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Fidelity of Space TV
The rms geometric distortion of ESSA-7, Surveyor-7 and Mariner-4 was less than

1.6 TV lines.

INTRODUCTION

PLANETARY M.":PPING FRO",~ televisiun phut?
gl aphs requires the highest geometric

fidelity in the received imageries, At a photo
graphy scale of 1: 1,000,000, for example, a
displacement of 1 millimeter on the photo
graph will result in a location error of 1 kilo
meter. In an attempt to establish the poten
tial of space TV systems in photogrammetric
mapping, an investigation was made to study
the distortion characteristics of three space
systems; namely: ESSA-7, su RVEYOR-7 and
MARIl'ER-4. These three systems \I'ere chosen
because each had a calibrated rcseau un the
target plate of its vidicon tube. Results from
the experiment ha\'e determined the follow
ing parameters for each system:

• Magnitude of "eometric distortions,
• Magnitude and pattern of thc systcmatic

component,
• Ma"nitude of the random component,
• Consistency and stability of the distortion

characteristics,
• Effectiveness of imagc correction lIsing a

reseau.

Table 1 gives a summary of thc character
istics 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 un
til February 21, bu t most of the television
photographs were obtained during the first
lunar day between the 10th and 25th of Jan
uary. MARINER-4 Rell' by the planet Mars on
July 14, 1965 and transmitted a total of 22
pictures back to Earth.

METHOD 01" ANALYSIS

MAG '[TUDE 01" GEO~IETRIC DISTORTlO:>1
This study was based primarily on the

reseau pattern on the target plate of a vidicon
tube. As each exposure ",as made and trans
mitted back to earth, the reseau imagery
underwent the same electronic processes as
the photographic imagery and was shown on

every film negative. Should there be a cunl
plete absence of geometric distortion in the
en tire 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 Xj, Yj
which could be measured during the manufac
turing of the tube. Correspondingly, let the
position of the same reseau point on the ex
posure be defined by a pair of photo coordi
nates Xj, Yj. The relationship between the two
sets of coordinates may be expressed by the
simple formulas of conformal transformation.
That is,

Xj = .1'0 + Acos o.ej - Asin OYj (1)

)'j = Yu + Asin O.i'j + Acos OYj (2)

where xo, )10 rcpresen t a translation of the
coordinate axes, Ais a scale factor and 0 is an
angle of rotation, Considering a displacement
of Vx , and V

Yj
on the coordinates Xj and )lj,

respectively, Equations 1 and 2 may be
wri tten as:
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TABLE 1. CHARACTERISTICS OF THE THREE SPACE TV YSTEMS

I

No. of Line
Focal Raster Size Frame WidthSystem Mission Camera Length (inches) Scan SizeLines on

Frame

ESSA-7 Earth-Sa tell ite Vidicon 0.230 inch 0.475XO.475 833 20X23 mm. 24J"m

Variable:
SURVEYOR-7 Moon Lander Vidicon 25 to 0.465 XO .465 600 49X47 mm. 82 ~m

100 mm.

MARINER-4 Mars Flyby Vidicon 12 inches 0.22XO.22 200 9X10 mm. 46J"tn

ABSTRACT: The geomet·ric distortions in the television systems of ESSA-7, Sur
veyor-7 and M ariner-4 were highly systematic. A lthough the total geometric dis
tortions were between 5 and 10 TV lines at one-sigma level, the random compo
nents amounted to less than 0.5 TV line. The distortions were also found to be
perfectly stable in both magnitude and shape between successive exposures. Re
sults sllowed that a major portion of geometric distortion in the TV systems was
caused by the difference in scale distortions in the horizontal and vertical direc
tions. In all instauces, after separate scale corrections in these two directions, the
rms error of the image coordinates was less than 1.6 TV lines.

that exposure can be determined. Here the
residuals lizi , liYi represent distortions which
cannot be accounted for by scaling.

In this experiment, each exposure was
analyzed using first Equations 3 and 4 and
then Eq uations 5 and 6.

SYSTEMATIC AND RA:-IDOM COMPONENTS

The image residuals lix ' and riy. from
Equations 5 and 6 may be c~nsidered'tocon
sist of systematic components f xi , f y; and
random components r xi , ryj' That is,

VXi = f Xi + rXi (7)

livi = fVi + rvi ' (8)

The systematic components f x " f y are dis
tortions that remain at the sam'e in~age point
j of every exposure in a given sequence of
exposures. The random components rxi' ryi •

however, follow a normal distribution with
mean O. Hence, the systematic and random
componen ts of distortion may be determined
using the following procedure:

1. Consider a sequence of N successive expo
sures. Equations 5 and 6 were used to deter
m,ine the distqrtion at each exposure. Let
(Vx). and (Vvi)' denote the residual of
reseau point j at the ith exposure, then the
systematic components of distortion at point
j can be compuled using:

