellites. 

MAPPING FROM PHOTOGRAPHY: STEREOPAIRS 
The next question is the use of stereopairs for mapping. If simple mapping of 

planimetric position is all that is required by earth scientists then radial triangulation 
techniques would appear to be quite appropriate, since the errors due to relief and 
earth's curvature are radial from the centre of the photograph and the tilts to be 
expected with satellite photography should be less than 1". 

Using stereo-plotting machines has the great advantage of providing heights as 
well as planimetry. Fig. 9 showed the relation between orbital height, photo- 
graphic scale and areal coverage. The last term is only approximate since it has been 
derived for a flat earth; the actual coverage will always be somewhat greater. For 
an orbital height of 180 km, which could be considered as the minimum working 
altitude for a cartographic satellite, the use of 230 x 230 mm format super-wide angle 
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( f  = 0.09 m), wide angle (f = 0.15 m), normal ( f  = 0.30 m) and narrow angle 
( f =  0.60m) cameras will produce photo-scales of 1 : 2000000, 1 : 1200000, 
1 : 600000 and 1 : 300000 respectively, which are one order smaller than the 
smallest scales produced from the highest flying aircraft. The super-wide angle 
photography is the least attractive because of the extremely small photographic 
scale and maximum difficulties with dead areas, curvature and refraction. Narrow 
angle photography has the usual difficulties of requiring a greater number of photo- 
graphs to cover a given area and of a poor base : height ratio for height determina- 
tion to offset the advantages of a large scale, so it is only convenient if purely plani- 
metric plotting of limited areas of fairly flat terrain is being considered. The usual 
compromises regarding scale, coverage and accuracy lead to consideration of wide 
angle and normal angle photography for most normal mapping requirements. 

As far as plotting scale is concerned, the range which may be considered 
seriously is 1 : 250 000 to 1 : 1 000 000, which represents from 4.8 to 1.2 enlargement 
from wide angle and 2.4 to 0.6 from normal angle photography for H = 180 km. 
The normal angle photography would appear to be the more suitable of the two as 
it has the larger photographic scale and the smaller photograph : plot ratio from this 
minimal orbital height. The first question to ask is whether plotting at these scales 
serves any purpose at all? In the densely populated, developed countries, complete 
coverage of a country is usually scheduled at scales from I : 5000 to 1 : 25000; 
maps at 1 : 250000 scale and smaller are produced by reduction and generalisation 
from these. However, as Jerie (1969) has pointed out, such countries started their 
mappingprogrammesover 100 years ago; in most cases they cover comparatively small 
areas and they command the considerable financial resources and skills needed 
for the task. In those less densely populated countries with a very considerable area, 
but with a well developed economy and high technical skills, the first scale at which 
complete cover is attempted will be much smaller. In Russia, the whole of that 
enormous country has now been covered by a series at 1 : 100000 scale. Australia 
also produces its plots at 1. : 100 000 scale, though they are published only at  
1 : 250000 scale for the central part of the country. Canada has also used a scale 
of 1 : 250 000 for the mapping of its northern territories. However, these countries 
are largely in sight of solving their need for basic mapping at small scales in the 
near future. Attention has therefore to be focused on the possibilities of mapping 
developing countries. 

(i) Mapping at I : 50 000 and 1 : 100 000 scales 
Many of these are densely populated over large areas, certainly much more so 

than much of Russia, Australia or Canada. They desperately require new maps for 
development and planning, but if the maps are to be useful for these purposes, even 
in the broadest context, the requirement is for 1 : 50000 and 1 : 100000 scale 
general coverage, with still larger scales in areas of special interest. Jerie’s proposals 
for rapid topographic mapping at these scales using orthophotography, which 
deliberately do not attempt to enforce the mapping standards of the developed 
countries on the developing countries, still envisage the use of 1 : 1OOOOO to 
1 : 120000 scale super-wide angle photography. For such small scale mapping, it 
is generally felt that a ratio of 1 : 1 between photo-scale and map scale is the most 
practicable. The main reasons against the use of smaller photo-scales (which 
photogrammetrists would prefer because of the reduction in the number of stereo- 
pairs to be triangulated and plotted and in the number of control points to be 
provided) are the difficulties with the interpretation of the detail which has to be 
plotted on these maps. Many objects are too small to be plotted to their scale size, 
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and so have to be represented by symbols, but they do have to be identified and 
plotted in their correct position before they can be shown at all. Tests (e.g. Neumaier, 
1966) seem to confirm this general relation between photographic scale and these 
map scales. It is therefore unlikely that satellite photography, which will produce 
photographic scales such as 1 : 600000 and 1 : 1200000 from a minimum orbital 
altitude. can be considered for basic 1 : 50 OOO and 1 : 100 000 scale mapping. 

