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Analysis of RBV Television System

Preliminary results for simulated ERTS photographs showed that the total geo-
metric distortion was *0.445 mm and the random components were only 0.018

mm.

INTRODUCTION

HE RETURN-BEAM vidicon (rev) television

camera is a high-resolution Tv camera de-
veloped by the Astro-Electronics Division of
the Radio Corporation of America (rca).
Three such cameras are flying on board
the first earth resources technology satellite
(erts-1) which was launched by ~Nasa in
1972. The three Tv cameras are boresighted
to provide images of the same scene in three
separate spectral bands. The television signal

sion can be found in References 1, 2 and 3.

It has been recognized by nasa and the
U.S. Geological Survey that the rBv photo-
graphs from ErTs-1 can be used to produce
small-scale planimetric maps which will be
of vital interest to all users of ErTs-1 data
including geologists, hydrologists, planners,
ete. For this reason, the Bendix Research
Laboratories has been contracted by nasa to
develop automatic image processing equip-
ment which will be used to correct the geo-

AsstrACT: Three RBV television cameras are being flown on board the
first Earth Resources Technology Satellite (ERTS-1). Preliminary
studies using laboratory RBV images showed that the total geometric
distortion amounted to about *0.445 mm (8.2 TV-lines) at one-sigma
level, and the random component was about =0.018 mm (0.3 TV-
line). The systematic distortion over the entire frame of RBV picture
was successfully modeled using a pair of 20-term polynomials with a
residual error of =0.030 mm (0.6 TV-line). Simulation studies on pre-
flight calibration showed that the focal length could be determined to
within =0.020 mm under the various system constraints in ERTS. But
due to the narrow field angle of the TV camera, the position of the
principal point could be determined to within *5 pm only if the direc-
tion of the optical axis was constrained to within =10 seconds of arc.

is transmitted back to a ground receiving
station where film copies of the Tv pictures
are reconstructed using an electron beam
recorder (EBR). Each Tv frame consists of
4200 Tv lines. A reseau pattern of 81 points
arranged in a rectangular array of 9 rows and
9 columns appears in every frame of nBv
images. The orbital data for ErTs-1 is sum-
marized in Table 1, and the characteristics
of the rBv-EBR system is given in Table 2.
More detailed descriptions of the Erts.1 mis-

°® Presented at the Annual Convention of the
American Society of Photogrammetry, Washing-
ton, D.C., March 1972.

metric distortions and to print the processed
images into cartographic format. The prin-
ciples of the Bendix image processing system
have been reported by Dr. Robert Forrest'.

The full impact of the rBvV-EBR system on
surveying and mapping reaches far beyond
the ErTs-1 mission. Although a second mis-
sion, called Erts-B, is scheduled to follow
ERTS-1 a vear later, both of these missions
are primarily experimental satellites. It is
highly probable that in the future a series of
such satellites will be operated on a continu-
ous basis to provide regular observations of
the earth’s environment. With the increasing
importance of environmental control and re-
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TasLe 1. Orsrrar Data ror ERTS-I
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Data

P;:-xmeiér
Altitude 912 km. =0.927 km. in orbit
+0.062 km. in
spheroid deviation
Attitude +0.,7° on any axis correctable

Positioning by empheries
Positioning by photogrammetric resection
Orbit inclination

Expected life
Period
Time at ascending node

to =0.1°

+0.257 km.

about 0.1 km.

99.092° with a 3 sigma error
of =0.25°

1 year

6196.015 seconds

21:30 local

TasLE 2. CHARACTERISTICS OF THE RBV TELEVISION SYSTEM

Parameter

Max. optical lens distortion
Reseau coordinates
Equivalent focal length

Geometric stability of NASA/EBR
Resolution

Picture smear

Max. image distortion

Max. deflection skew

Max. size and centering shift

No. of scan lines

Field of view ( diagonal)

System Accuracy

+30 pm
*+2 wum (calibration)
9
125.98 mm. + (of0 mm.
0.1%
60-70 line-pairs/mm.
% TV line

1%
+0.5%
+1%
4200
16.22°

sources inventory, and with the advent of
automatic image processing techniques such
as density slicing, topographic and thematic
mapping from space photographs is increas-
ingly becoming a real necessity.

