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Geometric Fidelity of Three Space Television Systems

INTRODUCT I ON

Planetary mapping from television photographs requires the
highest geometric fidelity in the received imageries. At a photography
scale of 1:1,000,000, for example, a displacement of 1 millimeter on
the photograph will result in a location error of | kilometer. In an
attempt to establish the potential of space TV systems in photogrammetric
mapping, an investigation was made to study the distortion characteristics
of three space TV systems; namely: ESSA-7, Surveyor-7 and Mariner-4.
These three systems were chosen because each had a calibrated reseau
on the target plate of its vidicon tube. Results from the experiment

have determined the following parameters for each system:

1) magnitude of geometric distortions,

2) magnitude and pattern of the systematic component,

3) magnitude of the random component,

4) consistency and stability of the distortion characteristics,

and 5) effectiveness of image correction using a reseau.

Table | gives a summary of the characteristics of the three
TV systems. ESSA-7 was a weather satellite in polar orbit around the
earth. Surveyor-7 was a lunar vehicle that soft landed on the lunar
surface on January 10, 1968. Its photographic mission lasted until
February 21, but most of the television photographs were obtained during
the first lunar day between the 10th and 25th of January. Mariner-4 flew
by the planet Mars on July 14, 1965 and transmitted a total of 22 pictures
back to Earth.
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METHOD OF ANALYSIS

Magnitude of Geometric Distortion

This study was based primarily on the reseau pattern on the
target plate of a vidicon tube. As each exposure was made and trans-
mitted back to earth, the reseau imagery underwent the same electronic
processes as the photographic imagery and appeared in every film nega-
tive. Should there be a complete absence of geometric distortion in
the entire television system, then the final reseau image would be a
simple enlargement of the original reseau.

Let the position of a reseau point on the target be defined

by its coordinates (;}, ?}) which could be measured during the manufac-

turing of the tube. Correspondingly, let the position of the same reseau
point on the exposure be defined by a pair of photo coordinates (xj, yj).

The relationship between the two sets of coordinates may be expressed by
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the simple formulas of conformal transformation. That is,

X. = X.+Acos O x. -Asin8y, 1
J 0 J Yj M
., = + A sin® x. + A cos 0 y. 2
Yj = Yo ; Y; (2)

where Xqs Yo represent a translation of the coordinate axes, X is a

scale factor and O is an angle of rotation. Considering a displacement

of Vx and Vy on the coordinates xj and yj respectively, equations (1)
J J

and (2) may be written as follows:

ij + xj = x5 *a xj -, y_j (3)
Vyj + yJ = vo*ta, xj +a, yj (4)

In a given exposure, each reseau point generates two such equations.
Twenty-five reseau points then generate 50.equations altogether. The
method of least-squares can then be used to solve these equations to
produce the most probable set of transformation constants as well as

image residuais Vx 's and Vy 's. These residuals represent the total
j J
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distortions that are present at the reseau points on that given exposure.
Equations (3) and (4) use a common scale factor for both x and
y coordinates. In actuality, because of the intrinsic characteristic of
line scanning, the scales in the x and y directions are rarely identical.
Therefore, the equations for affine transformation represent a more realis-
tic description of the relationship between the target coordinates (?}, ?})
and the image coordinates (xj, yj). These equations allow different scales
in the x and y directions and may be written as follows:

X, + a, ; (5)

(6)
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Again using all the reseau points in an exposure and the method of
least-squares, the most probable set of residuals Vx and Qy for that
S B
exposure can be determined. Here the residuals Vx and V represent
j J
distortions which cannot be accounted for by scaling.
In this experiment, each exposure was analysed using first

equations (3) and (4) and then equations (5) and (6).

