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In-Flight Calibration of an Interplanetary Navigation Instrument
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This paper presents the results of an analytical investigation which demonstrates the feasi-
bility of geometrically calibrating a navigation instrument during interplanetary flight to
arc-sec aceuracy. The instrument, similar to a television camera, would view selected natural
satellites and reference stars simultaneously for navigating to the outer planets. An 11 X 11
reseau grid, etched onto the target raster of a vidicon tube, would be used to remove electro-
magnetic distortion from the satellite and reference star data to less than 1.2 arc-sec (1o) in
each and every data frame, independent of reseau data from any other data frame. Taking
advantage of expected optical distortion stability, a total of fifty star images obtained from
many data frames would be used to determine optical distortion to less than 4.3 arc-sec (10).
Therefore, the use of the reseau grid and star images could enable the navigation measure-
ments to be geometrically calibrated to an accuracy of 5 are-sec (10).

Introduction

IMITATIONS of Earth-based radio navigation capabili-
ties for proposed multiple-outer planet missions! moti-
vated the development of a spacecraft-based navigation data
source. Spacecraft-based data would be used to augment
Earth-based radio tracking data during the approach to a
target planet so as to obtain an accurate estimate of the
spacecraft trajectory relative to the target planet. Increased
approach trajectory accuracy would permit a more accurate
control of the flyby trajectory, which would significantly de-
crease the amount of spacecraft weight needed for trajectory
correction purposes and increase the probability of success-
fully performing the multiple-outer planet missions.

The most useful information that the spacecraft-based
data could supply to the navigation process would be the
celestially referenced direction to the center-of-mass of the
outer planet-satellite system.? An instrument® capable of
producing this information is a television camera designed to
view selected natural satellites and reference stars simul-
taneously during planet approach. Star data would be used
to celestially reference the satellite directions, and satellite
data would be used to determine the locations of the center-
of-mass of the planet-satellite system.

Since the positions of the outer planet natural satellites are
not known to many thousands of km, the orbital elements of
these natural satellites would have to be estimated together
with the spacecraft trajectory in the navigation process.
Sufficient satellite/star data would be taken during planet ap-
proach to allow the determination of the natural satellite/
spacecraft trajectory parameters to an accuracy limited only
by the instrument measurement accuracy.

The instrument, producing optical measurements while
many millions of kilometers from the target planet, is re-
quired to produce the direction information to an accuracy of
5 arc-sec (1¢) to obtain trajectory estimation accuracies of a
few hundred kilometers.* The trajectory correction cap-
ability required for a variety of multiple-outer planet mis-
sions is shown in Fig. 1 as a funetion of optical measurement
accuracy.® The missions considered were the Jupiter-Sa-
turn-Uranus-Neptune missions with inner ring (GTA) and
outer ring (GTB) passages at Saturn, the 1978 and 1979
Jupiter-Uranus-Neptune missions, and the 1977 Jupiter-Sa-
turn-Pluto mission. Accuracies of 5 arc-sec (1) are possible
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with the use of calibration markings (reseau grid) on the face
of the image tube of the instrument and by imaging star
clusters. This article discusses the error sources associated
with the instrument, the modeling of these errors, and the
use of a reseau grid and star clusters to remove these errors
from the flight data. The expected calibration accuracy to-
gether with the sensitivity of this accuracy to error param-
eters and the number of points in the reseau grid and stars
used for calibration are also discussed.

Instrument Description

The proposed instrument, having a 3 X 3-deg field-of-view
(FOV), would image selected natural satellites and reference
stars simultaneously on an active target raster of a vidicon
tube. The target raster would be scanned at 1000 lines with
1000 picture elements (pixels) per scan line giving an angular
resolution of 5 arc-sec per pixel. The instrument would be
mounted on a two-axis gimbaled platform allowing a large total
viewing capability.

The instrument would provide information of electromag-
netic deflection voltages controlling the location at which the
electron-scanning beam samples the target raster and also in-
formation of image intensity of the pixel being sampled. The
deflection voltages would give a measure of the pixel location
being sampled while the measure of pixel intensity would aid
in identifying the image. The measured locations of images
combined with instrument transfer characteristics would be
used to determine the directions of objects. Geometric dis-
tortion of the image relationships occurring in the electron
beam scanning circuitry (electromagnetic distortion) and in
the telescope of the instrument (optical distortion) corrupts
the direction measurement. Errors in instrument param-
eters (e.g., focal length) also corrupt the measured direction.

