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An Error Criterion for the Pointing
of Axially Symmetric Spacecraft Payloads

Thomas C. Coffey*
The Aerospace Corporation, El Segundo, California

A scalar function of the attitude error covariance matrix is derived for use as a criterion in the pointing of
axially symmetric spacecraft payloads such as antennas and telescopes. Rotation errors about the payload
boresight are not penalized. Mathematically, the performance criterion proposed is shown to equal the sum of
the two largest eigenvalues of the attitude error covariance matrix. The physical significance of this cost function
and its relationship to more conventional error criteria are described. Several applications are presented. It is
concluded that the cost function selected should depend upon the application since, in general, the optimum

solution varies with different cost functions.

Introduction

T is often necessary to determine accurately the orientation

of a spacecraft antenna or sensor and point it in a given
direction or set of directions. In such a case (Fig. 1), one seeks
to minimize the pointing error in the directions of interest; the
sensor, for example, being fixed in one coordinate frame and
its attitude referred to a second reference frame. This second
coordinate frame 1is typically a reference system whose
orientation in space is determined by other means, such as
stellar sightings. Even in specific situations, most in-
vestigators choose to structure their analysis around one of
three conventional measures of the pointing error covariance
matrix P,. It is the writer’s opinion, however, that an error
criterion which is ‘‘tailor-made’’ to the pointing application is
more meaningful.

Since many payloads and experiments, such as antennas
and telescopes, exhibit axial symmetry about a boresight axis,
a cost function is derived here which is particularly suited to
such applications, in that rotation errors about the boresight
axis are not penalized. Based on a reasonably thorough review
of the literature, the error criterion of this paper is believed to
be novel as well as practically useful.

The development of an error criterion for axially symmetric
payloads proceeds from a geometric viewpoint. The effect of
an attitude error on a given pointing vector can be broken into
two complementary components: One component is a
rotation error about an axis orthogonal to the pointing vector
U, resulting in misdirection of this vector, and the other is a
rotation error about the nominal pointing vector axis, which
is inconsequential in many applications, such as the pointing
of an axially symmetric antenna. It can then be demonstrated
that this decomposition of the pointing error into two or-
thogonal components has a statistical equivalent, which forms
the basis for the cost functions considered in this paper.
Following the development of the error criterion for axially
symmetric payloads, its significance and relationship to other
possible cost functions are discussed.

The Problem Setting

It is assumed that the principal parameters of concern are
the small angle rotation errors €7 = (¢,,¢,,¢;) describing the
misalignment between the two coordinate frames of interest.
The error e, in estimating e is assumed to be zero mean and,

Received Feb. 11, 1982; revision received Jan. 17, 1983. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1983.
All rights reserved.

*Director, Studies Directorate, Advanced Orbital Systems Division.

thus, statistically typified by its covariance matrix
P AE(eeT} 1)

It is generally desirable to minimize some measure of the
matrix P,. Conventional scalar measures are

e

JoETrP = Y\,

i=1

I, &2per(P =[]

1

-

and

e

J Nmax { P}

max max

where A, is an eigenvalue of P, with Tr and Det being the trace
and determinant, respectively. These and other measures are
considered in Refs. 1-12.

On the othér hand, it may be desirable to minimize some
particular function g(e) of the alignment errors. If the
function is linear,

gle)=a'e (V)]

where
a’=(a,,a,,a;) 3)

the error in g (e) will be given by
e,= a’e, “4)

The covariance (a scalar) of e, is
p,=Eleel}=a’P.a ®)

In such a case, P, will still be required, but it will be desired
to minimize the scalar p,. If g(e) is a nonlinear function,
since e, is a small quantity, the formulation remains essen-
tially the same, with the linearized sensitivity coefficient
vector [0g(e)/de], _, replacing a in Eq. (4).

