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I. INTRODUCTION

This report is concerned with a star identification problem
associated with star mappers on a spacecraft whose orientation is not
known. Knowledge of spacecraft attitude can be lost after orbit injec-
tion or after unsupervised or uncontrolled maneuvers. In any case,
the basic problem is that little or no a priori information exists on
the inertial pointing direction of the star mappers during an observa-
tion period. Under these "'plind" conditions, it is not clear how to

associate the outputs of star mappers with a catalog of known stars.

The identification problem is focused on star mappers which
employ a fixed pattern of slits and allow star images to pass to a
common detector (e.g., a photo multiplier tube). In this case, the detec-
tor emits a series of pulses, each of which provides a measure of the
star's visual magnitude and slit-crossing time relative to a clock (i.e., the
transit time). However, the particular slits associated with the pulses
are not known. Thus the outputs of these star mappers have an inherent

ambiguity as to the slits associated with the star transits.

The report presents a star identification method applicable for
star mappers with slit ambiguity under unknown attitude conditions.
The approach assumes that the spacecraft can be controlled
to spin about a known body axis prior to the observation period. When
this condition is achieved, star mapper outputs are obtained and pro-
cessed to provide slit and star identification. Once identified, the

transit data are processed for attitude determination.

Star identification and attitude determination were undertaken
by Kenimer and Walsh(l) for a spacecraft undergoing torque-free
spinning motion. Grosh(z) generalized their results by allowing for
spacecraft precession. Both works employed star mappers whose
slits allow star images to individual detectors, resulting in no ambiguity
as to the particular slit generating the output pulse. The proposed method

generalizes their approach by allowing for slit ambiguity and by accounting




for the possibility of incorrect identification due to measurement and

modeling errors.

The development begins with a description of the star mapper
configuration under consideration, Coordinate systems are defined
to specify the orientation of the spacecraft and star mappers. Relations
describing the star crossing geometry of the star mappers are developed
and specialized to predict parameters associated with the transit data.
The statistics of these parameters due to measurement and modeling
errors are developed. These relations are used to form the basis for
star identification and gross attitude determination. A brief numerical

study is presented in the final section.
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II. SYSTEM DESCRIPTION AND ASSUMPTIONS

The basic elements of the star mapper include an optical
system, reticle and a photoelectric detector. As shown in Figure 1,
the optical system images a field of stars onto a reticle at the focal

plane. The reticle has a fixed pattern of slits that allows star images

to pass to the detector. As star images are carried across the slit
pattern, the detector emits a series of pulses to a processor which
computes the transit time and visual magnitude corresponding to

each pulse.

Optical Axis

. Optical System
/ ;
|
Reticle at Focal Plane
Photoelectric Detector
Figure 1. Basic Elements of the Star Mapper I

The particular pattern of slits under consideration is shown
in Figure 2. This pattern is distinguished by the presence of
two parallel slits and at least one non-parallel slit. In this case, the
parallel slits are designated as slits 1 and 2. To avoid the ambig uity

between the slits in a region about the optical axis, it is assumed




that the detector responds only to star crossings between this ambiguous
region and the field-of-view limit, Here the boundaries of the ambiguous

region and the field of view are specified by circular cones whose half

angles are denoted as FL and FU, respectively.

Slit 3

Parallel Slits
Slit 4

Ambiguous
Region

Field-~of-View
Limit Slit 1} Non-parallel

Slit 2 Slits

Figure 2. Slit Pattern of Sensor j (Optical Axis View)

It is assumed that there are J star mappers on the spacecraft.
In this case, a particular star mapper is referred to as sensor j,.
where j=1, 2, **+ J. For simplicity, each star mapper is presumed
to have the slit pattern of Figure 2, where an individual slit is denoted
as sliti (i=1, 2, 3, 4).*

Star measurements are assumed to be obtained from a spacecraft
nominally spinning at a constant rate w_ about a known body axis. Each
star mapper has a fixed, known orientation with respect to the space-

craft. Deviations from the nominal spin motion and star mapper geometry

* The development can be generalized to incorporate different slit
patterns for each sensor.




are assumed to be small over a spin period. Denoted as §_, these

®
modeling errors are assumed to be independent, normally distributed

random variables with zero means and covariance P®.