Sources of electromagnetic distortion include:® 1) nonuni-
form magnetic deflection field; 2) fringe field outside the de-
flection region of a vidicon tube; 3) interaction between the
focusing and deflection fields; 4) nonuniform electric decel-
eration field; 5) electromagnetic bias shifts; 6) a common
rotation of the scan deflection fields with respect to the target
raster; and 7) a nonorthogonality of the scan line and pixel
deflection fields.

The effect of the target planet magnetic field can be ne-
glected since the spacecraft would be about 100 to 1000 planet
radii away when the navigation data would be taken. Sources
1 and 2 cause symmetric radial distortions about the electro-
magnetic null point. Source 5 causes a shift (null-oﬂ’se.t)
of the null point. Error sources 5, 6, and 7 are illustrated in
Fig. 2 where x, represents the offset of the electromagnetic
null point from the center of the target raster, £ represents
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the common rotation of the deflection fields, and £ represents
the nonorthogonality between the deflection fields. The sym-
bols X; and X, define an orthogonal, absolute reference sys-
tem determined from pre-launch measurement and £ and &,
would be small angles.

Sources of optical distortion include®: 1) imperfect design
and/or development of the telescope lens; 2) misalignment
(nonorthogonality) of the lens optical axis with the target
raster; and 3) decentering of the lens optical axis with re-
spect to the center of the target raster.

Source 1 causes symmetric radial distortions about the opti-
cal principal point (intersection of the optical axis with the
target raster). Source 2 causes asymmetric radial and tan-
gential distortion about the prinecipal point. Also, sources 2
and 3 cause a null-offset of the principal point from the center
of the target raster.

An error in the value of focal length used to describe the
instrament transfer function causes a symmetric radial dis-
tortion about the principal point. Errors in the values of
pointing direction used to describe the instrument transfer
function have a similar effect as errors in the values used for
the location of the principal point on the target raster.

Instrument Measurement Model

The instrument will provide measurements of scanning
beam deflection voltages which can be related to a physical
location on the target raster. An arbitrary coordinate sys-
tem in which to define image location measurements is an
212273 system (Fig. 3), where z, is in the plane of the target
raster and in the direction of increasing pixel, z; is in the
plane of the target raster and in the direction of increasing
scan line, and z; is normal to xix.. The origin of xixezs is
chosen to be at the measured center (from flight data) of the
target raster which is the nominal location of the electro-
magnetic null and also the optical principal point. The co-
ordinate axis z; is in the direction of the nominal optical axis
(outward from the instrument).

A general expression for the measured image location of an
object (i.e., star or satellite) in front of the optics, based on
the colinearity equation of photogrammetry ® is given by

X = (f/w)C(I - E)Mt + Xop + Xem + n (1)
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Fig. 3 Image geometry.

and a general expression for the measured image location of an
object (reseau) on the target raster is given by

Xn = Xg + Xem + 1 2

where the lower case boldface letters denote 2 X 1 vectors,
unless otherwise mentioned, the upper case letters designate
matrices and, f is the effective optical focal length of the in-
strument; M is the transformation matrix from an inertial
reference system to a nominal instrument reference system
calculated from telemetered measurements (which contain
errors) of instrument pointing direction;

1 0 0
C =
ot o]

t is the spacecraft-centered inertial unit direction to an object;
w is the third component of the 3 X 1 unit vector; p = Mt,
n is measurement noise vector due to pixel and scan line
resolution; X. is the absolute physical location of a reseau on
the target raster determined precisely in X1X, from pre-
launch measurements.

The term (I — E) is a rotation matrix that defines the de-
viation of the actual instrument orientation from the mea-
sured orientation. For small deviation angles e, €, and e,
(I — E) is approximated by

1 € —€2
I-EB=|-a 1 & 6)]
€& —€6 1
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Fig. 4 Electromagnetic a priori uncertainty.
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Fig.5 Calibration accuracy of electromagnetic distortion
as a function of reseaux in the grid.