The Deterministic Case
Figure 2 depicts the pointing error of a unit vector o fixed in
a coordinate system S which has been misaligned. This
misalignment may be represented as an error vector
€7 =[e,¢e,,e;1. For simplicity in what follows, no further
distinction will be made between an attitude error € and an
error ¢, in the knowledge of such an error. Since its com-
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ponents are assumed to be infinitesimal (actually small)
rotations, the misdirection é of the vector ¥ can be represented
by a small rotation ¢ of magnitude llex ¢l about a unit vector
A directed along the vector §x (eXv), as shown in Fig. 2.
Obviously, 7 is orthogonal to both ¢ and 6.

In vector-matrix notation, & is given by

o=[I+Eld—06=Fp (6)

where in terms of the components ¢; of €

0 € —¢,
E2| —¢; 0 o 0
€ —¢ 0

The magnitude of ¢ is given by

1]
[

I =tan'1{ }zﬂ&ﬂ:(afa)% ®)

where the notation lxll denotes the magnitude of the vector x.
Thus, from Egs. (6) and (8),

¢? =8T6=0TETE =0T [eTel—eeT D )

The angular rotation error # induced by e about the vector §
is just the projection of € onto o given by 8 =€7 9, so that

62 =(eTo)2=(97T¢) (eTD) ao
Adding Eqs. (9) and (10) gives
02+ 2 =0TeTed= (eTe) (070) =eTe=lel? an

which is just the square of the magnitude of pointing error
vector e.
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Fig. 1 Spacecraft with typical axially symmetric payload.
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Fig. 2 Pointing error due to coordinate system misalignment.
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Since @ is the projection of e along ¢ and ¢ is a rotation
about 7 which is normal to ¢ and, furthermore, the magnitude
of e is related to ¢ and ¢ via Eq. (11), it follows that € can be
considered to have two orthogonal components 60 and ¢#A.

The fact that l¢! = llex ol follows from Egs. (6) and (8). In
addition, #=¢- 0. Consequently, in the deterministic case, the
misdirection ¢ of the line-of-sight vector ¢ is maximized when
¥ lies anywhere in the plane normal to ¢, in which case the
twist error about ¢ is zero. Alternatively, the twist 6 is
maximized when ¢ is colinear with ¢, resulting in a zero
misdirection error ¢.

The Statistical Case

In reality, € is not a known quantity, but its statistical
description can often be determined. Estimates of e will
normally have a zero mean, that is, E{¢} =0. Thus the ex-
pectation of 8, for example, is zero.

However, in a practical sense, a positive rotation error in
one instance does not cancel an equal magnitude negative
rotation error in another. Consequently, it is the magnitude
181 of & which is of interest when rotational errors are a
concern. The mean value of 16| is not zero; nor is the mean
value of l¢!. The quantitites 6=0T¢ and ¢/i=0X e both
represent linear operations on the vector e. Thus, if the
components of ¢ are zero mean multivariate Gaussian
variables, then so are 6 and the components of ¢ X e. This fact
could be used to compute the mean values of 18] and l¢| for
use as measures of these errors in such a case.

However, more meaningful and readily computed measures
of 16! and lg! are their mean-square values. These are ob-
tained by taking the expectations of Eqs. (9), (10), and (11),
respectively, to obtain the scalar measures

Py RE(1612)=0TP
Py RE(1912) =0T (T,(PI-P,10
P RE(l2)=Tr(P,}=p,+p, 12)

where use has been made of the definition of P, in Eq. (1).
Thus, depending on the application, py,p,, or their sum may
be taken as the measure of the pointing error of concern. It is
noted that whereas p, and P, depend upon the pointing
direction &, p, does not.