Furthermore, the »ev-EBr system also holds
excellent promise as a mapping system in the
mapping of other planets such as the moon,
Mars, and Venus. It also represents an ad-
vanced Tv photographic syvstem which is ap-
proaching the resolution and geometric fidel-
ity required for mapping applications in
manyv areas of scientific and industrial re-
search. The ErTs-1 mission thus provides an
excellent opportunity to exploit fully the
mapning capability of a high-resolution, high-
quality TV system.

The general objectives and problems of
performing geometric calibration of the rnv
svstem for mrTs-1 have been discussed by
Dr. Robert McEwen of the uses®. This paper
describes the work performed during Phase T
of a research program which is being con-
ducted at the University of Illinois at Urbana-
Champaign under the sponsorship of uscs.
Eighteen frames of experimental nsv images
were analvzed to determine the general mag-

nitude and pattern of geometric distortions.
Although a laser beam image recorder (LBIR)
was used as hardcopy output device in pro-
ducing these preliminary copies instead of
the EBR, the photographs should provide a
preliminary indication on the general distor-
tion characteristics of the rRBv camera. Several
analvtical methods for modeling the geo-
metric distortions were also tested. Tn addi-
tion, simulation studies were conducted to
estimate the potential accuracy of pre-flight
and in-flight calibration of the internal geom-
etry of the rev system.

GroMEeTRIC DISTORTION CHARACTERISTICS

Previous theoretical and experimental stud-
ies had shown that geometric distortions in
Tv images could be highly systematic and
remain stable from frame to frame.®” An
analytical method had also been developed
by Dr. Wong for determining the random
and systematic components of distortions
from a group of successive exposures. This
method” was used to analvze the distortion
characteristics of an experimental mBv cam-
era svstem.

Eighteen frames of unv images in 9 % 9-
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inch transparencies were obtained from uscs
through the courtesy of rca Laboratories.
These frames were made from a laboratory
model of rRBV camera, and a laser beam image
recorder (LBIR) was used as hard-copy out-
put device instead of an electron beam re-
corder. All 18 frames were made from the
same RBV tube.

Frames 1 to 10 all had a clear field with
no photographic content besides the 81
reseau points, whereas frames 11 to 18 con-
tained a resolution pattern. The coordinates
of the 81 reseau points on the photoconduc-
tive target of the camera tube were calibrated
at the uscs with an accuracy of =2 um.

The image coordinates of the reseau points
on the 18 frames were measured on a Wild
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STK-1 stereocomparator operating in a mono-
scopic mode. The comparator had a least
count of 1 #m and the standard deviation of
the image measurements was found to be
+5 um on the 9 X 9-inch format for frames
1 to 10 and =7 am for frames 11 to 18. The
lower measurement accuracy for the second
set of frames was largely due to image de-
gradation caused by the resolution pattern.
The edges of the reseau generally appeared
less sharp than those in frames 1 to 10. The
following average results were obtained from
the 18 frames:

1) Total geometric distortions:
o, = * 0.445 mm. = = 8.2 TV-Lines
o, = =+ 0.503 mm. = =+ 9.3 TV-Lines.
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Fic. 1. Systematic component of distortions from Frames 11 to 18.
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Fic. 2. Random components of distortions from Frames 11 to 18,

2) Total geometrie distortions after differential
scale corrections:

oy (after scale correction) =
*+0.442 mm. = * 8.2 TV-Lines

a, (after scale correction) =
*=0.480 mm. = * 8.9 TV-Lines,
By comparing the results in (1) and (2),
it was concluded that there was negligible
scale dillerence in the horizontal and ver-
tical directions of the rsv images.

