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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 “blind” conditions, it is not clear how to

associate the outputs of star mappers with a catalog of know n stars.

The identification problem is focused on star mappers which

employ a fixed pattern of slits and allow star image s 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 provide s a measure of the

star ’s visual magnitude and slit-crossing time relative to a clock (i. e .,  the

transit  t ime). However , the particular slits associated w ith 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 ambi guity unde r unknown attitude conditions.

The approach assumes that the spacecraft can be controlled

to sp in about a know n body axis prior to the observation pe riod. 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 dete rmination.

Star identification and attitude determination were  undertaken
(1)

by Kenimer and Walsh for a spacecraft undergoing torque-f ree
(2) .

spinning motion. Grosh generalized their results by allowing fo r

spacecraft  precession . Both works employed star mappers whose

• slits allow star images to individual detectors , resulting in no ambiguity

• as to the particula r slit generating the output pulse. The proposed method

general izes  their approach by allowing for  slit ambiguity and by accounting

$
-5-
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for  the possibili ty of incor rec t  identif icat ion due to measurement  and

modeling er r o r s .

The development beg ins with a descr i ption of the star mappe r

c onf iguration unde r consideration. Coordinate sys tems are  defined

to specif y the orientation of the spacecraf t  and star mappers.  Relations

desc r ib ing  the star crossing geomet ry  of the star mappers are developed

and specialized to predict parameters  associated w ith 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 show n in Figure 1,

the optical system image s a field of stars onto a reticle at the focal

plane . The reticle has a fixed pattern of slits that allow s star images
to pass to the detector.  As star images are carr ied ac ross the slit
pattern, the detector emits a series of pulses to a processor which
computes the transit  time and visual magnitude corresponding to
eac h pulse.

Optical Axis

~~~~~~~~~~~~~~~~~~ Optical System

Reticle at Focal Plane

Photoelectric Detecto r

Figure 1. Basic Elements of the Star Mapper

The particular pattern of slits unde r consideration is show n

in Fi gure 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 reg ion about the optical axis , it is assumed

-7-
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that the detector responds only to star crossings betw een this ambiguous
reg ion and the f ield-of-view limit. Here the boundaries of the ambiguous
reg ion and the field of view are specified by circular cones whose hail
ang les are denoted as FL and Fu, respective ly.

~~~ ‘.—Slit 3)
, i~ ~, Parallel Slits

Slit 4~

Ambiguous
Reg ion

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

Slit Slits

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

It is assumed that there are 3 star mappers on the spacecraft .

In this case , a particular star mapper is re fe r red  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 slit i (i = 1, 2 , 3, 4) *

Star measurements are assumed to be obtained f rom a spacecraft

nominally spinning at a constant rate 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.

$ -8-

‘1~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

are assumed to be s mall ove r a s p in period . Denoted as 5~ , these

modeling e r ro r s  are assumed to be independent , normally distribu ted

random variables with ze ro  means and covarianc e P0.

Sensor j is assumed to detect s tars of magnitude M orcm
bri ghter  to produce a series of t r ans i t  t ime measurements

and v i s ual ma gnit ude measu r ements w he r e k denotes the
ii “

~ ‘k~index of the observed star. The errors in t ’ , ’ are assumed to be
ii

independent,  norma lly di s t ribu t ed r andom v ari ab les wit h zero means

and cov ariance P . The e r r o r s  in ~~~~ are assumed to be independent ,
unifo rmly dis tr ibuted random variables with zero means and an e r r o r

range ~M dependent on ~~~~~

-9-
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III. COORDINATE SYSTEMS

For the assumed spacecraft  motion , it is convenient to specif y

the orientation of the spacecraft and star mappers in t e rms  of the

following coordinate f r ames:

• Ear th-cen te red  inertial referenc e fr ames  (I f rame)

• Spacecraf t-centered spin reference fr ame  (0 f rame)

• Spacecraf t-centered body re fe rence  f r ame  (B f rame)

• Sensor-centered boresi ght reference  f rame  (S. f rame)

• Sensor-cente red t ra jec tory  reference frame (N
3 

f r ame)

• Sensor-centered slit reference frame (L..  frame)
1,)

The spacecraft  attitude is specified by the I , 0 and B f rames  whose

basis vectors are the set of orthogonal unit vectors (~~ , 9~
, £~),

0’ 
and ( x B, 

~~B’ Z B), respectively. As indicated in Fi gure

3, the unit vector L
~ is directed toward Aries , is along the North

Celestial Pole and è.~ is in the Celestial Equatorial plane . The unit

vecto r is alon g the nominal spin direction and ‘
~~~~~ 

and are in the

spin plane . The t rans formation  matrix f rom the I f rame to the 0 f rame

is denoted as C0,,1 
and can be expressed as

= [e]~ ~o5j,~ ~~~~~ 
(1)

where e 5, ~~ and U5 denote body attitude angles. The symbols
= x, y, z, represent the following matrices:

1 0 0

= 1 co’s o’ sin o’ (~ )
0 -sin cw cOs~~

cos~~ 0 -sin~~

[c~]y
= 0 1 0 (3)

siii c~ 0 cos~~

— I i —

~ 
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cos~~ sin e 0
= 