When the requirements for height and contours for 1 : 50000 and 1 : 100000 
maps are inspected, again there would be a considerable shortfall in achieving this 
from satellite photography. The standard deviation (uh) in the heighting of individual 
points which can be expected from good photography on a high precision stereo- 
plotting machine is of the order of of the flying height (i.e. +0.2%, of H). 
Generally the possible contour interval is held to be about 3.33 times larger than 
this, which corresponds to of the flying height (or 0.67%, of H). These values 
have been plotted on the right hand edge of Fig. 9. From H = 180 km, in the 
example under consideration, this will give a standard deviation for spot heights of 
k 30m and a possible contour interval of 100111. The requirements for I : 50000 
and 1 : 100 000 scale mapping are generally for 10 or 20 m contour intervals (Jerie, 
1969) and, if these are adhered to, there is no question of their being attained from 
satellite photography. A contour interval of 100 m might be acceptable for areas of 
considerable slope or high mountainous terrain, but not for the areas of flat or 
undulating terrain which are of prime interest for development, control and planning. 

( i i )  Mapping at 1 : 250 000 and 1 : 500 0o0 scales 
All these considerations tend to support the view already expressed that the 

possibilities of using satellite photography for original mapping appear to be 
concentrated on the map scales of 1 : 250 000 to 1 : 500 000. Such scales are really 
only worth considering for original mapping of remote and inhospitable areas (e.g. 
extensive areas of tropical jungle, high mountains, deserts and the polar and near- 
polar regions). Whether one should give much thought to mapping these areas at 
present when so much still has to be done in areas with more development potential 
is a question which must also be posed. Many photogrammetrists and cartographers 
and the authorities who control their operations will take the view that the available 
resources should be concentrated on the more urgent problems of mapping at larger 
scales than are possible from satellite photography. However, the technical feasibility 
of mapping at 1 : 250 000 and 1 : 500 000 scales will be inspected here. 

Little has been said so far regarding the image quality of the photographs taken 
from earth satellites, though clearly this is a critical factor in any analysis of the 
possibilities of topographic mapping from such photographs. One would prefer to 
suspend making any definite judgement on this matter until material taken with a 
cartographic camera was available over a variety of landscapes and in different 
atmospheric and seasonal conditions. It has been reported (Merifield et al., 1969) 
that the U.S.A.F. has acquired 1 : 500000 to 1 : 1000000 scale photographs with 
such cameras from “various types of orbiting vehicles such as the now surplus Air 
Force ‘Percheron’ ”. If available, these classified photographs would enable a better 
assessment to be made, but in their absence, the Gemini and Apollo photographs 
released by N.A.S.A. will have to suffice. Nearly all the useful vertical photography 
has been taken using 70mm Hasselblad and Maurer cameras and although the 
format size is small (60 x 60mm), some of the scales (1 : 1 200000 to 1 : 2 000000) 
are of the same order as those being considered for mapping purposes. Of particular 
value are some of the photographs taken on the non-lunar orbiting Apollo 6 
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(unmanned) and Apollo 9 (manned), which include some stereo-pairs. Other material 
which may be considered include mosaics, such as that of Peru cited at  the beginning 
of this paper and the attractive 1 : 250000 scale photomap (by USGS) of the area 
around Phoenix, Ariz0na.t 

As a result of the low orbital inclinations of the Gemini and Apollo satellites, 
those photographs which do exist only cover areas within 20" to 30" of the equator. 
Those taken over the desert and semi-arid areas of the Sahara, Arabia, the southern 
United States and Mexico are often quite astonishingly clear. However, many of 
those of other areas show how difficult it will be to obtain cloud-free photography of 
these areas and they also exhibit a very marked diminution of contrast due to 
atmospheric conditions which is a most serious defect for topographic photo- 
interpretation. Perhaps infra-red or false colour photography would be of special 
interest in helping to combat this, at least on the evidence of some of the limited 
amount of false colour photography which has been taken to date. 