The Cost Function J,

In general, we may not know the pointing direction, or it
may be necessary to point over a variety of directions. In such
a case, it is desirable to have a cost function that is in-
dependent of o. Several such cost functions are developed
below, and others are possible; for example, see Kalman et
al.b

Meaningful measures of 18! and |¢! are the maximum
values of their respective mean-square values taken over all
possible pointing directions 4. It is well known that when M is
a real symmetric matrix,

max{iTMv} = max {vTMv/vTy}=2X\
b v#Q
and that the © which yields this maximum is the unit eigen-
vector of M corresponding to its maximum eigenvalue
Nmax { M ). Thus, applying Eq. (13) to Eq. (12) gives

My (13)

max

T2 max{py} =h. [P,)

JyEmax(p,) =A,, (Tr{P}I-P}
J 2max(p ) =Tr(p,) (14)

It is noted that both J, and J, are among the three common
error measures given earlier; however, J; is not.
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Since J, is the measure of pointing error which is in-
dependent of rotation errors about the payload boresight axis,
it is desirable to express it in a simpler, more useful form. The
eigenvalues of the matrix [Tr{P, }J— P ] are defined by

det{Tr{P }JI-P,— NI} =det{P, —(Tr{P,} =N\ )} =0 (15)

Defining
A=Tr{P_ } -\’ (16)

it is seen that A is an eigenvalue of P,. Thus, from Eqgs. (15)
and (16),

N{Tr{P Y —-P,)=Tr{P,} —\P,} a7
and it follows that
Jo=Tr{P 3} =N (P =N {P+ N, [P,} (18)

where N { P} =N, {P, ) =N\, {P,]}.

From the form of Eq. (16), it is also obvious that the
eigenvectors of [7Tr{P }I—P,] are the same as those of P,
where the eigenvector corresponding to A, is the same as
that corresponding to N/, and vice versa. If ¢, is the unit
eigenvector of P, corresponding to A;, then it follows that
v=4¢, maximizes p,, whereas f=e, maximizes p,. As
previously mentioned, p, is the same for all o directions.

The covariance ellipsoid is defined here by

vIPv=1 19

although the alternative definition v P-/v =1 is often found.
Since P, is a real symmetric matrix, it is well known that it
may be diagonalized by the similarity transformation v =y,
where @ is an orthonormal rotation matrix (see page 298 of
Ref. 13). Substituting this value into Eq. (19) gives

YT®TP dy=yTA y=1 20)

where A, is a diagonal matrix containing the eigenvalues of
P.. The covariance ellipsoid corresponding to P, is shown in
Fig. 3.

It should be noted that the major axis of the ellipsoid
corresponds to the minimum eigenvalue A; of P, and that the
minor axis corresponds to A;, the largest eigenvalue of P,.
Since the similarity transformation leaves the trace of the
transformed matrix unchanged, and since the diagonal
components of P, p;; are given by

Pi=0? i=1,23 @1y
it follows that
TriP =07 +ol, +0] =TriA }=N+ N+, (22)

although the correspondence in Eq. (22) does not hold on a
term-by-term basis. As a consequence of Eq. (22),

T =N (P + NP} +N,(P,) @3)
In summary, the cost functions Jy, J,, and J, are given by
Jo=N (P}
Jo=NEP I ENLP ) A=A, =N, 24)
J =P IHENIP NP,
Each of these cost functions corresponds to a measure of the
effect of attitude errors on the accuracy of properly orienting

a satellite payload. If only the orientation about the boresight
axis is of interest, J, should be used. In the more typical case
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where rotation errors about the boresight axis are of no
consequence but the orientation of this axis is critical, J, is of
interest. If both are important, J,, which measures both
effects, is the cost function to be employed. In the case of J,
the mean-square error to be minimized is the maximum
possible in the sense that it corresponds to that pointing
direction which will experience the maximum mean-square
deflection for a statistically defined set of attitude errors.
Similarly, J, corresponds to that pointing direction for which
the mean-square rotation error about the boresight axis is a
maximum.

Examples

Two examples have been selected which serve to demon-
strate the significance which the selection of an error criterion
may have in practice. It will be seen that in some instances the
choice can be inconsequential, but in others it may be crucial.