Systematic and Random Components

The image residuals Vx and V. from equations (5) and (6)

J J . .
may be considered to consist of systematic components rx and ry and
J J
random components rx and ry . That is,
J J
VX. = rx. + rX. (7)
J J J
Vo= r o+ r (8)
Y i

The systematic components ;x and Fy are distortions that remain the
J J
same at image point j of every exposure in'a given sequence of exposures.
The random components F and ry , however, follow a normal distribution
J J
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with mean 0. Hence, the systematic and random components of distortion

may be determined using the following procedure:

1) Consider a sequence of N successive exposures. Equations
(5) and (6) were used to determine the distortion at each
exposure. Let (0x )i and (V )i denote the residual of

j i
reseau point j at the ith exposure, then the systematic
components of distortion at point j can be computed with

the following equations:

N L) .
v )] (9)

v ).] (10)

The quantities ;x and Fy are computed for all reseau points.
J J
2) Correct the image coordinates (x,, y.) for systematic dis-

tortion using Fx and r Equations (5) and (6) are then

] J
used to perform a second transformation for each exposure.
That is, substituting equations (7) and (8) into (5) and (6)

respectively, we have

re * (rx_ + xj) = X3 *a xj +a, yj (1)
J J
roo+(r +y,) = +a, x, +a,y, 12

The residuals rx and ry are then the random components
J J
of geometric distortion.
A sample size of N = 12 was found to be adequate for

this experiment.
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Stability of Distortion Characteristics

The geometric stability of a space TV system can be evaluated
by collecting a sample of exposures from each day of the mission. The
pattern of systematic distortion during each day can be determined as
described above. Then by comparison of the distortion patterns for
successive days, geometric stability of the system can be analysed.
Change in the distortion pattern may be due to change in environmental
conditions around the TV camera, aging of the electronic components,

and/or programmed adjustment of ground receiving systems.
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Materials and Ecuipment

An adequate sample of exposures v sllected for each of the
ESSA-7, SURVEYOR-7 and MARINER-4 television systems. All exposures were
film negatives obtained through the National Space Science Data Center.
The photographic content in these exposures was of no significance in
this experiment. The only criteria for selecting the samples was that
as few of the reseau points be obscured by image uztail as possible.

All coordinate measurements were made at the Mapping Science
Laboratory, NASA - Manned Spacecraft Center at Houston using a Mann
Monocomparator. This comparator has a least count of 0.5 pu. Each
frame was measured independently by two different operators. Each
operator made one pointing at each reseau point. The mean of the two
sets of readings was used as the measured photo coordinates. Besides
the reseau images, the coordinates of the four corners of each frame
were also measured. The photo coordinate system (x, y) was defined
with the origin at the center of the frame, and the x-axis bisecting

the frame in the horizontal direction.

ESSA-7 Photography

The sample of ESSA-7 exposures consisted of seven groups of
12 frames each. Within each group, the 12 frames were successive ex-
posures along one earth orbit. Exposure interval was 4 minutes and 20
seconds. There were two groups from two successive orbits for each of
the following dates: January 24, 1969, February 14, March 7, and March 28.
Thus the exposures were sampled regularly over a period of two months and
provided an adequate period for a study of the geometric stability of the
system.

Figure 1 illustrates the spacing of the reseau marks on the
ESSA-7 vidicoﬁ tube. No problems were encountered in measuring the
reseau images on the film negatives although occasional reseau marks
were obscured by image detail. The standard deviations in the image

measurements were: 0 = :ﬁu and oy = .,




Surveyor-7 Photography

Exposures from the Surveyor-7 mission were sampled from Days
13, 16, 19, 21 and 22 of the Surveyor's photographic life. There were
at least 10 exposures for each day. The first photographic day was

designated as Day 10. Thus, all the exposures used in the experiment

[

were made during the first lunar day and were spread over a period of

9 Earth-days.

pomne

Figure 2 illustrates the reseau pattern in the Surveyor-7

vidicon tube. It consisted of 25 circular dots arranged in rectangular

% arrays.
- The reseau images on the Surveyor-7 photography were found to
!E be noticably inferior to those of ESSA-7 photography. Due to a defocusing

of the electron beam in the vidicon tube, the bottom row of reseau marks

appeared blurry and out of focus in all of the available exposures. More-

s

over, due to the finite aperture of the scanning beams, the images of the
circular reseau marks appeared irregular in shape with an average diameter

of about 0.250 mm. These effects resulted in poor pointing accuracy in

ha———
[+

coordinate measurement. It is for this reason that two operators were
employed to reduce errors caused by personal bias. The measured coor-

dinates were estimated to have cx =+ 10u and oy =+ 1.