3) Random components of distortions:

o, random = = 0,016 mm. = = 0.3 TV-Lines

o, random = =+ 0.018 mm. = * 0.3 TV-Lines.

As the 9 % 9-inch frame was a 9.1 times
enlargement of the vidicon target plate, the
random distortions on the target scale thus
amounted to:

o, random at target scale = +0.002 mm.
o, random at target seale = *+0.002 mm.

Because the positions of the reseau points
themselves were calibrated to only =2 am,
the geometric distortion may therefore be
considered as completely  stable between
frames. Figure 1 is a map of the svstematic
distortions in frames 11 to 18. Figure 2 shows
the corresponding random distortions at each
reseau point for the 8 frames.

The above results must be considered pre-
liminary as only a limited number of frames
were used for the analvsis, and the rav
camera was still under development and engi-
neering testing. Tt is also to be remembered
that these frames were reproduced on a
laser beam image recorder. The Errs-1 svs-
tem is using an electron beam recorder as
output device. Nevertheless, the analvsis did
show that excellent geometric stability can
be achieved.
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Imace CorrecTiION METHOD

The highly systematic nature of the geo-
metric distortions suggested that image cor-
rection procedures could be developed to re-
store the geometric fidelity of the Tv images.
Several image correction procedures were in-
vestigated with the hope that the results
would provide some guidelines for the future
development of analog and analytical image
processing techniques.

SUB-FRAME APPROACH

An rBv frame may be subdivided into sub-
frames with each sub-frame containing four
reseau marks. Then by comparing the meas-
ured image coordinates of the reseau marks
with their corresponding calibrated coordin-
ates, the distortion within this sub-frame may
be modeled by a set of polynomials as fol-
lows:

X; = ap + ax; + asy; + ax;y; (1)
¥; = bo + bix; + bay; + bax;y; (2)

where x; and y; are image coordinates of a
reseau point j; and ¥; and §; are the cor-
responding calibrated coordinates. Four sets
of reseau coordinates yield eight equations
and a unique solution can be obtained for
the unknown coefficients in the above distor-
tion model. The computed coefficients may
then be used to correct every point within
the sub-frame. One big disadvantage of this
approach is that all 81 reseau points must be
measured in every frame.

No attempt was made to test the accuracy
of this method because it would require rBvV
photography of a calibrated grid or a control
field.

DISTORTION CORRECTION TABLE

This methed is a modification of the sub-
frame approach and is designed for process-
ing a limited number of image points within
each photographic frame.

A set of 10 frames may be chosen from
one day’s rBv photographs. The image co-
ordinates of the reseau points on these 10
frames are measured to determine the sys-
tematic distortions at the 81 reseau points.
These distortion figures can then be used as
a distortion table in the image correction
process.

Let x; and y; be the raw measured image
coordinates of a point j. A search is made
through the distortion table to locate the
four nearest reseau points and the systematic
distortions at those locations. The coefficients
in the following set of polynomials may then
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be computed using a least-square procedure:

Ixi = ag + 31!-{3 + lls"\_’i (3)
ry; = bo 4+ bix; + bayi (4)

where %, and #; are the calibrated coordin-
ates of a reseau point i, and 7; and 7, are
the systematic distortion at point i. Having
determined the coefficients a,, a;, a. by, by,
and b,, the expected systematic distortion at
point j is then computed as

E'xj = ap + aix; + azy; (5)
fy; = bo + bix; + bay; (6)

and the image coordinates are corrected as
follows:

Xj =x5 — I..',,j (T}
Vi =¥5— R (8)

One big advantage of this method is that
it does not require that all 81 reseau points
be measured in the photographic frame being
processed. If the systematic component of
distortion is stable as indicated by the previ-
ous results, the same distortion table can be
used for a week or month. However, this
method is practicable only it there are few
points to be processed as in the case of
analytical triangulation. As the number of
image points to be processed increases, the
amount of computation become prohibitively
large.