The effect of the cost function employed depends upon the
structure of the particular attitude error covariance matrix
involved and thus on the problem being studied. In order to
conserve space, both examples treated here are of the same
generic form arising from a particular class of attitude error
optimization problems. The principle differences between the
examples are due to the constraints under which the op-
timization is performed.

The Dynamic Alignment Monitor Problem

The class of problems considered is related to a technique
for on-orbit angular alignment of two spacecraft coordinate
systems such as those of Fig. 4. The technique is called
““‘dynamically activated alignment’® by the writer, and it is
sometimes known as rate matching. In this alignment scheme,
it is assumed that a set of three single-axis rate gyros is located
at each of the coordinate systems of interest, with one gyro in
each set having its sensitive axis along one of the three or-
thogonal references axes. To make the examples considered
analytically tractable, a number of assumptions are made
here. The interested reader can refer to Ref. 14 for a more
complete treatment of the problem.

The first assumption is that the gyros are idealized in-
struments having no scale factor or bias errors. Another
assumption is that the gyros are mounted on a rigid body
which has no significant flexible-body modes. The two
coordinate systems are taken to be nominally aligned so that
the direction cosine matrix relating their orientations is given
by

T=I+E (25)

where E, as defined in Eq. (7), represents the infinitesimal
misalignment of the two systems. It is desired to determine the
components ¢; of £.

In order to measure this misalignment, the spacecraft is set
into angular motion, and the body-fixed components of the
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Fig. 3 P, covariance ellipsoid showing directions of maximum p,
andp,.
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Fig. 4 Dynamic alignment monitor example.

angular velocity vector
O (1) £ w0, (1) @, (1) w5 (1)] (26)

as measured by the two sets of gyros are compared on a
component-by-component basis. If there is no misalignment,
corresponding gyros in each of the two frames will give
identical readings except for noise. If the motion of the
spacecraft is properly chosen, differences in those
measurements can be used to solve for the misalignments «;
about each of the three coordinate axes.

If product terms in the misalignment error and gyro
measurement noises are neglected as second-order effects and
the gyros are assumed to have noises which are zero mean,
statistically independent, and of unit variance, it can be
shown that the covariance matrix P, of the residual
misalignment errors following a spacecraft maneuver is given
by

C33+C22 —Cp —Cy3
pPl= —Cn C3+Cyy —C @7
~Cr3 —Cys Cptey
where
af’
cij_‘oui(t)wj([)dl‘ (28)

Although not readily apparent, it is shown in Refs. 14 and 15
that, because the alignment measurements are weighted
according to the inverses of the gyro noise variances (here
assumed to have unity magnitude), the units of P are square
radians.

In order to reduce the complexity of the examples which
follow, the time profiles of the angular velocity components
w, (1) are taken to be orthogonal over the measurcment in-
terval so that ¢, =0ifi#j. This diagonalizes the matrix of Eq.
(27) so that its inverse is easily computed as

-
! 0 0 W
c,t+¢;
1
P=| o0 0 29)
c;tc;
0 1
L c,+c¢, J
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where, for simplicity of notation, ¢; replaces c¢; in the
remainder of this paper.

The examples which follow explore the nature of P, for
various sets of problem constraints on the ¢;. For P, as given
by Eq. (29), the various cost functions are

1
Jy = <
S (cy+ey) (ey+e;) (¢, +¢y)
I 1 1
(: +
c,+e;  c;+c; o, +c
1
Jy=—— for ¢;=c;=¢,
¢i+c¢
{ 1
Js for ¢;=c¢;=<¢, (30)

= +
c,i+e; ity

1

Independent Three-Axis Control

As an example of applying the various error criteria to the
minimization of residual errors following a dynamic align-
ment maneuver, consider the case of a spacecraft with in-
dependent three-axis control where each of the three angular
velocity components obeys an amplitude constraint of the
form lw,(¢) | =Q,. Asaresult,

¢, =<(2,)2T4s, 3D

where T'is the duration of the maneuver interval.