Sensor j is assumed to detect stars of magnitude Mcm or

brighter to produce a series of transit time measurements

t?.() and visual magnitude measurements Mgl.() where k denotes the

index of the observed star. The errors in thk) are assumed to be
independent, normally distributed random variables with zero means

: ; k ;
and covariance PT. The errors in Mg.) are assumed to be independent,

uniformly distributed random variables with zero means and an error
(k)

)

range AM dependent on M




III. COORDINATE SYSTEMS

For the assumed spacecraft motion, it is convenient to specify

the orientation of the spacecraft and star mappers in terms of the

following coordinate frames:

e Earth-centered inertial reference frames (I frame)

e Spacecraft-centered spin reference frame (O frame)

e Spacecraft-centered body reference frame (B frame)
e Sensor-centered boresight reference frame (Sj frame)
®

Sensor-centered trajectory reference frame (Nj frame)

e Sensor-centered slit reference frame (Lij frame)

The spacecraft attitude is specified by the I, O and B frames whose

basis vectors are the set of orthogonal unit vectors (il, ;’I' 21),

3, the unit vector 21 is directed toward Aries, i;l is along the North

Celestial Pole and ;‘I is in the Celestial Equatorial plane. The unit

(520, §ro, 20) and (;{B' §'B’ EB)’ respectively. As indicated in Figure

vector 20 is along the nominal spin direction and ;&O and §’O are in the

spin plane.

is denoted as C /1 and can be expressed as

(0]

Co/1 = [es]z Eoglx [Qs-ly

where 0 _, & and (1 denote body attitude angles. The symbols

[ozju. u=x,y, z, represent the following matrices?

e e

- -

1 0 0
[cv]x = 1 cos @ sina
0 -sin o cos OJ
—cos 0 i J
o -sin o
= 0 1 0
[a]y
Lsin o 0 cos o

=-11-
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The transformation matrix from the I frame to the O frame

(1)

(2)

(3)




cos a Sing 0

Direction

[O']Z =l-sina <cosa O (4)
0 0 1
}
i
]
y North I
i

AI Gelestial Dole

20 Spin Direction

Spacecraft Center

Earth Center

~

»XI

Celestial Equator

Figure 3.

On the other hand, the O.frame is specified relative to the B

frame by the transformation matrix CO/B given as .

Coordinate System Geometry (I and O Frames)

Gy/p =[-8k [a9gl, [9g], A

«{2-
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where bp? (g and E denote known body angles., The above definition

allows flexibility in specifying the spin direction relative to the B frame.

It is desirable to describe the orientation of sensor j in terms of
two coordinate systems: the SJ frame and the N, frame. The basis

vectors of the S. and NJ frames are denoted as (XSJ' st sz) and

(x ), respectively, in which ij and xNj are along the

Nj’ yNJ 5,
boresight of sensor j and ys ’ ZS_] YN_] zNj are in the focal plane

of sensor j. The S frame is specified relative to the B frame by the

transformation matnx CSJ/B given as

Sj/B = [-BJ]Y [Yj]z (6)

C
where B. and Y. denote boresight angles of sensor j. On the other hand,

the N. frame is specified relative to the O frame by the transformation

matrix CNj/O given as

LA (7)

CNj/O 3 [_Ebj]y bj]z
where E,_. and Ab. denote boresight elevation and azimuth angles of

bj
sensor j. Since isj = iNj’ the angles Ebj and Abj can be related to

Bj' Yj, 6B, S'LB and GB as

E

bj arc sin (sz) (8)

A

1"

bj arc tan (by_j/bxj) (9)

where b_., b_., sz are the O frame components of ;(Sj’ or

xj’ yi
- |'1
xJ

(3 0 (10)

b_.
z)

-13-
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Moreover, the transformation matrix specifying the NJ frame relative

to the Sj frame can be expressed as
Cnjrsi = [P5lx

where

e
]

-0
arc tan [Tl] (12)

z

The terms @ wy, w are the Sj frame components of the spin direction

~
zo, or

w 0 ]
X 3
T |
= 13
wy 0/S; 0 (13)
& 1

The orientation of the slit pattern on sensor j is specified by |
the unit vectors xLij' yLi_j’ zLij of the Lij frame, in which yLij is

along slit i, e normal to Ypgq ™ the slit plane and e normal

et el | 2t Al

to the slit plane. As indicated in Figure 4, the Lij frame is specified

relative to the S, frame by the transformation matrix C; ..,.. given as
j Lij/Sj

Craps; = Byly loyly (14)

where 5ij and ai_j denote slit pattern angles of slit i on sensor j.