Fig. 14 shows the relation between the ground resolution in metres which will 
be produced in terms of the number of lines per mm resolved for scales up to 

PHOTOGRAPHIC SCALE 

FIG. 14 

1 : 3 000 000. The limitations of using the ground resolution derived from the number 
of lines per mm are well known; nevertheless, the concept is fairly widely understood 
and can serve as a starting point for the simple analysis being conducted in this 

t Sheet NI 12-7 space photomap. 1 : 250 OOO scale: Phoenix, Arizona. 1969. Experimental edition. 
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paper. If 50 lines per mm can be resolved by a cartographic camera, this is equivalent 
to 12.5 m for a photographic scale of 1 : 600 000 and 25 m at 1 : 1 200 000. This 
would mean that many roads, railways, buildings and other features which need to 
be shown even on a I : 250000 scale map should be missing at such photographic 
scales. However, inspection of prints and mosaics made from the Gemini and 
Apollo photography reveal that the roads, railways, canals and aerodrome runways 
often show up clearly, which serves to confirm Katz’s observation (1960) that “long 
features always tend to be imaged despite the fact that the width of the line may be 
below the resolution threshold”. The patterns produced by large fields, which are 
typical of many parts of the United States, also show up markedly, as may be seen 
on the Phoenix photomap sheet and on some of the photography of the Salton Sea 
area and the Imperial Valley (all of which lie in arid and semi-arid areas). However, 
the limits of the areas of built-up land are far from easy to distinguish, although some- 
times the road pattern is an aid in this respect. Also the locations of individual and 
small groups of buildings which may be very important in remote areas, are often 
very difficult to establish and in many cases are quite absent. The same can be said 
about the interpretation of some of the drainage patterns. However, in general, the 
requirements for planimetric detail for I : 250000 and I : 500000 scale maps are a 
great deal less than for 1 : 50 000 and 1 : 100 000 scale maps and really good quality 
satellite photography may well yield sufficient detail for the purpose. 

The accuracy limits for planimetry should also be attainable. The U.S. National 
Map Accuracy standards require that 90 per cent of the well defined points which 
can be plotted shall lie within &i inch (0.5 mm) of their correct planimetric position, 
omitting from consideration those points displaced by exaggerated symbolisation. 
This will correspond to a standard deviation (aDl) of k 0.3 mm, which at a scale of 
I : 250 000 is equivalent to f 75 m, at 1 : 500 000 scale, f 150 m and at 1 : I 000 000 
scale, f 300 m. Roughly similar standards are set by the European N.A.T.O. 
countries. These should be attainable from the photographic scales being considered 
if suitable plotting equipment is used. 

One of the most noticeable features of some of the Gemini and Apollo photo- 
graphs is the striking way in which the main features of the ground relief are 
represented on the vertical photography and on the U.S.G.S. photomap of the 
Phoenix area. This fact has also been commented on by Koeman (1970) who 
emphasises the point that much cartographic generalisation of relief on small scale 
maps is inaccurate and backs this up by setting examples of existing small scale 
1 : 1000000 aeronautical charts and I.M.W. sheets alongside the corresponding 
Gemini photographs. He also advocates the updating of these series from satellite 
photographs where they are out of date or incomplete. Some of the areas for which 
he gives examples are in fact now covered by good topographic series at much larger 
scales, so that the lack of fidelity of the small scale series may sometimes be due 
more to lack of cartographic priority or effort than lack of material. However, the 
general proposition is true, especially for remote and rugged areas which, however 
little they are of interest to governments whose priority is for planning and develop- 
ment, are certainly of concern to pilots and navigators who have to cross them. 
The broad synoptic view which would be given by mosaics or photomaps at 
1 : 1 000 000 scale or smaller would also be of considerable interest to geographers, 
especially in the educational field, but these are essentially by-products of taking 
satellite photographs rather than a prime reason for spending the enormous sums 
required to obtain them. 