Mariner-4 Photography

o

Mariner-4 transmitted 22 pictures of Mars back to Earth in

July, 1965. Since the picture sequence was transmitted twice, there were

Sy oy

two samples of 22 pictures each. Both samplies were available for these
experiments. However, due to the loss of reseau images in several frames,

only 13 frames were used in Sample | and 15 frames were used in Sample 2.

T R
T~

The Mariner-4 reseau had nine reseau marks as shown in Figure 3.

The calibrated coordinates of these reseau marks were given in terms of

o angpre iy

rows and elements. The unit length of a row and that of an element were
not known and that they were not necessarily the same. This resulted in
! uncertainty in the scale relationship between the negatives and the target.

However, the calibration data was found to be adequate for distortion study.
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RESULTS
ESSA-7

Table 2 is a summary of the resuits obtained for the ESSA-7
photography. The mean standard error for the image coordinates after
conformal transformation was found to be + 0.233 mm, which was equivalent
to the width of 9.7 T.V. lines. This represented the total geometric
distortion of an image point in both x and y directions at one sigma level.
The mean standard error after affine transformation was + 0.033 mm or
1.4 T.Vv. lines. Thus, a major portion of the geometric distortion was
accounted for by the difference in scale between the x and y directions.
The mean standard error for the random components was only + 7u or 0.3 T.V.
line. There appeared to be no significant difference in geometric ac-
curacy between the x and y coordinates.

During the two-month period covered by the photography, the sys-
tematic component of distortions remained very stable in both magnitude and

shape. Figure 4 shows the systematic distortion at the 25 reseau points

for photo group 307a. The same distortion pattern was manifested by the other

groups of ESSA-7 negatives. Tables 3 and 4 present a listing of the syste-
matic distortions in x and y coordinates respectively for the 8 groups of
ESSA-7 negatives.

Surveyor-7

Results from the Surveyor-7 photography are tabulated in Table 5.
The mean standard error after conformal transformation was + 0.428 mm or
5.2 T.V. lines. After affine transformation, the mean standard error
was + 0.131 mmor 1.6 T.V. lines. Again as in the case of ESSA-7, this
showed that a great percentage of geometric distortion was due to the dif-
ference in scale between x and y directions. The mean standard error for
the random component of distortion was + Z3u or 0.3 T.V. line. Comparison
between o and oy showed that the SURVEYOR-7 photographs had a slightly
higher fidelity in the y-direction.

Figure 5 illustrates the systematic component of distortion
for the TV system on Day 16. The same pattern was displayed by the

system during other days. However, there was a noticable change in
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the magnitude of systematic components between successive days. This

may be caused by the temperature change in the vidicon tube during the
lunar day as the sun angle changed. It could also be caused by the

daily adjustment of ground receiving system. Tables 6 and 7 are listings

of the systematic distortion in x and y coordinates respectively.
Mariner-4

The Mariner-4 TV system behaved in about the same manner as
ESSA-7 and Surveyor-7, &3 shown by the results listed in Table 8. The
distcrtion was highly systematic and a large percentage was caused by
scale difference in the x and y directions. The mean standard er-

rors were as follows:

o(conformal) =+0.235 mm or 5.1 T.V. lines
o(affine) =+0.013 mm or 0.3 T.V. line
o ( 4 54 or 0.1 T.V. line

random)

it should be remembered that part of the residuais in conformal trans-
formation could be due to the possibly unequal units of row and element
in the calibration data. The tremencous improvement in using affine
transformation (from 0.235 mm to 0.013 mm) further showed that the unit
lengths of a row and an element were not identical.

The Mariner-4 photography had the same order of fidelity in
both vertical and horizontal directions,.