-14-




YLij
Slit i of Sensor j P
ij
Sk
(k) u( )
Pij Direction of Star k

Boresight X.
of Sensor j

X
Lij
Boresight of Slit i

Figure 4. Coordinate System Geometry (SJ. and Lij Frames)
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IV. STAR CROSSING GEOMETRY

As the spacecraft spins, the trajectory of a star may cross
a number of slits onthe star mapper. For the assumed slit pattern,
this number ranges from one to four depending on the spin direction
and the sensor's orientation relative to the B frame. In particular,
there are two basic slit crossing geometries which are of practical

. %
interest:

Geometry I: 3 Slit Crossings/Star Trajectory
Geometryll: 4 Slit Crossings/Star Trajectory

Loosely speaking, one of the two non-parallel slits is nearly parallel
to the yN direction in geometry I; none of the slits is oriented along
YNi in geometry II. Since a stJar trajectory in the yN - zNJ plane is

Ak
approximately parallel to YN , the majority of the star trajectorics

crosses three slits in geometry I and four slits in geometry II.

For a given spin direction, those sensors resulting in geometry
I or II are the sensors under consideration in the remaining develop-

ment. For these sensors, the following transit time difference can

be predicted from the star crossing geometry:

(k) (k) |

= 15)
AtDj 1 B
|t(k) &k) |, geometry I
At = J \;-O)
o k) )
]t‘ , geometry II

* There is the possibility of a two slit crosamg geometry where the
two parallel slits are nearly parallel to yN . However, this geometry
does not permit any means to discriminate between slit crossings
above and below the xNj - yN.i plane.

%% In actuality, the nominal star trajectory in the ;'Nj - ENj plane is a

curve with mirror symmetry about the 2Nj axis.

=




where MDj denotes the time difference between the parallel slits
and AtEj dcnotes the time difference between the extreme parallel
and non-parallel slits of a star trajectory. Expressions used to

predict MDj and AtEj are developed in this section. i

“Nj !
A - (k) (k) 1
NOTE: AtDj = t3j t4j Q
(k) _ (k) '
t:Zj - t4j
T SFar * Star k
rajectory —g
— ?Nj
NSsiit 1

Slit 3

Figure 5. Three Slit Crossing Geometry (Geometry I)
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- _ Ak (k)

NOTE: AtDj = t3j t4j
. Ak _{k)

=55 " Yy

* Star k

Star k ~
Trajectory ’yNJ'
—Slit 1

«19-

Figure 6. Four Slit Crossing Geometry (Geometry II)




A. BASIC STAR CROSSING RELATIONS

The transit time tgl.q is defined as the instant that star k lies
in the i-t:'}-1 slit plane of sensor j. As a result, the basic star crossing

relation is given as

a(k) o 2
subject to the condition 3
- a(k - k ;
sin (FL) < lp,( )x xLij (tij)) | s sin (FU) (18)

where f»(k) denotes the unit vector to star k.*

The unit vectors of (17) can be expressed in the O frame as

2 = (x0, For 2g) YT (19)

-~ e ~ -~ ~ (k)
2145= %or Yor 20! 04 (20)

where
[ con 519 con 4]
b = | cos Eg‘) sin A%‘) (21)
el
o2
: qg% % ‘1% (22)
i i

| * The range of the field-of-view limits, FU and FL' is between 0 and
P 90 degrees.

I ¥ 20-




A

The terms E(;() and A(.l:) denote elevation and azimuth angles of {1
defined relative to the O frame (see Figure 7). The elements

(k)

of quj are specified as

(k) T

5 T
90ij = “o/B “sj/B CLij/s) ILi; (e
where
0
a5 =] ° (24)
Substituting (19) - (22) into (17) yields
(k) (k) (k) (k) (k) (k) o S| -
q}mJ cos E_. ij cos A + qyi) cos E.. ij sin A + qzij sin Eij =0 (25)

Through the relations of (5), (6) and (14), it is seen that (25)

involves Eglf), Aglf), o RN B Y, Ol andoz Among these

1 e gL i) (k) A
parameters, OB’ (‘B’ eB, B and YJ are known and E ij > 5ij
and au are unknown.