So far, only the planimetric aspects of these very small scale map series have 
been considered and certainly it seems that a considerable amount of information 
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might be extracted from satellite photographs. However, when considering heights 
and contours, the situation can be rather different. The attainable precision from 
H = 180 km, given first class equipment, good quality photography and accurate 
corrections for curvature and refraction, has been given above; u,, = rf- 30 m in height 
and a possible minimum contour interval of 100 m. This is far below what may be 
demanded. For example, the Dutch and German 1 : 250000 scale JOG (Joint 
Operations Graphic) series show the 5,  10, 20, 50, l00m contours and then every 
l00m thereafter. Other JOG 1 : 250000 series require a 20m interval with 
supplementary contours in  areas of low relief at 10m, while the corresponding 
French IGN series provides 40 m with 20 m supplementary contours. However, 
other countries have quite different specifications for this scale; 50 m for Norway, 
Algeria and Tunisia and certain N.A.T.O. series; 200 ft (60 m) in South Africa and 
the Ordnance Survey; 250 ft (75 m) up to 1000 ft (300 m) and 500 ft (1 50 m) thereafter 
for Cyprus: 50 or loom, depending on terrain, for South Korea and Indonesia; 
100 m with supplementary contours at 50 m for Italy, the Philippines, certain AMS 
series of Central America; 100 m on the Swiss and Israeli series; 500 ft (150 m) for 
certain AMS sheets of mountainous areas in the United States; and 200 m for the 
USGS reconnaissance series of Antarctica. Turning to the 1 : 500000 scale series, 
the most common intervals are loom, 500ft (l5Om) and 200m. What is clear, 
even from this rather random selection of series, is that for fairly flat terrain of a 
low absolute elevation, even very small scale topographic maps can have require- 
ments for the provision of contours which cannot be attained from satellite photo- 
graphy. However, for more rugged terrain, which is generally to be found at higher 
absolute elevations, if good equipment and personnel are employed on  the task, the 
requirements for contouring could probably be met from the satellite photography 
being considered. 

POSSIBLE INCREASES IN HEIGHT PRECISION 

This deficiency of satellite photography, with respect to the heighting and 
contouring required for small scale mapping in many areas, leads one to consider 
whether the accuracy can be improved. The general equation which relates stereo- 
scopic parallax to differences in height in vertical photography is 

which shows that they are related by the product of the scale ( f l H )  and the 
base : height ratio ( B / H ) .  If, for a given flying height and a 60 per cent overlap the 
scale is increased by use of a larger focal length the ratio B / H  will decrease by an 
exactly equal ratio. For example in the case of H = 180 km, when f = 0.15 m, the 
term 

When f is increased to 0.30m, the ratio B / H  decreases to 0.30, so the product of 
the two terms stays the same. Thus one tends to obtain the same height precision 
from a given flying height whether one uses wide or normal angle photography. 
The only ways out of this situation are 

(i) to increase the focal length and therefore the scale without altering the 
base : height ratio, or 

(ii) to increase the base : height ratio without altering the scale (or focal length). 
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The first solution may be achieved by using a size of format increased in the 
same proportion as the focal length is lengthened. This would lead to the use of 
enormous formats (460 x 460 mm for a doubling in focal length) and to an enormous 
size and weight of camera, as well as difficulties with film size and flattening. An 
alternative would be to revive the use of multi-lens cameras such as those of 
Aschenbrenner, Reading, or Thompson/Barr and Stroud which were built before 
the Second World War. This has been suggested as a solution to the problem by 
some of the protagonists of mapping from satellites, but the factors (large format, 
enormous weight and bulk, the calibration and synchronisation difficulties, the 
potential lack of reliability resulting from the use of five, seven or nine shutters, the 
need for elaborate rectification of the photographs, and so on) which troubled 
previous users of such cameras appear to go unrecorded. 