Figure 6 illustrates the distortion pattern of the Mariner-4
system. There is no appreciable diiic.ence between the distortion

characteristics of the two photographic samples.
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SUMMARY AND CONCLUSI)ONS

Results from this investigation showed that geometric distor-
tions in the three space TV systems are high!y systematic. This supported
the conclusions drawn from a previous theoretical study by the author.
Although the total geometric distortions in the ESSA-7, SURVEYOR-7 and
MARINER-4 systems were between 5 and 10 scan lines (at one sigma level),
the random components amounted to less than 0.5 scan line.

In all three systems, the systematic component of distortion
appeared perfectly stable in both magnitude and shape between successive
exposures. |t can be separated from the random component with excellent
reliability using a sequence of 10 or more successive exposures. The
ESSA-7 photography displayed excellent stability in the distortion charac-
teristics throughout the given period of two months. However, the Sur-
veyor-7 did have a significant variation in the magnitude of distortion
between successive days.

Another significant conclusion from this study is that a major
portion of geometric distortion in the TV system was caused by scale
distortion in the horizontal and vertical directions. In all instances,
the standard error in the image coordinates after affine transformation
was less than 1.6 T.V. lines.

Since the three TV systems have basically different design
characteristics, no conclusions can be drawn on the relationship between
geometric distortions and the number of scan lines. To provide a com-
parison on the relative fidelity of the three systems, the mean standard
errors were reduced to a common frame size of 49 x 47 mm and listed
in Table 9. Comparing the total geometric distortions, the Surveyor-7
system had the best fidelity.

In view of the low magnitude of random distortions, space tele-
vision systems appear to have excellent potential for geometric measure-
ments using methods of analytical photogrammetry. Its potential in topo-
graphical mapping, however, will depend largely on how much of the systematic
distortions can be corrected over an entire frame by electronic processing.

Research efforts are being continued tc study this problem.
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Table 2. Standard Errors of Image Coordinates - ESSA-7
|

Photo|No. of o(u) cx(u) ‘ gy(u)
Group| Frames [Conformal|Affine Randégﬁ&onformal Affine|Random|iConformal [Affine|Random
12La 11 232 34 6 221 36 7 232 32 7
124b 11 239 35 7 230 34 6 235 32 7
214a 12 238 33 6 233 34 6 230 34 7
214b 12 24 33 7 229 34 7 240 31 7
307a 12 226 32 6 217 34 5 224 31 6
307b 12 237 32 7 226 34 6 235 31 7
328a 12 261 33 7 246 35 € 261 30 7
328b 12 188 33 7 195 35 7 169 31 8
Mean (o) 233 33 7 225 35 6 228 32 7
Equivalent
TV Lines 9.2 1.4 0.3 9.3 1.5 0.3 9.5 1.4 0.3




Teble 3.

(in microns)

Systematic Distortions in x-coordinates - ESSA-7

Reseau Mark
124a | 124b | 214a | 214b | 307a | 307b | 328a | 328b
Number

» I % 2 T -2 2 5 0 6
2 -61 -60 -55 -59 -54 =54 -56 -55

3 -37 -35 -36 -39 -36 -40 -40 -36

4 19 | 24 | 20 15 19 19 | o2

f ; §§ 5 7h 71 73 73 74 72 71 71
- 6 9o | w | n | ol a7 s | 16

s ?Q 7 -2 o | -3 2 | ;3 | -5 k|-

i § . 8 -15 -9 | -15 | -1l -14 | -18 16 | -14
§ [ 9 33 | -28 | -32 | -30 | -35 | -30 | -30 | -39

E 1 10 g | -ie | -6 Lz cie | a3 | -7 | 20
F 1 32 30 29 31 31 31 27 25

: %_ 12 w7 | 52 | b2 | 48 | ko | k2 | W1 | W

; . 13 29 29 24 30 | 21 18 | 30 | 26

£ 1. h 30 | =31 | <36 | -30 | -3u | -34 | -36 | -36

t oy 15 35 | -32 | =35 | -31 | -36 | -33 | -3 | -33
: L 16 12 9 8 12 10 7 B 10

| %f 17 36 32 31 32 28 32 26 25

c 8 22 | 15 15 | 22 17 | N 10 1

é §j 9 29 | -26 | 27 | -26 | -27 | -30 | -31 | -35

iy 20 30 | <32 | 26 |25 | -36 | -3 |28 | -26

- 21 51 | -us | b5 | -ue | -39 | -39 | b2 | -m

22 34 f -34 | -30 | -3% | -31 | -35 | -20 | -26

23 8 3 6 7 | 1 7 12 10

24 28 | 29 | 33 { 34 | 33 | 35 | 34 | 36

25 27 | 24 | 30 | 31 36 | 37 | 36 | 32




| Table 4. Systematic Distortions in y-coordinates - ESSA-7
(in microns)