-21-




Slit i of Sensor j

Ak
ij

Figure 7. Star Crossing Geometry
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B. SLIT RELATIONS

In general, the elevation and azimuth terms in (25) can be

expressed as

(k) _ (k)
E "= Ebj + nij

ij
AL
ij bj ij

(k) . . .
relative to the xNj e

where nik) denotes the elevation of {i
plane and Agl.c) denotes the azimuth angle defined relative to Abi in

the X - Jo plane. Also it is noted that
qgj) . Cr;rj/o CNj/sj Cgij/sJ' Dpi;
Substituting (26) - (28) into (25) yields
dxi cos (Ebj +ﬂ§?)) cos Ag? +dyi cos (Eb_j +‘ng<)) sin Ai(jk)

; (k) _
+d,; sin (B 4+ )=0

where

dxi = cos Ebj sin 6ij - sin Ebj cos wij cos 513
d. = -sinV{.. cos §..

yi ij ij

dzi = sin Ebj sin 6ij + cos Ebj cos vij cos sij
B S

23

(26)

(27)

(28)

(29)

(30}

(31)

(32)

(33)




Furthermore, T]g;t) can be expressed as

(k)

(k) _ . ; . 3 : (k)
nij = arc sin [ sin wi_j sin 4 cos *ij sin 6i3 cos i ] (34)
where the terms cpg.() denotes the angle between ﬁ(k) and iLij'
Suppose star k crossed slit i at time t?.c) and slit i' at time
tﬁl.(j). The predicted time difference between tg(j) and tg‘) can be
expressed as
) alk) _ A(K)
(k) _ 1'1 ij
Aty = = (35)
o
Given slit i and cpﬂt)
one can first determine T](k) using (34) and then numerically solve
(29) for A( ). Similarly w1th i =i', one can numerically solve (29) for

(k) (k) (k)

and subsequently determine At; /i

Agcj) under the constraint T]

Tl
using (35).

(k) (k)
ij

are approx1mated. In particular, the time AtDJ. between the

Because @5 or T] is not known, the predicted time differences

for AtDj and AtEj
parallel slits is predicted from (35) under the condition

(k) _ k) _ (i',i = 3,4) (36)

My 3 ij

The resulting value of AtDj represents an average over the field of

view limits.,

The time AtEJ. between the extreme slitsis predicted from

(35) under the condition

CPS() = -FU sgn (Ebj) (37)
| ey = (38)

Gis =ik




where

2,4 ; geometryl
(39)

1, 4 ; pgeometryll

and sgn (x) denotes the sign of x. Thus AtDj and MEj can be predicted

directly from the star crossing geometry.

3
3

L _25-
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C. ARC LENGTH RELATIONS

Given knowledge of the slits, it is possible to specify the
star's direction in the O frame. To this end, it is assumed that
tg.() and tgc) are two transit times resulting from star k crossing
slits i and i' on sensor j (i, i' # 3, 4). In this case, the elevation

and azimuth angles at these two times are related as

ng‘j’ = Eg" (40)

AlR = alY ol (41)
where

eg(i) = o (t(k) g‘j)) (42)
el t(J < tQ‘).

The star crossing conditions for the two times are repre-
sented by two equations in the form of (25). Solving these equations

simultaneously with (40) and (41) yields

QKT () 48

(k) _ A
Aij = arc tan (k)T D(la (k) (43)
9 A
(k) (k)
E(k) = arc tan NE et (44)
ij S0 _(©
E 9%
where :
k k 1
af” = aby, (45)
-26-
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Q?I() i qg(i)lj (46)

SR 0 1
Ngt) = 0 0 0 (47)

-cos eﬁ‘} sin 9?,(1) 0

F o 0 0 i
B - 0 0 i (48)

sin eg,i) cos eil,‘l) 0

A similar group of expressions can be obtained at times tgl;') and
2
tg,j) which corresponds to star £. To be specific, the terms Eg'),
£
Ei'ju)’ AE;) and Ag'j) are described by (40) - (48) with £ substituted
for k.

The arc length between stars k and £ is defined as

3 [ﬁ(k) : a“’] (49)

(k) (k) g 54 (4)
i) ij

have the form of (19). Substituting these components into (49) yields

The O frame components of ' ' at time t..' and at time t

—

dk‘ = arc cos 3sin EQ() sin Eq)
1) 1)

+ cos ES() cos Eg) cos [AS() - Ag') + o) (tg.() = tg'))]‘ (50)

Thus d Q‘), tff‘.), B pna
(2) * ki ij i'j’ ij
ti" s In contrast, the arc length of stars o and B from a star catalog is

is expressed in terms of the transit times t

expressed as

* Equation (50) is readily extended to the situation where the transits
result from two different sensors.

P




= arc cos {sin § sin §
d o B

aB

= 51 é
+cos 6 cos 85 cos (@, QB) (51) |

where (éa. ch) and (6B
angles of stars o and B, respectively.