Obviously, J,, J,, and J, are minimized when the ¢,
assume their maximum possible values so that the
corresponding optimum values J¢ and J? are given by Eq.
(30), where the optimizing values c/=s;; i=1,2,3. Assuming
that s, <s, <s;, further inspection of Eq. (30) reveals that JJ
corresponds to ¢? =s,, c/=s,, ands, <c} <s;.

As expected, the optimum values of the cost functions
differ because each function corresponds to a different
function of the eigenvalues of P . What is interesting is that
Jas J, and J, are all optimized for the same values of the ¢;,
whereas for Jy, the corresponding values of ¢; and ¢, are
identical, but ¢, may assume any value in the interval between
s, and s; without changing the value of J§.

Coupled Three-Axis Control

The next example is somewhat more complex. Consider a
spacecraft under the influence of momentum vector control.
The alignment errors are taken to be defined about the three
principal inertia axes of the spacecraft, which are assumed to
coincide with the orientation of the alignment coordinate
systems S, and S, of Fig. 4. In the general case, the dynamics
of the spacecraft are constrained by the relation

h(1) =Iw(t) (32)

where A is the control momentum vector and [ is the
(diagonal) inertia matrix having diagonal elements [, I,, and
I;. In order to simplify the example, it is also assumed that the
control moment gyro (CMG) mass is a sphere centered at the
spacecraft’s center of gravity. For this example, the
magnitude of & given by

h? =Bw?+ Lo+ Bw} (33)

is assumed to be a fixed constant, but the momentum vector
may be continuously oriented so as to alter the values of the
w; (1); i=1,2,3. Integrating Eq. (33) over the interval ¢ ¢
[0,7] gives the constraint relation on the c¢;. This may be
written in normalized form as

a,c,+ac,+azc;=1 (34)
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C;

(cq = cg)

Fig.5 Constraint relation for coupled three-axis control.

SPACECRAFT

Fig. 6 Spacecraft having two equal angular velocity components.

where aiél,?/(hz T). This constraint is portrayed in Fig. 5.
The tip of the ¢ vector, ¢7 = (c,c,c;), must lie on the surface
ofAthe plane shown in Fig. 5. Note that, by definition of the
¢;=c;inEq. (28), ¢;=0; i=1.2.3.

This three-dimensional problem of minimizing the cost
functions of Eq. (30) is analytically solvable; however, since
the problem is of some importance and the space required just
to summarize the approach and the results is prohibitive, it is
planned to make this problem the subject of a separate paper
for future consideration. To simplify matters somewhat, c,
will be taken equal to c;, thereby reducing the problem to two
dimensions in c-space. The resulting problem has several
physical realizations, one of which is an axially symmetric
spacecraft with a single-gimbal, constant-speed CMG having
its spin axis (A axis) oriented as shown in Fig. 6.

In this case, the CMG is mounted so that its spin axis lies in
a plane which is oriented at 45 deg with respect to the 5, and s,
axes of the alignment reference frames. Thus A, (¢) =4, (¢) at
any instant of time so that for equal transverse inertia
components I,=1,, it follows that w,(f)=w,(¢) and,
consequently, ¢, =c,. (Obviously, it is possible to have ¢, =c¢,
without requiring that w;(f) =w,(¢), since only their time
integrals must be equal.) As a result, Eq. (34) may be written
as

¢;=(I—ac)/a, 35)

where aéa, +a,=2a,. This constraint is shown in Fig. 5 as
the line AB, resulting from the intersection of the plane ¢, =c,
within the three-dimensional constraint plane of Eq. (34).
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Fig. 7 Location of cost function minima as a function of £.