Pt. }i:? 124b | 214a | 214b | 307a | 307b | 328a | 328b

] £9 68 61 65 62 62 59 62

[ 2 12 13 11 13 12 9 8 -2
3 -19 -18 -14 -12 -17 -18 -18 -12

i b | -33 | -30 | -35 | -31 | -30 | -31 | -35 | -30

; 5 7 9 8 1 7 16 10 15

r ; 6| 35 | 33 | 3% | 39 | 3% | 35 | 36 | 31
% : 7 | -23 | -28 | -31 | -22 | -28 | -28 | -27 | -25

t § 8 | -49 | -b9 | -50 | -46 | -u4 | -u6 | -43 | -49

f f - 9 | -31 | -25 | -32 | -29 | -23 | -28 | -26 | -25
| U 10 | 35 | 36 | 36 33 N 37 38 37

H % N -6 -4 -3 -7 -3 -1 -1 3

; W 12 | -29 | -32 | -33 | -31 | -31 | -25 | -25 | -24
‘i 13 | -0 | -38 | -38 | -39 | -36 | -35 | -37 | -34

g . b | -15 | -13 -7 -9 | -1 | -1 |- |-

i iﬁ s | 32 | 30 | 27 | 2 | 29 | 31 | 30 | 37

'i 4 16 | -27 | -25 | -22 | -22 | -24 | -24 | -24 | -22

; 17 2 2 -1 0 5 0 5 7

| i %j 18 | 22 | 21 21 18 18 15 15 17
l 4 19 23 20 20 22 23 21 17 10

i ! 20| 8] 9| mn s | 4] 3| 6| -5

; 21 | -33 | -32 | -24 | -28 | -3% | -31 | -23 | -28

22 25 23 24 22 19 27 21 20

23 50 52 48 48 49 47 49 5]

24 23 23 26 23 23 19 26 20

25 | -36 | -33 | -25 | -33 | -28 | -34 | -29 | -37
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Table 5. Standard Errors of Image Coordinates - Surveyor-7

Photo [No. of o(u) ox(u) cy(u)

Group |Frames |Conformal {Affine|{Random|Conformal|Affine|Random Conformé;?Affine Random

Day 13 12 Ley 137 21 507 167 19 389 88 22
16| 22 Lie 124 14 472 167 12 397 53 16
19 10 Lob 130 23 416 168 21 373 71 26
21 11 432 129 29 Lis 163 25 395 80 32
22 10 391 135 28 L4oo 172 24 361 82 30

Mean (o) 428 131 23 448 167 20 383 75 25

Equivalent

TV lines 5.2 1.6 0.3 5.5 2.0 0.2 4.7 0.9 0.3

{




Table 6. Systematic Distortions in x-coordinates - Surveyor-7

(in microns)

17

Reseau Mark

| Day 13 | Day 16 | Day 19 | Day 21 | Day 22
o, Number

1 -50 81 86 67 53

2 - 141 -147 -112 -165 ~137

3 -123 -172 ~158 -149 -175

3 -29 =26 -57 -42

. 5 218 269 259 238 294

; 6 220 215 281 234 235

7 5 -5k -1 -71 -23

8 -1 -166 -132 -100 -143

; 9 -153 -113 -121 -137 -128

5 10 112 17 99 100 126

1 307 273 276 304 296

! 12 0 -35 -9 -28 -53

: 13 -149 -139 - 146 -19 -160

. 1h -184 -134 -133 - 144 -106

. i I 15 109 73 64 55 107

) 16 189 195 226 170 164

1 17 -106 -1k -105 -81 -128

18 -185 -184 -202 -175 - 204

& { 19 -157 -164 -165 -156 -168

i 20 243 174 172 151 194

21 99 129 74 65 26

i 22 -154 -179 -182 -223 -274

f 23 -172 -164 -222 -201

i 24 133 9 18 0 33

[ i 25 347 323 295 285 360
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Table 7. Systematic Distortions in y-coordinates - Surveyor-7