» QB) denote the declination and right ascension

-28-




D. ERROR RELATIONS

The previous sections indicate that AtDj and dkl can be expressed

as
AtDj = AtDj (® M) (52)
Ay, =dg, (0,1) (53)
where
® = [6i., Bipes Dice Bupai Bar Vs By Gap B ]T (54)
e 5 e | e ol i N
=g Tyt (55)
5 [tg‘), tg(j), ti;), tgfj’] (56)
If @N and T]N denotes the nominal values of ® and T, respectively,

deviations about the nominal can be expressed as

50 = @ - @y (57}
3
] 8 =M - Ty (59)
where
T
T\N = [0, 0] (59)

The terms 6@ and 67T represent system model errors. Measured transit

times are represented by T and their errors are denoted as §7.

To approximate the effects of model and measurement errors

on AtDj and dkz’ (52) and (53) are linearized about @N, TlN and T to

yield
AtDj = Jt@) 50 + Jtn 81 (60)
: dg =Jd® 80 +J, 87 (61)
'."
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where

e, 62
Jt@ o 0 ®Nl T\N . ( )

et o |
Jeq =579 I (63)

(64)

(65)

dr 3 T ®N, T

In this development, 60, 67T and é1 are assumed to be normally distri~
buted random variables with zero means and the following second-order

statistics:

E [s@ 5®T] = Pg (66)
E[6n60°] =Py (67)
E [67 §v ] = o (68)
E[8160°] = 0 (69)
E[s1675] = 0 (70)
E [67 88%] = 0 (71)

where P@PT and PT\ denote covariance matrices of §®, &7 and 87,

respectively. The error covariances P® and PT are specified by the
problem at hand. The error covariance P_ can be modeled as

1

P (72)

ll M 2x2
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The terms nij and ni'j are computed from (34) with Bz = q’i'j = FU;

I is an nxn identity matrix.
nxn

Based on the first-order approximations of (60) - (61) and
the statistics of (66) - (71), ADj and ’&kl« become normally distributed

with zero means and variances o, and 54> respectively, where

e T T
o = B Py iy + B0 P Tl (74)
2 T T
%1t = Tga Po Tan* ar Fr Tar (75)
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V. STAR IDENTIFICATION

The approach to star identification begins with a set of star
measurements obtained from a spinning spacecraft. In this case, the
relative times between successive slit crossings are predicted
from the star crossing geometry. These predictions are compared
to transit time data to provide a basis for slit identification. Those
data matching the time predictions and having similar visual magni-
tudes are designated as ''multiple' transit data. The remaining

data are designated as ''single'' transit data.

Once the slits are ident‘ified, the arc lengths between stars
are computed from the multiple transit data and compared to those
from a star catalog. Among the star-pair combinations matching
the data, a selection is made on those stars that form a consistent
star-pair chain.

A flow chart of the star identification method is shown in
Figure 8. It is noted that the method consists of three basic opera-
tions: (l) an initialization operation which inputs measurement and
model data and computes system parameters, (2) a screen operation
which identifies and isolates multiple transit data and (3) a star
selection operation which identifies stars corresponding to the multiple

transit data.
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Figure 8.

Flow Chart of the Basic Star Identification Operations
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A. INITIALIZATION

The first task is to input system data, a star catalog and star
mapper data. System data include star mapper geometry parameters
(Y o B . QIJ ij’ FU’ FL), spin motion parameters (wo, 68, QB. BB).
and error parameters (Pe, P . AM). The star catalog consists of
line of sight parameters (6 ’ Q ) and the cataloged visual magnitude
(M(a)) associated with star ao. OnCe obtained, the star catalog is
reduced by accounting for the maximum sensitivity of the star mappers,
(i.e., MS.() < Mcm)’ any a priori knowledge of the inertial spin direc-
tion, and the effects of star obscuration (e.g., by the Earth). The
reduction results in a limited star catalog which is used for the star
selection task.

The star mapper data consists of a series of transit times

(k), M(k)) For this discussion, it is assumed

and visual magnitudes (t
that the raw data have been processed over a number of spin periods
(scans) to reduce the amount of spurious transits. To this end, multi-
scan techniques can be used if the spacecraft does not appreciably

(3)

data are reduced to a single scan for star identification.

precess during successive scans. Once compieted, the resulting

3B




B. SCREEN OPERATION

The screen operation consists of a series of tests to isolate
and identify multiple transit data. The first test is aimed at isolating
those pairs of transits associated with a star crossing the parallel

slits (i.e., slits 3 and 4). If two transits are from the same sensor

and within a field-of-view time window, then they qualify as a candi-

date pair. Given a candidate pair with transit times tlj and tmj and

magnitudes sz and Mmj from sensor j, a time residual rDj and a
magnitude residual er are computed as follows:
TDj = tmj " e " AtDJ. (76)
ry,.=M .-M,. (77)