I'Xj + ~) = .1'0 + oifj - 02Yj (3)

VVi + Yj = yo + 02Xj + aiYi. (4)

In a given exposure, each reseau point gen
erates two such equations. Twenty-five
reseau points then generate 50 equations al
together. The method of least-squares can
then be used to solve these equations to pro
d uce the most probable set of transformation
constan ts as well as image residuals V" , and
l·y. These residuals represent the tot~l dis
tor=tions 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. Jn actu
ality, because of the intrinsic characteristic of
line scanning, the scales in the x and y direc
tions are rarely iden tical. Therefore, the
equations for affine transformation represen t
a more realistic description of the relationship
between the target coordinates xit Yj and the
image coordinates Xj, Yj. These equations
allow differen t scales in the x and y directions
and may be \\'fitten as:

1\ + ~) = ~'o + ol.rj + 02Yi (5)

('v' + )'1 = )'0 + OaXi + 04Yj· (6)

Again, using all the reseau points in an expo
sure and the method of least-squares, the
most probable set of residuals VXi' riYj for

1 [.11 .
,'. = - V·x, \T L ( x),]

L t-l
(9)
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The quantities J'Xj, J'Yj arc computed for all
reseau points.

2. Correct the image coordinates Xj, )'J for sys
tematic distortion using ;Xj and f yj• Equations
5 and 6 are then used to perform a second
transformation for each exposure. That is.
substituting Equations 7 and 8 into 5 and 6
respecti vel y we, have

rX; + UXj + Xj) = ~'o + GI.rj + G2Yj (11)

r y ; + UYj + Yj) = yo + G3~"j + G.Yj· (12)

The residuals I"rj, ryj are then the random
components of geometric distortion.

A sample size of N = 12 was found to be
adequate for this experiment.

STABILITY OF DISTORTION CHARACTERISTICS

The gcometric stability of a space TV sys
tem 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 comparing the distortion
patterns for successive days, the geometric
stability of the system can be analysed.
Change in the distortion pattern ma,· be due
to change in environmental condition~around
the TV camera, aging of the electronic com
ponents, and/or programmed adjustment of
ground receiving systems.

MATERIALS AND EQUIPMENT

An adequate sample of exposures was col
lected for each of the ESSA-7, SURVEYOR-7 and
MARINER-4 television systems. All exposures
were film negatives obtained through the Na
tional Space Science Data Center. The pho
tographic 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
detail 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 J.Lm. 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.
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FIG. 1. ESSA-7 vidicon reseau map. (Di
mensions are shown in inches.)

SURVEYOR-7 PHOTOGRAPHY

Exposures from the SURVEYOR-7 mlS~lOn

were sampled from-Days 13,16,19,21 and 22
of the SURVEYOR'S pnotographic life. At least
10 exposures were used for each day. The
first photographic day was designated as Day
10. Thus, all the exposures used in theexperi
ment were made during the first lunar day
and were spread over a period of 9 Earth
days.

Figure 2 illustrates the reseau pattern in
the Surveyor-7 vidicon tube. I t consisted of
25 circular dots arranged in rectangular ar
rays Table 2 shows the coordinates of the
points.

The reseau j mages on the SURVEYOR-7
photography were found to be noticeably

ESSA-7 PHOTOGRAPHY

The sample of ESSA-7 exposures consisted
of 7 groups of 12 frames each. Within each
group, the 12 frames were successive expo
sures along one earth orbit. The exposure
inten'al was 4 minutes and 20 seconds. Two
groups were studied from two successive
orbits for each of the dates: January 24,1969,
February 14, March 7, and March 28. Thus
the exposures were sampled regularly O\oer a
period of two mon ths and provided an ade
quate period for a study of the geometric
stabili ty of the system.

Figure 1 illustrates the spacing of the reseau
marks on the ESSA-7 vidicon tu be. No prob
lems were encoun tered in measuri ng the
reseau images on the film negatives although
occasional reseau marks were obscured by
image detail. The standard deviations in the
image measurements were: U x = ±4J.Lm and
Uy = ±4J.Lm.

r r T '1

0.334"

r r + -j

r L .L ..J
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(10)1 [N . ]
J'Yj = - L: (l"y), .
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FIG. 2. Surveyor-7 vidicon reseau map.

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. Moreover, due
to the finite aperture of the scanning beams,
the images of the circular reseau marks ap
peared irregular in shape with an average
diameter of about 0.250 mm. These effects
resulted in poor pointing arccuracy in coordi
nate measurement. It is for this reason that
two operators were employed to reduce errors
caused by personal bias. The measured co
ordinates were esti mated to have U x = ± 10J.lm
and O"y= ±l1J.lm.