This method was coded into a computer
program and was tested using frames number
3, 4, 5, 6, 7 and 8. The systematic distortions
computed from frames 1 to 10 were used as
distortion correction table. The raw measured
image coordinates for each reseau point in
frames 3 to 8 were then corrected according
to the above procedure. The mean standard
errors of the corrected x and y coordinates
were *= 34 pm and * 39 #m respectively.

Inasmuch as the random distortions alone
amounted to 16 #m, this method did seem to
have excellent potential accuracy. However,
its nltimate usefulness can only be tested with
rBv photographs of a calibrated grid or con-
trol field. As a practical method of image
correction, however, this approach is defi-
nitely inferior to the full-frame polynomial
method to be described in the following sec-
tion.

FULL-FRAME POLYNOMIALS

This method attempts to model the distor-
tions over the entire frame using a pair of
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polynomials. The following general poly-
nomials were used:

r; = a + ax + agy + axy + ax?
+ agy? + ax’y + agxy? 4 ax?
+ apy?® + anx®y + apxy? + agx?
+ auy* + apx?y? + aix’y? + apxly?
+ aisx® + ajgy® + anx?y® (9)
fy = by + bix + by + baxy + +«+ + bax?y?
(10)

Various cases were tested in which the
number of terms used in the polynomials
varied from 10 to 20. For cases one. two and
three; the first 10, 12, and 15 terms were
used, respectively. All 20 terms were
used in both Cases 4 and 5, but in Case 5
the outermost rows and columns of the resean
were omitted from consideration. The case
data and standard deviations of the residuals
are listed in Table 3.

The results show that the full-frame poly-
nomial approach had excellent accuracy for
modelling systematic distortions in the rBv
image. Third-degree polynomials including
10 terms in each of x and y polynomials were
sufficient to achieve a modelling accuracy of
+0.079 mm. Increasing the number of terms
to 12 and 14 did not show any appreciable
improvement. However, if 20 terms were
used, the standard errors in x and y were
reduced to £30 pm and +28um respectively.
Even more surprising was the accuracy ob-
tained if the outside rows and columns of
reseau were omitted. The distortion was
modelled to within =9 #m which was equiva-
lent to =1 #m on the camera target. This
method may have significant impact on the
design of image processors and will be tested
more rigorously using additional rsv image-
ries.

The polynomials in Equations 9 and 10
are only slight modifications of the distortion
equations originally recommended by Dr.
Wong.t
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OTHER APPROACHES

Three other approaches were attempted.
They involved dividing a frame into horizon-
tal bands in a direction parallel to the scan
lines. Separate polynomials were then used
to model the distortions within each band. If
such polynomials can adequately describe
the distortion pattern, it may be possible to
modulate the scanning signal in the same
manner so that geometric distortion can be
eliminated directly at the electron beam re-
corder.

The first approach divided the frame into
nine bands with a row of reseau located at
the center of each band. This method was
referred to as the single-line method.

The second approach subdivided the frame
into eight overlapping, horizontal bands with
band one covering rows 1 and 2 of the reseau,
band two covering rows 2 and 3, band three
covering rows 3 and 4 and so on. This was
referred to as the double-line method.

The third approach, called the triple-line
method, subdivided the frames into horizontal
bands containing rows 1, 2 and 3: 3, 4 and
5;5,6and 7; and 7. 8 and 9.

Polynomials having various numbers of
terms were tested for each of the three ap-
proaches. Table 4 gives a summary of the
results. Only the single-line method had re-
sults within the tolerable range of accuracy.