Mj mj Lj

where AtDj
a magnitude score CMj are computed as

is specified by (35) and (36). Also a time score CDj and

Cp; = r[?;j v/ (78)
Cmj= |7yl (79)

where
V, =24f +oig (80)

The termcyt2 is a specified variance of the transit time measurement error and

GZD is computed from (74),

t
3 The decision rule is to accept the times (ttj' tmj) as '"double
slit'" times if the following inequalities are true:
+ CDj< CDB (81)

h -36-




CM< LM (82)

where CD is a threshold level for the double slit test. Because of

the assum?)tions on the error statistics, the residuals rD. is normally
distributed. Thus the score CDj has a chi-squared distribution with
one degree of freedom. Moreover, given a specified probability of a
correct decision, the threshold CDB can be obtained from standard

tables. (4)

The next task is to isolate the remaining transits associated
with the double slit transits. To this end, MEj is computed from (35) and
(37) - 39) to provide a time window. Transit times are checked on both
sides of the double slit times to determine if they are within the
window. Those candidates within the window are tested for similar
visual magnitudes as in the double slit test. Furthermore, the number
of candidates within the window are checked for consistency with the
known star crossing geometry. The allowable number of candidates/
windows is one in geometry I and two in geometry II. If there is an
allowable number on both sides of the double transits, both candidates

are rejected to avoid ambiguity.

Those candidates with the allowable number are combined

with the double transits to form the LR multiple transit group. Slit

designations are assigned and the parameters Agi() and Eg{) are
computed via (43) - (48). . The above process continues until all

of the transits have been considered.

37

B T e T W ey




C. STAR SELECTION OPERATION

The star selection operation consists of an arc length test,

a star-pair consistency test and a magnitude test.

The arc length test begins by computing the arc length between
two stars associated with the first two multiple transit groups. In
general, for groups k and 4 (k # £), the arc length Ekt is computed
via (50), Then a residual riz is computed from Ekt and the arc length

d . between stars a and P of the limited star catalog as

af
QB _ 3 —
Tg = Gn =y (83)

where EOtB is specified in (51). Further-

more, a chi-squared score Cig based on the residual is computed as

of _ , aB 2, 2

where crl?';‘ is specified in (75).

The decision rule is to accept the stars o and B as candidates
if

af
Cxi < CaB (85)

where CAB is a threshold selected to meet a specified probability of
correct decision; otherwise, the star-pair is rejected. Every star-

pair combination in the limited catalog is tested in this manner.

Once the star candidates for groups (k, £) are obtained, the
same procedure is used to obtain candidates for groups (£, m) and
(k, m). Given star candidates for three groups of data, a search
is conducted to identify those candidates which are logically consistent
with the data. For example, stars o, B and Y comprise a consistent
triplet if each is a candidate in only two of the groups (k, £), (£, m)
and (k, m).

38«
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Finally, each of the candidates comprising a consistent triplet
is subjected to a magnitude test. In this case, a residual rtf/xlk is computed
from the cataloged visual magnitude M(Ca) of star o and the average

: : L th : !
magnitude associated with the k— multiple transit group, or

A =My T (86)
; where

R e
| M =i§lMij In (87)

and n, denotes the total number of transits for the k2 group. The

rule is to accept the three candidates as stars associated with the

multiple transit group k if all three stars satisfy

|5 | < 8M (88)

In a similar manner, star triplets are identified for the next
three transit groups (i.e., the last two of the previous group and one
additional set). The process continues until all of the transit groups
are considered. Each candidate star is thus required to form a con-
sistent triplet with three other pairs of candidates--the preceding pair,

the subsequent pair, and the pair just before and after the candidate.
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VI. ATTITUDE DETERMINATION

The problem is to determine an estimate of the spacecraft's
inertial attitude based on star mapper measurements. It is noted
that the transformation matrix between the B and I frames can be
expressed as

Gopr =GR (e i ok B (e ) (89)
B/1 O/B *"B’ *B? "Bl “O/L *"s* **a’ "=
Assuming that 65, Qp and dg of CO/B are knpwn, the problem is

reduced to determining 63' Qs and es.

A gross estimate can be obtained by utilizing line of sight

information of stars identified with the multiple transit data. Speci-

~(@)

fically, the inertial components of can be expressed as

@ a3 ()
W g (8 G0 8.3 65 (90)

r

where

cos §_ sin
o o
= sin O (91)

os cos Q)
- 6a« o

L

and p.(g) is specified in (21) in terms of AS) and ES) which are known for
each multiple transit group. Thus (90) provides two independent relations

for each identified star.