TABLE 2. COORDINATES IN INCHES OF POINTS
SHOWN IN FIGURE 2

Pi. X Y Pi. X Y

I -.18848 +.18690 14 +.09352 .00000

2 - .09500 + 18685 15 +.18727 +.00014

3 - 00152 +. 18675 16 - .18614 - .09361

4 + .09197 +. 18675 17 - .09278 - .09368

5 +.18554 + .18680 18 +.00079 - .09373

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 +. 18644 + .09326 23 +.00139 -.18704

-
II - 18689 +.00006 24 + .09490 -.18705

-

12 - .09342 + .00004 25 +.18847 - .18711
-- -- --

13 .00000 .00000
- ------

L
7

FIG. 3. Mariner-4 vidicon reseau map.

MARIKER-4 PHOTOGRAPHY

MARINER-4 transmitted 22 pictures of Mars
back to Earth in July, 1965. As the picture
sequence was transmitted twice, two samples
of 22 pictures each, were obtained. Both sam
ples were available for these experiments.
However, due to the loss of reseau images in
several frames, only 13 frames were used in
Sample 1 and 15 frames were used in Sample
2.

The MARINER-4 reseau had nine reseau
marks as shown in Figure 3 and Table 3. The
calibrated coordinates of these reseau marks
were given in terms of rows and elemen ts. The
unit length of a row and that of an element
were not known and that they were not neces
sarily the same. This resulted in uncertainty
in the scale relationship between the nega
tives and the target. However, the calibra
tion data was found to be adequate for dis
tortion study.

TABLE 3. Rows AND COLUM S OF POINTS
SHOWN IN FIGURE 3

No. Element No. Row No.

1 -72 75 .5
2 -I 77
3 69 79
4 -71 -2
5 0 0
6 70.5 2
7 -70 -88
8 1 -86
9 72 -8-l
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TABLE 4. RNIS ERIWRS OF IMAGE COOIWINATES Fall 1':SSA-7
-- - - -

---

rT (p.11/.) rTf (P.II/.) rT" (P.1II.)

Photo No. oj -- - ---

Croup Frallles COll- I I
Nan- COl/- I

NUl/- COlt- RCI/I-

(orillal .ltJille d01ll forillal .ltJine dOIll forlllal .l{fiue do III

I -- -

12~a 11 232 3~ 6 221 36 7 232 32 7

12~b 11 239 35 7 230 3~ 6 235 32 7

21~a 12 238 33 6 233 3~ 6 230 3~ 7

214b 12 2~1 33 7 229 :q 7 240 31 7

307'1 12 226 32 6 217 3~ 5 22~ 31 6

307b 12 237 32 7 226 3~ 6 235 31 7

328a 12 261 33 7 2~6 35 6 261 30 7

328b 12 188 33 7 195 35 7 169 31 8

MeaIl (u) 233 33 7 225 35 6 228 32 7

Equivalent
9.5 1.4 0.3TV Lines 9.2 1.4 0.3 9.3 1.5 0.3

I ---- --~ --~ !
\ \ I I
I \ I --1"

1\\ \ - -~---~-- /
\ \ V

~. \ \ / __ --1..

metric distortion was due to the difference
in scale between x and y directions. The mean
rms error for the random component of dis
tortion was ± 23 f..Lm or 0.3 TV line. Compari
son between O"~ and O"y showed that the SUR
VEYOR-7 photographs had a slightly higher
fidelity in the y-direction.

Figure 5 ill ustrates the systematic com
ponen t of distortion for the TV system on
Day 16. The same pattern was displayed by
the system during other days. However, a
noticea.ble change occurred in the magni tude
of systematic componen ts between successi ve
days. This may be caused by the temperature

\

\

SOil III

f---i

r --_L~_ -¥l-----r I
I I I \ I
/ I hi---~f--\
rr- 1/ I \

/ I 1\
___ -kf-- - It----~)...

FIr.. 4. Typical distortion pattern il2 E551\-7
photographs. (Photo group 30ta.)

.f

RESULTS

ESSA-7

Tablc 4 is a su mmary of the resul ts ob
tained for the ESSA-7 photography. The mean
of the root-mean-sq uare (rms) crrors for the
image coordi nates after con formal transfor
mation was found to be ±0.233 mm., which
was equivalent to the width of 9.7 TV lines.
This represen ted the total geometric distor·
tion of an image point in both the x and y di
rections at one-sigma leye!. The mean rms
error after affine transformation was ±0.033
mm. or 1.4 TV 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 rms error for the ran
dom components was only ± 7 f..Lm or 0.3 TV
line. No significant difference 111 geometric
accuracy between the x and y coordinates
seemed to exist.