Pre-FLiGHT CALIBRATION

The objective of pre-flight calibration is to
determine the interior geometry of the mBv
cameras after the components have been as-
sembled together. The parameters to be de-
termined include (1) the equivalent focal
length, (2) the coordinates of the principal
point, and (3) the lens distortion character-
istics. Figure 8 illustrates the geometric re-
lationship between the measured and the un-
known parameters in the calibration problem.
The reseau coordinates xj, Yj are to be meas-
ured with an accuracy of =2 #m. The hori-
zontal «; and vertical B; angles to the 81
reseau points are to be measured using the

TaerLe 3. Test Cases FoR FuLL-FrRaME POLYNOMIALS

Degrees of
Case Unknowns Equations Freedom o, (mm) oy(mm)
1 20 162 142 079 076
2 24 162 138 079 076
3 28 162 134 079 038
B 40 162 122 .030 .028
53 40 98 58 009 009
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Fic. 3. Geometry of pre-flight calibration.

goniometer principle. The angular measure-
ments are expected to have an accuracy of
about 2 seconds of arc.

The familiar projective transformation equa-
tions may be used to express the relationship
between the reseau points and their corre-
sponding angular directions. The basic ob-
servation equations are as follows:

X;j + 'Kj[[ﬂ‘z + lirt -+ Iar‘-'] -+ [pl(ﬁ -+ 2!52)
+ 2pox;y; 001 + par?] — xp + f
[mu gin aj cos 3; + mye sin 8; + my; cos a; cos B;
X

my, #in a; cos §; + mys sin §; 4 mg; cos aj cos §;

=0
and

vi + yilhe? + Lrt + Lr*] 4+ [2oix;y;
+ p2(r® 4 2y I + par?] — y + 1
I:mm sin aj cos B; 4+ mu sin 8; + my; cos a; cos §;
X

my; 8in a; cos 8; + my sin B; + mas cos a; cos B;

=0

where x; and y; are calibrated coordinates
of the reseau point j, #; and B; are the cor-
responding horizontal and vertical angle of
light ray from point j, l;, s, I3, py, P2 and
p; are the unknown coefficients of the lens
distortion model, r* = (x? + y?), the m ’s
are functions of the direction of the optical
axis of the lens system, f is the unknown
focal length, and x,, y, are the unknown co-
ordinates of the principal point.

A computer program based on the method
of weighted least-square adjustment was de-
veloped, and fictitious data were generated
to test the calibration technique under several
conditions of measurement accuracy and sys-
tem constraints. Three test cases were con-
ducted for the mBv camera configuration
(16.22° field) and three test cases were con-
ducted for a camera with the same focal
length but a 45° field. The latter cases were
included to study the effect of the narrow "
field angle of the rBv camera on the mathe-
matical solution. The results are summarized
in Tables 3 and 4. Lens distortions were in-
cluded only in Cases 3, 6 and 7.

TaBLE 4. TesT CaAsEs FOR BAND PoLYNOMIALS

No. of Per Band Mean

Approach Case Bands  Unknowns Equations Df. o (mm) o, (mm)
Single-
Line 1 9 12 18 6 070 030
Double- 1 8 12 36 24 .134 319
Line 2 8 16 36 20 103 245

3 8 20 36 16 997 289
Triple- 1 4 12 54 42 144 308
Line 2 4 16 54 38 093 265

3 4 20 54 34 2.420 2,302
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The following observations were made from
these simulation results:

® Under the conditions tested, the focal length
could be calibrated with an accuracy well
within the *+20 gm requirement.

® Because of the narrow field angle, a major
part of the lens distortion was compensated
by a small error in the calibrated focal
length.

® In order to meet the accuracy requirement
of =5 um for the coordinates x. and y, of
the principal point, the direction of optical
axis, defined by ©, ¢ and k, must be meas-
ured to about =10 seconds of arc. This re-
quirement was due primarily to the narrow
field angle of the RBV camera which re-
sulted in poor geometrical condition for the
solution. In the case of a 45° camera, the
coordinates x, and y, could be determined
to within =0.5 gm while the direction of

the optical axis was constrained to only
+1800 sec.