The undetermined parameters 65, Qs and QS can be estimated

based on the following model:

6s(t) = E’so (92)

Qs(t) & Qso (93)

es(ﬂ = w (t - to) G (94)
_41-

G R L T Lt AL TR W T




where 5 , QO and ®_  are constants corresponding to time t .
so’ "'so SO o

Thus given N identified stars, the estimation problem can be
formulated to select parameters 680, Qso and 650 such that they

minimize the estimation error

3
e=Y (o, -5,)° (95)

m =1

subject to the constraints of (90) - (94) and

P 6so
Pal = Qo (96)
P3 Ye)

The term I‘Sm denotes the estimate of P, where m =1, 2, 3, Given
at least two identified stars, the estimates can be computed via an
iterative least-squares procedure. Once ﬁm are known, estimates

of és’ QS and es are computed as

-

8, =8, (97)
OS & QSO (98)
o =w (t-t)+0_ (99)

Finally, the estimate of the spacecraft's inertial attitude is

represented by the matrix

-

L T ~ ~ ~
Cp/1= CosB Coy1 (8 Qg 8) (100)
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A reasonably close initial estimate of the unknown parameters

can be obtained from the data of two identified stars. Given u(g), u.(oB).
u.ia) and uia) of stars o and B, the unknown parameters P and P, can be

computed as follows:

p, = arc sin (sly) (101)

p, = arc tan (slx/slz) (102) l

where S1x? st, sy, are the I-frame components of the spin direction,

or

i a3
sy = (slx' st’ sIz) (103)

But s; can be expressed as

s, = Ap Ag] g (104)
where
sgp= (0,0, T (105)
Ag; = [“(Sdl) ugi) néois)]3x3 (106)
ap= G (o5
ﬂ» usy - (o, (tg‘})- t)+0_ 17 i (108)
oy 1 0,07 s
The terms n‘s‘ia’ and n®® are inertial components of the
vector n'®) which is orthogonal to 3 and 3, or

i3




~(a)x ~(B)

;(orB) i
13 x g

(110)

() (8)
1

Thus for a given gso’ the elements of ugp and kg and hence p,
and P, can be computed. In turn, an estimate of P can be determined

as

sin P sin P, p.g;) + cos P “‘g) + sin pP) cos p, ui:)

COS P, Wy, sin Py by,

p3 = arc tan

A9y (g (111)
ij o '1ij o
Once an attitude estimate is obtained, a detailed star identifi-
cation operation can begin. A typical procedure is to predict transit
times based on the gross attitude estimate and to match the results

(3)

with the measured single transit data.
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VII. NUMERICAL STUDY

A brief numerical study was conducted to test the feasibility
of the proposed star identification method. To this end, a computer
program with the basic operations was implemented and tested with
simulated star data. The tests consisted of generating star mapper
data under known conditions and then processing the data through the
program to identify stars and estimate spacecraft attitude. A
measure of performance was obtained by comparing the program's

results to the true star observations and attitude motion.

5.
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A. RUN CONDITIONS

Star data were generated for two basic types of spacecraft
motion: (1) pure spin motion (designated as motion A) and (2) nuta-
tion motion (designated as motion B). In motion A, the spin rate
was set to w, + Amo, where Awo denotes a spin rate error assumed

as

Au)o -4
i P 2m x 10 : (112)
o

Thus the actual spin angle was simulated as

Os = oso + (u)o + Awo) (t - to) (113)

In motion B, spacecraft was assumed to cone and precess
away from the nominal spin direction. In particular, the half-cone
angle was set to |63j| and the cone frequency was 2 w3 the precession
rate was 2x10 ®_-

Three star mappers were assumed to be oriented on the space-
craft such that each sensor viewed a different portion of the celestial
sphere during a scan. The spin direction in the B-frame was selected
to result in slit crossing geometry I for the three sensors. The inertial
spin direction was assumed to be directed near the sun line. Thus,
depending on the day of the year, the three sensors observe a pre-
dictable number of stars. Assuming that each sensor is sensitive to

4th magnitude stars and brighter (i.e., M = 4), Figure 9 indicates

cm
the daily number of stars within the field of view of the three sensors.

To provide a range of observed stars, star data were generated
for January 12 (dense star day) and for March 7 (sparse star day). In
both cases, data were based on the following models of the measure-

ment errors:

. -
> .