During the two-month period covered by
the photography, the systematic 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.

SURVEYOR-7

Resul ts from the SURVEYOR-7 photography
are tabulated in Table 5. The mean rms error
after conformal transformation was ±0.428
mm. or 5.2 TV lines. After affine transforma
tion, the mean rms error was ±0.131 mm. or
1.6 TV lines. Again, as in the casc of ESSA-7,
this showed that a great percen tage of geo-
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5.1 TV lines
0.3 TV Jine

or 0.1 TV line

(J" (conformal) = ± 0.235 mm. or

(J" (affine) = ± 0.013 mm. or

(J" (random) = ± 5 ,um.

MARINER-4

The MARINER-4 TV system behaved in
abou t the same manner as ESSA-7 and S R

VEYOR-7, as shown by the results listed in
Table 6. The distortion was highly system
atic and a large percentage was caused by
scale difference in the x and y directions. The
mean rms errors were:

It should be remembered that part of the
residuals in conformal transformation could
be due to the possibly unequal units of row
and element in the calibration data. The tre
mendous improvement in using affine trans
formation (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 fideli ty in both vertical and hori
zontal directions.

Figure 6 illustrates the distortion pattern of
the MARINER-4 system. No appreciable dif-

2004 m

1--1

FTG. 5. Distortion pattern of Surveyor-7
on Day 16.

change in the vidicon tube during the lunar
day as the sun angle changed. I t could also be
caused by the daily ad] ustmen t of ground
receiving system.

TABLE 5. RMS ERRORS OF IMAGE COORDINATES FOR SURVEYOR-7

u(,um.) uz(,um.) u.(,um.)
Photo No. of
Group Fram;s Con- Ran- Con- Ran- Con- Ran-

formal Affine dam formal A.Dine dam formal Affine dam

Day 13 12 464 137 21 507 167 19 389 88 22
16 22 446 124 14 472 167 12 397 53 16
19 10 406 130 23 416 168 21 373 71 26
21 11 432 129 29 445 163 25 395 80 32
22 10 391 135 28 400 172 24 361 82 30

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

Equivalent

ITV Lines 5.2 1.6 0.3 5.5 2.0 0.2 4.7 0.9 0.3
.-

TABLE 6. RMS ERRORS OF IMAGE COORDINATES FOR MARINER-4

(um). Uz (,um.) u.(,um.)
Photo No. of
Group Frames Con- Ran- Con- Ran- Con- Ran-

formal Affine dam formal Affine dO1/! formal Affine dam

1 13 233 12 4 233 7 6 202 16 3
2 15 236 13 5 235 9 6 204 17 3

Mean (u) 235 13 5 234 8 6 203 17 3

Equivalent
TV Lines 5.1 0.3 0.1 5.1 0.2 0.1 5 0.4 0.06
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FIG. 6. Distortion pattern of Mariner-4
photographs. (Sample 1.)

ference existed between the distortion char
acteristics of the two photographic samples.

SUMMARY AND CONCLUSIONS

The results from this investigation showed
that geometric distortions in the three space
TV systems are highly systematic. This sup
ported 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 be
tween 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 com
ponent of distortion appeared perfectly stable
in both magnitude and shape between suc
cessive exposures. The systematic compo
nent can be separated from the random com
ponen t wi th excellen t reliabili ty using a se
quence of 10 or more successive exposures.
The ESSA-7 photography displayed excellen t
stability in the distortion characteristics
throughout the given period of two months.
However, the SURVEYOR-7 did have a signifi
cant 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. I n all instances, the rms error in

TABLE 7. MEAN rms ERRORS REDUCED
TO A CmiMoN FRAME SIZE

Ii in m.icrom.eters (with respect to

TV System
a frame size of 49X47 mm.)

Conform.al Affine Random.

ESSA-7 571 81 17
SURVEYOR-7 428 131 23
MARINER-4 1278' 71 27

• Includes errors due to unequal units of the
calibrated x and y coordinates.

the image coordinates after affine transfor
mation was less than 1.6 TV lines.

As the three TV systems have basically
differen t design characteristics, no conclu
sions can be drawn on the relationship be
tween geometric distortions and the number
of scan lines. To provide a comparison on the
relati ve fideli ty of the three systems, the mean
rms errors were reduced to a common frame
size of 49X47 mm. and listed in Table 7.
Comparing the total geometric distortions,
the SURVEYOR-7 system had the best fideli ty.

In view of the low magnitude of random
distortions, space television systems seem to
have excellent potential for geometric measu
rements using methods of analytical photo
grammetry. Its potential in topographical
mapping, however, will depend laregely on
how much of the systematic distortions can
be corrected over an en tire frame by electronic
processing. Research efforts are being con
tinued to study this problem.
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