It should be noted that the constraint c; =0 is depicted in
Fig. 5 by points A and B. Point C corresponds to ¢; =c¢ and
divides the constraint space into two segments L, and L,. In
the case of J, and J, the cost function is not only nonlinear,
but it is also defined differently on each of the segments.
These open line segments are defined by

1 1
L,: <c< -
a+ta; a

L,:0<c<

ata; (36)
The approach employed in determining the cost function
minima is analogous for all four error criteria of Eq. (30),
differing only in detail. First, one determines the local
minima, if they exist, on the line segments of interest in the
constrained (c;,c) space. In doing so, the constraint of Eq.
(35) is eliminated from separate consideration by substituting
for c; into the cost function of interest. Any resulting local
minima must then be compared with the values J,, Jg, and J -
of the cost function at the points A, B, and C, respectively, to
determine the global minimum. Details are given in Ref. 15.
The results of such an analysis for the four cost functions
are summarized in Table 1 as a function of the inertia factor £
defined by

a VEs B
e 37

a L+1§ 2r
It is noted that the value of J is infinity for all four functions
and is consequently excluded from further consideration. The
location ¢° of any local minimum which exists on the con-
straint line segments L, and L, of Fig. 5 is given in the table.
Also given is the associated value J° of the cost function at the
local minimum. In the case of Jy, and J,, when a local
minimum exists, it always occurs on the line segment L, since
both functions are monotonic functions of ¢ on line segment
L. (A minor exception exists for £=1, where J, s constant
over L.)

Having determined the local minima of each of the cost
functions J,, Jy, J,, and J, and the values of these cost
functions at points A and B as well as at the local minima, the
locations of the global minima of each of these error criteria
are compared with the aid of Figs. 7 and 8. Figure 7 indicates,
in bar-chart form, the location of the global minimum for
each of these error criteria as a function £, which is one-half
the square of the spacecraft axial-to-transverse inertia ratio.
The notations C and A refer to the endpoints of the ad-
missable region in c-space, as shown in Fig. 5. L, L, and L
refer to linear regions also shown in Fig. 5, L being the union
of L, and L,. The inset box for J, containing L, is meant to
indicate that for £ =1, the minimum of J lies anywhere along
the line L,. In the case of the other line segments L and L,,
the minimum lies somewhere along the segment in question. It
is important to note that for £>1, the location of the
minimum cost, regardless of the criterion used, is at point A.
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Table 1 Cost function values J ; and /- at boundary points and local minima J¢ at locations ¢°

Cost
function J 4 Je

Jo °

A 2a (I+§)a

(I+8)a
2

J, — N/A

Ja — N/A

g[\/llgu\@]?

27
?E(l—é)zaj

+\[12_£]20 é[(l—é)ﬂl/?{(i]—”'f)]

N/A N/A

iz owas)
al(i-g)y+2ve(i-t)

1
3a(1-8)

£= 05 \ t= 10
1.2t 13.0

TR(E) = v2UE)
\\ a \

\\ Oy
10} e‘ v ©=v© {25

0.8} \\

12/ 212
=

i =
o
[
T

04

va(§)

0.2 0.5

° v
[ N\
0.0 A L 1 0.0

0.0 0.25 0.50 0.75 1.00
v = ac
Fig. 8 Sensitivity of J to the cost function optimized.

Figure 8 presents two types of information. First, the
quantitative locations of the global minima for each of the
cost functions, in terms of the normalized distance parameter
v, are represented as a function of the inertia factor £ by the
solid curves. The other four dashed-line curves, one each for
£=0.0,0.1, 0.5, and 1.0, give the normalized cost function J;
as a function of ~.

Thus, if J, is the error criterion of interest, it is possible
from Fig. 8 to determine graphically not only the location and
optimum value of J, for the four given values of ¢ but, in
addition, the error incurred in J, if one of the other three
error criteria is optimized in lieu of J ;.