The terms X.. and x,, represent electromagnetic and optical
distortions, respectively. The electromagnetic distortion,
containing a null-offset, symmetric radial distortion A.,,
symmetric tangential distortion A,; and common and non-
orthogonal rotations, is given by X, = Xy + AX, + BX where

A= [O %—(E1+£2):|

B - [ s E - st]
Ast E A.s'r

M

An = Zl a2i—-27‘2i—2 (5)
1=
M2

Ay = D gl (6)
1=1

a; are electromagnetice distortion coefficients; 7 is the distance
between image and electromagnetic null point in z;2»

r = (XTx)!/?
X=X — X,

X is the absolute location of image in X, X5; X, is the offset be-
tween arbitrary and absolute coordinate system origins; X,
is the offset of electromagnetic null from origin of XX,

The optical distortion, containing a null offset, a sym-
metric radial distortion d,,, an asymmetric radial and tangen-
tial distortion §,, and a lens misalignment distortion 6, is
given by

Xop = 0,X + Gp + 6m )
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X

Fig. 6 Calibration accuracy of electromagnetic distortion
using an 11 X 11 reseau grid.
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where

’ M
Bur = D Priar®?
i=1

8, = 8, col(—sinf, cosh) 8)
M.

8o = Y Boiar® ©)
i=1

8, = XdTx + v3Hx _ 10)

d = col(v1,72)

-7 7]

B: are symmetric and asymmetric optical distortion coeffi-
cients; v: are lens misalignment distortion coefficients; r
is the distance between image and principal point in X;X,;

r = (xTx)l2
X=X —X

x is the absolute location of the image in X1X5; X, is the offset
of prineipal point from origin of X1 X5; and 6 is the distortion
orientation.

From Eq. (1), it can be seen that the direction t to an ob-
ject can be reconstructed using the measured image location,
the instrument focal length, and the instrument-pointing
direction. The accuracy of this reconstructed direction is
determined by the accuracy with which the parameter
set q = col (f,e;,eg,ea,xo,xn,xp,ao,al,az,. . ',‘El,E?yﬁOyBl;ﬁ?) RS
Y1,%Y2,Y3, 0) is known at the time of the measurement. There-
fore, the object of an instrument geometric calibration is to
determine q from inflight data to an accuracy such that the
uncertainty in t is less than 5 arc-sec (1o).

A reseau grid etched onto the target raster is commonly
used for calibrating the electromagnetic distortion. The
absolute locations of each reseau in the grid would be mea-
sured precisely on Earth. Differences between inflight mea-
surements of reseau locations from their absolute locations
would be used in an estimation process to determine the co-
efficients of electromagnetic distortion (Eq. 2).

Clusters of stars would be imaged to calibrate the optical
parameters. The instrument would be moved by exercising
the gimbaled platform to image the star cluster at various
locations on the target raster. Since calibration of optical
distortion is in reference to cluster of stars, the process also
involves the calibration of instrument-pointing direction.

When the gimbaled platform is not commanded to move,
the errors between the actual and measured instrument
orientation are characterized by

3 3 3
o = (2 D ST ) a
1=1 4=1 i=1

where e;; are constant biases that are perfectly correlated be-
tween picture frames; e;, are slowly varying biases that are

Table 1 Electromagnetic parameter uncertainty—Ilo

Standard deviation

Param-

eter Unit A priori A posteriori
Xo arc-sec 1000 1.3 X 10t
X5 arc-sec 1000 9.7

ap arc-sec/pixel 2.0 5.0 X 1073
ay arc-sec/pixel? 2.8 X 1073 7.3 X 1078
ay are-sec/pixel? 4.0 X 107® 3.7 X 1078
a; arc-sec/pixel* 5.6 X 107° 2.7 X 1071
ai arc-sec/pixel® 8.0 X 10-12 6.3 X 107
ag arc-sec/pixel® 1.1 X 1071 2.5 X 107
& arc-sec/pixel 2.0 X 101 2.0 X 1073
& arc-sec/pixel 2.0 X 101! 1.7 X 1072
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correlated but not perfectly correlated between picture
frames; e;3 are random biases that are uncorrelated between
picture frames; and j = 1,2,3.