IN-FricaT CALIBRATION

The objective of in-flight calibration is to
provide periodic checks on the internal geom-
etry of the rBv cameras during the life of the
satellite. The method used for the calibra-
tion of conventional aerial cameras can be
adopted directly for this application. A test
site with a dense network of ground controls
can be set up. Then by measuring the image
coordinates of these ground control points
on selected frames of mBv images, the in-
ternal geometry can be computed by con-
ventional means. The accuracy of such in-
flight calibration will depend on the accuracy
of the following parameters: (1) image co-
ordinates of the ground control points, (2)
ground coordinates of the control points, (3)
position Xe¢, Ye, Ze of the satellite from track-
ing data, and (4) attitude @, ¢, ¥ of the satel-
lite.

Table 5 lists the simulation results under
various combinations of measurement ac-
curacy and constraints. The image coordi-
nates were assumed to have an accuracy of
+0.020 mm. (at a 9 X 9-inch format) in
Cases 1 to 4, and *0.20 mm. in Case 5.
Preliminary results in geometric distortions, as
discussed in the previous paragraphs. had al-
ready shown that an image accuracy of
+0.020 mm. after refinement was within the
capability of the system. Case 5 represented
the situation in which the ground controls
could not be identified accurately on the rev
photography.

At a 9 X 9-nch format, the accuracy re-
quirements for camera calibration are: (1)

% = %, — *0.045 mm. and (2) o, =

xp p
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+0.180 mm. By comparing these figures with
the results in Table 7, the following observa-
tions were made:

* If the geometry of the mBv imagery could
be restored to within =20 pm, in-flight cali-
bration could determine the focal length
within the desired accuracy.

* Even if the image coordinates were cor-
rected to =20 pm and the camera attitude
known to *0.1°, the position of the prin-
cipal point could not be determined to the
desired accuracy of *0.045 mm. An ac-
curacy of £1.0 mm seemed to be a more
reasonable goal for in-flight calibration.

SumMARY oF CONCLUSIONS

Eighteen frames of mBv imageries were
measured and analyzed, and the geometric
distortion was found to be highly systematic
and stable in nature. The total geometric
distortion amounted to +0.445 mm at one-
sigma level, and the random components
amounted to only *0.018 mm. However,
these results must be considered as prelimi-
nary. The images were obtained when the
RBV system was still under development, and
they were produced by a laser beam image
recorder rather than by an electron beam
recorder.

The systematic distortion over an entire
frame of mBv picture was successfully mod-
elled using a pair of 20-term polynomials
with an accuracy of *0.030 mm in e, and
+0.028 mm in oy, If the outermost rows and
columns of reseau were omitted from con-
sideration, the modelling accuracy increased
to =0.009 mm in oy and o,. This method
will be more rigorously tested when more
RBV images become available.

A limited simulation study on pre-flight
calibration showed that the focal length
could be easily calibrated to the desired ac-
curacy of *20 sm. However, due to the
narrow field angle of the cameras, there was
strong correlation between the parameters
xp, Yp defining the position of the principal
point and the orientation angles @, ¢, ¥ of the
optical axis. The position of the principal
point could be determined to within =5 gm
only if the direction of the optical axis was
known to within =10 seconds of arc.

If the geometry of the rBv images was as-
sumed to be restored to within =20 #m in
9 X 9-inch format, in-flight calibration could
determine the focal length within the desired
accuracy of *20 um at target scale (or
+0.180 mm, at a 9 X 9-inch format). How-
ever, within the constraint of £0.1° in cam-
era attitude, it seemed that the principal
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ANALYSIS OF RBV TELEVISION SYSTEM

point could at best be determined to within
+1.0 mm. at the 9 X 9-inch format. Re-
search effort is being continued to study the
problems of image refinement and photo-
grammetric calibration.
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