The second solution may be achieved by using convergent or vertical and 
convergent photography, again a solution already tried out with aerial photography. 
For H = 180 km, the scale of a vertical photograph taken with an f = 0.60 m camera 
is 1 : 300000. If the ratio is increased from the usual 0.15 (with a second identical 
vertical photograph and 60 per cent overlap) to 0.30, then the precision of spot 
heighting would theoretically be increased by the factor 2, or from f 30 m to a 
figure of f 15 m. The difficulties experienced with the orientation and measurement 
of convergent photography resulted in such factors never being realised in practice. 
Still, accepting that a substantial increase in the precision of heighting would result, 
what other factors may be balanced against this desirable feature? They include 
the fact that the direction of the optical axis of the second convergent axis would 
be 16" from the vertical which leads to scale charges across the second photograph 
with the well known needs for pancratic systems and rotation of the images to allow 
stereoviewing. Furthermore, such a solution would require the use of two large, 
heavy, long focal length cameras in the satellite instead of a single, comparatively 
small, wide angle camera, while any evaluation of photography with focal lengths 
of 0.60111 and such a convergency could only be done analytically for individual 
points by comparator or in the most elaborate and expensive form of analytical 
plotter such as the OMI/Bendix AP-3. Similar remarks may be made regarding the 
suggested use of convergent panoramic photographs which have the additional rather 
severe theoretical and practical difficulties caused by the fact that the image is built 
up sequentially across the whole format over a comparatively long time interval 
from a very fast moving camera platform. It seems highly probable that such solu- 
tions have been utilised in photo-reconnaissance satellites, wherethe advantages of large 
scale and good resolution are paramount and the elaborate analytical plottersare avail- 
able to evaluate the photography and to produce measurements of object dimensions 
and heights to a precision which is quite adequate for military intelligence purposes. 

Tentatively, one may conclude that the use of solutions which utilise non- 
conventional photography from satellites may extend the possibilities of mapping 
beyond those which would be provided by vertical photography from the same 
satellite, but at the cost of not inconsiderable problems on the operational and 
equipment sides. Whether these would be acceptable to cartographic organisations 
is an open question. 

ECONOMIC QUESTIONS 

It has been shown (perhaps not wholly conclusively) that mapping from 
satellites is technically feasible for certain small scale topographic series, more 
especially for planimetry and for certain rather restricted situations regarding height 
precision and possible contour intervals. The question of whether a considerable 
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effort should be put into the small scale mapping which might be possible has already 
been raised. Even accepting that it is, the economy and practicality of satellite 
photography must come under intense scrutiny. 

The costs involved in building a satellite and putting it into orbit are colossal. 
One hesitates to state anything categorical in this respect for this is definitely a 
subject for satellite specialists (for example, see Pardoe, 1969a; Sibila, 1970), but a 
few very general remarks may be hazarded. It is not just a matter of putting a carto- 
graphic camera into a suitable satellite structure and launching it; power has to be 
supplied (perhaps via solar cells) both to drive the equipment and to recharge the 
nickel-cadmium batteries needed for periods of heavy power drain; and there are 
needs for radio transmitters and receivers, attitude sensors, stabilisation and orbital 
correction systems. A difficult problem would be that of providing redundancy to 
obviate the possibility of camera failure. This has been done with meteorological 
satellites and in TIROS 111, V and VI, the second television camera has had to be 
used because of failure of the first (Widger, 1966b). However, a cartographic camera 
is quite a heavy item compared with many of the sensing systems used in the meteoro- 
logical satellites and to add a reserve camera would result in a large increase in the 
weight, size and cost of the satellite. 

If, as seems likely, retrieval of the capsule will be necessary, this would require 
the installation of a retro-rocket system, ablative shielding and a drogue recovery 
unit. Again, all of these items add weight to the satellite and, while this is not neces- 
sarily the most important criterion for every mission (for example, for a given 
altitude, a near-polar, retrograde orbit normally needs more launcher power than a 
near-equatorial, prograde orbit) in general, the greater the weight, the greater the 
power needed for launching the satellite and the more expensive the rocket required. 
The weights of the TIROS satellites have been from 120 kg to over 150 kg and those 
of the NIMBUS satellites between 450 kg and 600 kg. It may be assumed that the 
weight of a cartographic satellite with large format cameras would be of the order 
of the latter rather than the former. However, the fact that a low orbital height 
would be most suitable for cartographic purposes is a favourable factor in determin- 
ing the launching power needed and the payload which could be orbited. 