These instrument pointing errors can be modeled by the
following linear stochastic differential equation:

éi;(t) = —ei; () /Ti; + i (12)

where &;; is a Gaussian white noise process with zero-mean
and variance os;; T; is a correlation time; and ¢,j = 1,2,3.

Constant and random bias noise processes are conveniently
represented by the limit processes of Ti — + « and T —
-0, respectively.

Calibration of Electromagnetic Distortion

A calibration philosophy was chosen such that sufficient
reseau data would be available in each data frame to allow the
calibration of electromagnetic distortion in that data frame
to arc-sec aceuracy independent of data from any other data
frame. This philosophy was chosen because of the time vary-
ing nature of electromagnetic distortion from frame to frame
due to deflection field interferences from other instruments
and image charges on the vidicon tube. No attempt was
made to determine possible accuracy improvements when
electromagnetic distortion information from one data frame
is used in the determination of distortion in another data
frame.

A minimum variance sequential estimation process’” was
used in performing a covariance analysis of the expected ac-
curacy of calibrating electromagnetic distortion using a re-
seau grid. A symmetric reseau grid was investigated where
for each reseau at location (za;,%a,), reseaux were also located
at (Tay,—Tay), (—TayTas), aNd (—&a,—Za;). A reseau was
also located at the center of the target raster (0,0). The
reseaux were evenly spaced and spanned the target raster.

The accuracy of calibrating the parameter set q.. = col(X,,
Xy,&1,6s,00,001,02,003,. . .) was determined as a function of the
number of reseaux in the grid and the a priori uncertainty of
qem-  The location uncertainty of a point x on the target ras-
ter is deseribed by the (2 X 2) covariance matrix

I'x = [axer/aqem]Pqem [axm/a(Iem]T (13)

where I'q,» is the covariance matrix of q.. generated by the
estimation process after processing the measured locations of
the reseaux.  The calibration accuracy of a point on the
target raster is defined by

p(X) = [Tracel'x]V/? (14)

The a priori uncertainty of q.. used in this investigation is
listed in Table 1. These values chosen were such that each
parameter caused a 1000 arc-sec uncertainty at the corners of
the target raster, except & and £ which caused 100 arc-sec
uncertainties at the corners. KExperience with the narrow-

Table 2 Optical parameter uncertainty-—lo

Standard deviation

Param-

eter Unit A priori A posteriori
f mm 9.5 X 101 9.2 X 107t
et mrad 3.0 1.2

€js mrad 1.0 X 101 4.2 X 102
€5 mrad 3.0 X 10 2.2 X 101
Xp arc-sec 1.0 X 10? 5.3 X 10!
6 rad 1.0 2.0 X 107
71 arc-sec/pixel? 4.0 X 10— 3.0 X 10—
2 arc-sec/pixel? 4.0 X 10— 3.4 X 10—t
Y3 arc-sec/pixel 2.0 X 101 6.6 X 104
Bo arc-sec/pixel 2.0 X 101 4.8 X 1072
81 arc-sec/pixel? 2.0 X 10 2.4 X 10-¢
B2 arc-sec/pixel3 4.0 X 1077 6.1 X 10—¢
Ba arc-sec/pixel? 4.0 X 1070 2.3 X 1071
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Fig. 7 Calibration of optical distortion.

angle Mariner Mars TV cameras, where the total distortion
from all sources was less than 100 arc-sec, indicates that the
uncertainties used in this investigation are conservative.
Also, coefficients through «; are generally sufficient to fit the
Mariner TV distortions. A contour which shows the a priori
uncertainty mapped over a quadrant of the target raster is
shown in Fig. 4.

Figure 5 shows the worst-case calibration accuracy, p(500,
500), as a function of the number of reseaux in the grid. Also
shown in the figure is the worst-case calibration accuracy
with the a priori uncertainty reduced an order of magnitude.
The figure shows that the calibration accuracy becomes es-
sentially independent of a priori uncertainty when more than
50 reseaux are in the grid. Figure 6 shows the expected cali-
brated accuracy over a quadrant of the target raster when
data from an 11 X 11 reseau grid are used. Table 1 also lists
the a posteriori uncertainty of q.» for an 11 X 11 grid.