T PRI BT TV AN




aea ) jo Aeg snsiaa AjI[iqe[ieAy Iejs ‘6 2andrg

1eax jo Aeq
o :

¢

Y44 -0¢ 44 2

LYoz

: A o 2
: i i S S g :
| —he -
: — o e e S T
; : § % o T
b S = 5 | e o
5 ¢ I [t bt = S
: = [ 5 o = e
-=F = 5 $=
& S b

13
-

e

Py

siejg arqe[leAy jo Iaqunp [ejor

1681§| 30 yaquny

T

[wpfm fogs riod]




: (k)
M = (.01 M7 + 04 M (114)

& -3 115
ct-6x10 Ts ( )
where
M =4 (116)
cm
= 117
T, =2 185;\/w, (117)

Parameters used by the star identification program were
mismodeled from the simulated data. In particular, the program

modeled the spin rate as ®, and the error covariances P® and P'r

as
) (118)
® @19x9
P =01 (119)
r =% *4x4a
where
2
= 120
c® 0 ( )
Aw \ 2
2 _ 2 —S (¢)  _(k)\2 2 =i
o =0, + <mo> <tij - tij to:p (121)

Given the star data, the program operated with and without the visual
magnitude tests. For the transit time tests, the decision thresholds
were selected to achieve a .99 probability of correct decision (i.e.,

C = B°= 6.635).

DB CA
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B. RESULTS

The results of the star identification runs are summarized
in Table I, The table indicates that no slits or stars were incorrectly
identified for the range of parameters considered. Some stars were
not identified because of single transits and densely-spaced multiple
transits with similar visual magnitudes. Without the visual magnitude
tests, the program's capability to discriminate between densely-spaced
data was further impaired. Also nutation tended

to reduce the number of identified stars.

The rejection of densely-spaced transits with similar magni-
tudes occurred during the screen operation to avoid multi-star crossing
ambiguities. This result implies that there is a star density limit above
which no stars will be identified by the method. This limit can be approxi-
mated by requiring that the star density ds be no more than 1 star per area

covered by the field of view, or

d sd_ (122)
where
o AR l/AF (123)
Ay s 1—7:29—:-0-9 (1 - cos F)) kg (124)
and kF is a geometry shape parameter.

Based on stars from the SAO catalog, the star density in stars/
square degree brighter than Mc are plotted against the visual magni-
tude Mc are plotted in Figure 10.(5) Curves are given for the average density as
well as the densities at the extreme galactic latitude bands. Super-
imposed are levels of dsm based on a square shape area (kF = 2/n)
for various field of view angles FU' It is noted that as the field of
view increases, the screen operation without visual magnitude discri-

mination tends to reject dim star data. Thus for data processing
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purposes, the visual magnitude parameter Mcm can be reduced to
be consistent with the level of Figure 10. This reduction will limit
the number of stars considered from the star catalog and improve
the computational efficiency during the star selection operation.

Figures 11 - 19 indicate the transit data of the January 12
run at various stages of the star identification program. The run
assumed motion A with visual magnitude tests. The first stage occurs
at the input to the program; the second stage occurs at the output
of the screen operation; and the third stage occurs at the output
of the star selection operation. It is noted that the screen operation
tends to reject densely-spaced dim star data. The reason is due to
the stringent tests designed to provide a high probability of true
identification at the expense of missing valid stars. In effect, the
star identification program tended to miss a valid star rather than
accept a false star.

The rss attitude estimation error resulting from a least
squares solution of the January 12 run is shown in Figure 20. The
error levels reflect the attitude deviations from the nominal motion
that were not modeled by the estimation program. Improvements can
be expected by formulating the estimation problem with a model that

reflect these attitude deviations.
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VIII. SUMMARY AND CONCLUSION

The paper has presented a method to identify stars and slits
associated with the outputs of star mappers whose inertial orientation
is not known. The approach assumed that star data are obtained as
the spacecraft performs a spinning maneuver about a known body
direction but an unknown inertial direction. Given a known orienta-
tion of the star mappers relative to the spacecraft's body frame,
expressions were developed to predict the relative transit times "
between successive slit crossings and to describe the arc lengthu
between stars. First-order effects of modeling and measurement
errors on the resulting expressions were obtained to provide a statis-
tical basis for slit and star identification. Also a least-squares pro-
cedure was outlined to estimate the attitude of the spacecraft based

on the identified star data.

A preliminary numerical study indicated that the star identi-
fication method is feasible for a limited range of star density. Because
high star densities increase the possibility of multi-star crossing
ambiguities, the method tended to reject dim stars from considera-
tion. However, those stars that were processed were correctly

identified for the range of parameter considered.
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