Figures of $ I5 000 000 to $20 000 000 have been quoted (Doyle, 1967) to build 
and launch a single, low orbital altitude cartographic satellite. These seem to be 
realistic in view of the published costs of NIMBUS and INTELSAT satellites. No 
doubt these costs will eventually decrease in the future, but to what extent even an 
expert can only predict with moderate certainty. To  put the current figures into 
perspective, they are of the same order as the combined annual budgets of two of the 
largest European survey and mapping organisations, the British Ordnance Survey 
and the Directorate of Overseas Surveys for the whole of their operations, including 
geodetic and trigonometrical work, aerial photography, photogrammetric plotting, 
cartographic work, printing and map distribution. They employ nearly 6000 people 
and maintain a very large annual production of finished map sheets over a great 
variety of scales. Yet such a sum would have to be spent only on the exposure and 
retrieval of satellite photography for very small scale mapping. 

In the case of geophysical, meteorological, communication and broadcasting 
applications, satellites provide an unique capability and have no real competitor. 
The same may be said of geodetic satellites which allow the provision of an inter- 
continental network of triangulation points and of cartographic satellites for extra- 
terrestrial mapping. Where a cartographic satellite for earth mapping is concerned, 
the situation is very different. An alternative, flexible and very competitive camera 
platform exists in the form of the aircraft. 
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Comparisons have been made of the economy of the two methods by 
Doyle (1967). He estimates that the cost of covering the 9000000 square miles 
(23 3 10 000 km2) of the United States with satellite photography taken with 
f = 0.15 m and f = 0-30 m cartographic cameras for mapping at  1 : 250 000 and 
I : 500 OOO scales would be $1.67 per square mile at 100 per cent efficiency (total 
cloud-free photography), $3.37 per square mile at  50 per cent efficiency, and so on, 
while the costs of flyingf= 0.15 m photography from H = IOOOO m with an aircraft 
are from $2.50 to $4.00 per square mile in the United States. Provided the area 
to be covered is large enough (Doyle computes this at 3.75 million square miles) it is 
more economic to use satellite photography, especially when the number of stereo- 
pairs to be handled is smaller and fewer points are required for control purposes. 
The whole basis of this argument has been roundly criticised by Katz (1967) on the 
basis of its economics and he argues that the photography can be taken by a fleet of 
aircraft at a much lower cost. To add to Katz’s arguments, one may also ask 
whether the whole basis of the comparison is fair; on the one hand, aerial photo- 
graphy at 1 : 60 000 scale and on the other, satellite photography at a scale 10 to 20 
times smaller. 

Furthermore, there would be little difficulty in obtaining smaller scale photo- 
graphy from aircraft though, as discussed above, photogrammetrists have so far not 
demanded it. Since the middle 1950’s, jet aircraft such as the Canberra have been 
used in several countries to take mapping photography from H = 15 km, which 
wi thf=  0.15 m, gives a photographic scale of 1 : IOOOOO. Recently small business 
jets such as the Lear Jet have become available for commercial photography from 
such heights, while the high flying Martin RB-57F and Lockheed U-2 aircraft have 
been used at still greater altitudes. For the mapping of the Mount Kennedy area in 
Northern Canada, a U-2 was employed to take 1 : 125 000 scale photography with 
an j ’ =  0.15 m camera from an  altitude of almost 20 km. If such an altitude was 
utilised with a super-wide angle ( f =  0.09 m) camera, a photographic scale of 
1 : 200000 would result. Still smaller scales could be achieved if the altitude was 
increased to 25 or 30 km, which is reputedly within the capabilities of the U-2. 