The conclusions derived from the investigation of electro-
magnetic distortion were: 1) with a symmetric reseau grid
and the electromagnetic null point at the center of the reseau
grid, calibration accuracy is symmetric about the null point;
2) the calibration accuracy within 500 pixels of the electro-
magnetic null point is better than 0.5 arc-sec (1o) when using
an 11 X 11 reseau grid; 3) an 11 X 11 reseau grid enables a
worst-case calibration accuracy of 1.2 arc-sec (1o) for each
frame of data, essentially independent of a priori uncertainty
and data from any other data frame.

Calibration of the Optical System

Normally, the optical distortion of a narrow angle camera
is less than the scan resolution of its vidicon and exhibits long
term stability (repeatability). The major uncertainty as-
sociated with the optics is in the pointing direction of the
optical axis at shutter time. Imaging star clusters whose
directions are essentially perfectly known is an ideal source
data for calibrating the optical system. Following the con-
servative philosophy associated with electromagnetic distor-
tion calibration, it will be assumed that the optical system
will be calibrated during each planet approach and that the

4.300
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arc-sec

4.290 1 L I 1 i 1 I
wl w0 ol @ 1w w0t 1P w0f
CORRELATION TIME CONSTANTS, hours

Fig. 8 Calibration accuracy as a function of correlation
time constants using 50 star images.
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optical distortion is repeatable during a 20 to 30 day naviga-
tion measurement period.

A cluster of stars was selected in the neighborhood of
“Coma Berenices’”’ to investigate the calibration of the opti-
cal parameters and instrument pointing direction. Stars
brighter than seventh visual magnitude were assumed to be
observable by using long exposure times (5 sec). The num-
ber of stars observed in one data frame would range from ten
to fourteen. The instrument, mounted on a gimbaled plat-
form would be moved several times (at 15 min intervals) to
attain calibration information throughout the instrument
FOV.

The a priori parameter uncertainties used in the investiga-
tion of optical distortion are listed in Table 2. The uncer-
tainty values of optical distortion were chosen such that each
parameter contributed a 100 are-sec uncertainty at the edge
of the target raster. The uncertainty values for the pointing
error parameters were based on present accuracies associated
with the Mariner spacecraft. Experience with Mariner
narrow-angle science TV cameras, which have negligible
optical distortion, indicates that the uncertainty values used
in the investigation were conservative.

Figure 7 illustrates the expected worst-case calibrated ac-
curacy of the optical system as a function of star images.
The significant degradations in the figure resulted from move-
ment uncertainty of the gimbaled platform. Calibration
accuracy is quickly restored by processing a few stars in a
new data frame. To accomplish 4.3 arc-sec calibration ac-
curacy for optical distortions and instrument pointing direc-
tion uncertainty, observations of approximately 50 star
images were needed. 'Table 2 lists the a posteriori uncertainty
of the optical system parameters when 50 star images were
studied.

A parametric study determining the effect of the bias cor-
relation times (Fig. 8) showed that calibrated accuracy was
very insensitive to correlation times. From these results, it
is concluded that: 1) observations of approximately 50 stars
facilitates the calibration accuracy of optical distortions to
better than 5 arc-sec (1o); 2) changes in correlation times of
sequentially correlated biases representing instrument point-
ing direction errors have little effect on the calibrated accu-
racy; and 3) many stars (>10) can be imaged simultaneously
within the instrument FOV with the capability of detecting
stars brighter than 7th magnitude.

J. SPACECRAFT

Conclusions

The worst~case uncertainty in reconstructed object direc-
tion would be less than 5 arc-sec (1¢) when using an 11 X 11
reseau grid and star clusters to perform an inflight calibration.
The uncertainty in reconstructed object direction of an image
within 500 pixels from the center of the target raster would be
less than 2.5 arc-sec (10). Approximately 50 star images are
needed to obtain this level of accuracy.

A significant developmental effort is still required before
this type of instrument is flight worthy. The 9 to 12 yr
outer planet missions require long life time instruments.
Dynamic range and sensitivity is a problem area due to the
brightness of the satellites as compared to the dim reference
stars. Also, since optical measurements are only an element
of the navigation system, additional effort is needed in the
areas of Earth-based radio tracking measurements and
planetary and natural satellite ephemeris development to
yield a highly aceurate, reliable and eomplementary system.
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