(in microns)

Reseau Mark
Day 13 Day 16 Day 19 Day 21 Cay 22
Number

1 122 34 43 56 37

2 -64 -L46 -61 -68 -54

3 -129 -60 -78 =73 -90

4 -70 ] =21 -53 -48

5 104 94 98 87 83

6 11 33 73 45 85

7 =105 -39 =59 =72 =53

8 =77 -56 -68 -57 =53

9 =15 -39 =50 -66 -58

10 25 2 13 8 4

11 -30 -6 27 30 65
12 -2 1 22 18 36
13 61 23 31 52 15
14 98 Lo 38 33 101
15 13 =30 28 -54 4
16 -13 - -58 5 -11
17 70 ko 32 h9 39

18 168 106 127 14 100
19 108 77 89 106 112
20 =120 -36 -50 -30 -8
21 -30 -27 -59 -161 =171
22 -19 7 -22 -77 -76
23 11 19 -4 51 ---
24 -140 -12 5 -16 17

| 25 -163 -124 -161 -88 -200
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Table 7.

(in microns)

18

Systematic Distortions in y-coordinates - Surveyor-7

Reseau Mark
Day 13 Day 16 Day 19 Day 21 Day 22
Number

1 122 34 43 56 37
2 -64 -46 -61 -68 -54
3 -129 -60 -78 =73 -90
4 -70 1 -21 =53 -48
5 104 94 98 87 83
6 1 33 73 45 85
7 -105 -39 -50 =72 =53
8 =7 -56 -68 =57 =53
9 =15 -39 -50 -66 -58
10 25 2 13 8 4
11 -30 -6 27 30 65
12 =2 1 22 18 36
13 61 23 31 52 15
14 98 4o 38 33 101
15 13 -30 28 -54 4
16 =13 -4 =58 5 =11
17 70 Lo 32 49 39
18 168 106 127 141 100
19 108 77 89 106 112
20 -120 -36 =50 =30 -8
21 -30 =27 -59 ~]161 =171
22 -19 7 =22 =77 -76
23 11 19 -4 51 ! —ce
24 =140 =12 5 -16 ! 17
25 -163 -124 -16) -88 | -200
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Table 8.

Standard Errors of Image Coordinates - Mariner-4

Photo |No. of

Group | Frames

o, ()

Confoimal

Conformal

— e — e nn s

Affine{Randon

] 13
2 15

233
236

|

202

204

Mean (o)

Equivalent
TV Lines

235

5.1

203

16 3

17 3

17 3
0.4 0.0¢€
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Table 9. Mean Standard Errors Reduced to a Common Frame Size

r

! (with respect to a frame size of 49 x 47 mm)

o in microns

TV System
Conformal Affine Random

|
ESSA-7 571 81 17 '
Surveyor-7 428 131 23 |
|
Q l
Mariner-4 1278" 71 27 |

" Includes errors due to unequal units of the calibrated x and y

coordinates.
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ESSA-7 Vidicon Reseau Map
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6 -.18773 +.09335 19 .09489 -.09331
7 -.09420 +.09328 20 .18802 -.09382
8 -.00069 +.09329 21 .18534 -.18686
9 | +.09287 +.09335 22 .09202 -.18697
10 | +.1864k4 +.09326 23 .00139 -.18704
11 -.18689 +.00006 24 .09490 -.18705
12 -.09342 +.00004 25 .18847 -.18711
13 .00000 .00000

Figure 2

Surveyor-7 Vidicon Reseau Map
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Figure 2 Surveyor-7 Vidicon Reseau Map
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Figure 3 Mariner-4 Vidicon Reseau Map
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