As an example, consider the inertia ratio £=0.1 as in-
dicated by the corresponding horizontal line in the figure. The
intersections of this line with the four y° curves are extended
vertically, as shown, until they intersect the J, plot for
£=0.1. The corresponding ordinate values as read from the
right-hand scale indicate the values of J§ which would result
from optimizing each of the four criteria. The error due to
using J, is seen to be particularly large.

It is of interest to note that for £=0.5 (all three inertias
equal), all criteria are optimized for the same value, vy = %5.

Also, for £=1, J, and J, have minima at 4 =0.5, whereas the
minima of J, and J, are at y=1. However, in all four cases,
the same value of J§ =2 is attained, since J; is constant for
0.5=y=<1.0.

The conclusion to be drawn from this example is that one
should always employ an error criterion which reflects that
quantity of particular interest for the problem at hand. The
optimization of a different criterion will, in general, result in
a nonoptimal solution as far as the actual criterion of interest,
in this case J;, is concerned.

Summary and Conclusions

An error criterion has been developed which takes special
account of the fact that most spacecraft payloads which
require pointing, such as antennas, telescopes, lasers, etc., are
symmetrical about the boresight axis. This new criterion does
not penalize rotation errors about the boresight axis.
Moreover, it is a measure of the statistical expectation of the
mean-square boresight deflection error for that pointing
direction which maximizes this error, given a statistically
specified set of spacecraft attitude errors.

The cost function developed in this paper, explicitly for
pointing applications, has been compared and related to three
more commonly used measures of attitude error, where it was
shown that two of these, the maximum eigenvalue and trace
of the attitude error covariance matrix, are measures of the
rotational orientation errors about the boresight axis and the
total angular pointing error, respectively.

Two examples were presented, one for uncoupled and one
for coupled three-axis control of a spacecraft. Both examples
were based on a situation where dynamically activated
alignment of two coordinate systems was sought by em-
ploying spacecraft attitude maneuvers which are measured via
two sets of three-axis, orthogonally mounted gyro packages.

In the uncoupled case, it was shown that, with one notable
exception, the same optimum design of the spacecraft
maneuver is obtained, regardless of which of the four error
criteria is selected. The case of the coupled three-axis control
is quite different. Even for the 2-degrees-of-freedom situation
considered, there are qualitative and quantitative differences
between the optima achieved as a function of the error
criterion employed. It was shown that, in particular, the
determinant of the covariance matrix gave an optimum which
differed markedly from the other three.

Thus it is recommended that the error criterion selected for
use be tailor-made for the application and not arbitrarily
selected from any one of a number of covariance matrix
functions, all of which are assured to bound the size of the
attitude error covariance matrix in some sense. Also, if one is
involved with the pointing of an axially symmetric payload
where pointing errors about the boresight axis are in-
consequential, it is recommended that a cost function equal to
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the sum of the two largest attitude error covariance matrix
eigenvalues be considered.
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The technology of remote sensing of Earth from orbiting spacecraft has advanced rapidly from the time two decades ago
when the first Earth satellites returned simple radio transmissions and simple photographic information to Earth receivers.
The advance has been largely the result of greatly improved detection sensitivity, signal discrimination, and response time of
the sensors, as well as the introduction of new and diverse sensors for different physical and chemical functions. But the
systems for such remote sensing have until now remained essentially unaltered: raw signals are radioed to ground receivers
where the electrical quantities are recorded, converted, zero-adjusted, computed, and tabulated by specially designed
electronic apparatus and large main-frame computers. The recent emergence of efficient detector arrays, microprocessors,
integrated electronics, and specialized computer circuitry has sparked a revolution in sensor system technology, the so-called
smart sensor. By incorporating many or all of the processing functions within the sensor device itself, a smart sensor can,
with greater versatility, extract much more useful information from the received physical signals than a simple sensor, and it
can handle a much larger volume of data. Smart sensor systems are expected to find application for remote data collection
not only in spacecraft but in terrestrial systems as well, in order to circumvent the cumbersome methods associated with
limited on-site sensing.
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