With satellite photography, it is highly likely that there will be considerable 
gaps in photographic cover due to clouds coupled with the fact that, when an area 
is cloud-free, the satellite may not be overhead as it has only a single daily pass 
for a whole region and even then it may not be on the appropriate run. It is also 
certain that n o  nonmilitary mapping organisation could afford to spend $ 1 5  000 000 
on a satellite purely for photographic purposes especially when some small mal- 
function could negate this (defence departments and N.A.S.A. are perhaps in a 
different category). While the TIROS meteorological satellites have an impeccable 
launch record, others, including some communication satellites, do  not, and small 
errors in injecting a cartographic satellite into orbit could have serious effects on the 
coverage and scale of the resultant photography. 

However, there are two reasons why it is probable that such economic and 
technical arguments will not really play much part in deciding whether satellite 
photography is taken for cartographic purposes. One is that it is the only method 
of mapping countries for which maps are not freely available and defence considera- 
tions may require this. The second is that civilian space agencies such as N.A.S.A. 
and E.S.R.O. are most concerned to find applications for satellites, not least because 
public and political opinion demands some returns from the large sums of money 
which must be spent. Thus many satellites have already been orbited to conduct 
trials on any activity which looks to be feasible from space, some with obvious 
potential, others without. Furthermore, very large sums have been spent on pure 
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scientific research from satellites. In these circumstances, taking photography for 
mapping from satellites will probably be looked upon as at least as worth while an 
experiment as many other activities which have been investigated and economy need 
hardly enter into the discussion. It would appear to be only a matter of time before 
either a special unmanned cartographic satellite is launched or that such photo- 
graphy be taken during the forthcoming Apollo Applications or Skylab Programme 
or from one of the other manned orbital programmes which are planned for the 
1970’s. The debate about the economic and technical aspects can probably be better 
resolved then. At the moment, one fears that some of the developing countries may 
be tempted to relax their efforts to provide the basic map coverage that they need so 
badly in the belief that an easy solution to this problem is just around the corner; 
the situation is rather different as this paper has endeavoured to show. 

LEGAL AND POLITICAL QUESTIONS 

This brings us to a final point concerning the legal issues which will be raised by 
any extension of present photographic activities in space. So far, the photography 
which has been made available from the Gemini and Apollo missions, the meteoro- 
logical satellites, and so on, has either been unsystematic or at  such a scale or 
resolution as to cause little difficulty. The photo-reconnaissance satellites are quite 
another matter but, although most people are quite aware that this activity goes on, 
since it is practised by both the principal powers and no one else, it is also tolerated. 
Again problems do not arise because none of the photographs are ever published, 
but if good quality mapping photography is taken, can it be made any more freely 
available? Up till now, a country could decide if it wished to be photographed or 
not and in what manner and by whom. It could control the use of photography 
and the information it contained. Now countries can be photographed, without 
most of them being aware of it, for they lack the means of discovering this. There 
is no difference in principle between a 1 : 100 OOO or 1 : 200 000 scale photograph 
which is obtained from an aircraft or a satellite; they should contain much the same 
information, which could be of great value to commercial and military interests. 
Will such photography be restricted to certain users or perhaps only to countries 
which are politically in the right camp? These are considerations which the 
enthusiasts for earth resources satellites must also note. There will be extreme 
sensitivity over the taking of mapping photography or earth resource imagery and 
from the less developed countries in particular, for they may well feel that the 
information given by the photography will be to the advantage of outside political 
and commercial interests. Many of them would object strongly to the photographs 
or other imagery being made freely available. Any extension of photography for 
mapping purposes using satellites would seem to pose international political and legal 
problems which could be at least as difficult to resolve as those of a technical nature. 
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RPsurnP 
L’auteur ktudie les caractkres des satellites artificiels du point de vue 

de leur emploi dans la photographie akienne. I l  traite aussi de I’emploi de la 
photographie prise des satellites pour la photogramrnktrie et conclue 
provisoirement qu’elle ne pourrait servir cornrne base que pour les cartes aux 
Pchelles rnoins de I : 250 000 portantes des courbes de niveau de 100 rn 
en 100 m ci moins. I1 est trks douteux que I’emploi des satellites pour de tels 
travaux puisse &Ire e‘conorne, et leur ernploi gPnPral posera de forts problkmes 
IPgaux. 
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