~~~~~ ~~~~~ 0 (4)

0 0 1

North
Celestial Pole

i
5 

~~ 
Spin Direction

Earth Center 

Spacecraft Center

Celestial Equator ‘I
Direction
to Aries

Figure 3. Coordinate System Geometry (I and 0 Frames)

On the other hand , the 0. f rame is specified relative to the B

frame by the transformation matrix CO/B given as

CO/B = [-8 B ],~ ~~B~ y [e BJ (5)

-12-
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where  o B~ 
UB and 9 B denote know n bod y ang les . The above definition

allow s flexibility in specif y ing the spin direction relative to the B frame.

• It is desirable to describe the orientation of sensor j in te rms  of

two coordinate systems:  the S. f r ame  and the N.  frame. The basis
.3 .3

— - vectors of the S~ and N~ f ram es are denoted as (~~ ,j~ ~~~~ ~~ 
and

(x N J
. 

~ N 3 ’ z Nj ) . res pectively , in which x 53 
and x Nj are along the

boresi ght of sensor j and 
~~~~~~~~~~ 

~Sj~ Y N 3’ Z Nj  are in the focal plane

of sensor j. The S. f r a m e  is specified relative to the B f rame  by the

t ransformat ion  matr ix  CSJ/B g iven as

CSi/ B  ~~~j 1y 
~~~~~~~~~~~ 

(6)

w here and denote bore sight ang les of sensor j. On the othe r hand ,

the N~ f r ame  is specified relative to the 0 frame by the transformation

matrix CNj / O given as

CNj / O  = [_ E
bj J~ 

[A bj ]
Z 

(7)

where  Ebj and .Abj de no te bo res ight elevation and azimuth ang les of

sensor J .  Since 
~ Sj = X Nj ; the ang les EbJ 

and AbJ 
can be related to

f
J~ 6 B’ ~ B and eB as

- E bi = arc sin (b .) (8)

Abj 
= arc tan (b~~/b~ 3

) (9)

where  b ., b ., b . are theO f rame components of ~ ., or
xj y j  z j  S~

P b.  F’
= CO/B 4•/ B 

0] 
( 10)

~ 
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Moreover , the transformation matrix specifying the N . frame relative

to the S
3 
frame can be expressed as

CNi/Sj ~~j
Jx

where

p .  = arc tan [.~~
] 

(12)

The terms w , , w are the S. frame components of the spin directionx y z
or

0

w = c T 
. 0 (13)

y 0/Sj
w 1
z

The orientation of the slit pattern on sensor j is specified by
the unit vectors X LIJ

I 
~Li3’ zLij of the L~3 

f rame , in which 
~Lij  is

along slit i~ X Lij  is normal to 
~Lij in the slit plane and 

~Lij is normal
to the slit plane. As indicated in Figure 4, the L.. f r ame  is specified

• ..
‘ relative to the S. f rame by the transformation matr ix  C . . ,  . given as

- t~• 3 Lij iS3

• C [a..] (14)Lij/ Sj ij y i
~~ 

X

where and r
jj 

denote slit pattern ang les of slit i on sensor j.
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az .S3

- 
ZLiJ

- 

\ *
~~~~~~~~~~~~~~~~~ 4P’ ~Lij

Slit i of Sensor i 
~S.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 

• 

Directio:of Star k

- Lij
Boresight of Slit I

Figure 4. Coordinate System Geometry (S
3 

and L13 F rames)
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IV. STAR CROSSING GEOMETRY

As the spacecraft  spins , the t rajectory of a star may cross

a numbe r of slits on the star mapper. For the assumed slit pat tern ,

this numbe r ranges f rom one to four  depending on the sp in di rect ion

and the sensor ’s orientation relative to the B f r ame .  In pa r t i cu l a r ,

there  are  two basic slit crossing geometr ies  which are  of p r ac t i ca l
*in teres t

Geoir iet ry  1: 3 Slit Cross ings /S ta r  Tra jec to ry

Geometryl l : 4 Slit Cross ings/Star  Tra jec to ry

Loosely speaking, one of the two non-parallel slits is near l y paral le l

to the 
~Nj direction in geometry  1; none of the slits is oriented along

in geometry U. Since a sta r t ra jec tory  in the 
~Nj 

- Z Nj plane is

approximately parallel to 
~Nj’ the majori ty of the star t ra jec tor ies

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

For a given spin direction , those se nsors resulting in geomet ry

I or II are the sensors u~ide r consideration in the remaining deve lop-

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

be predicted from the star crossing geometry:

~
t Dj = !t ~~ 

- t~~ I

(k) (k)It 2 . - t4 . I ’  geometry I
= 

• ( t o )

- ~~~~~~ geometry  U

4 There is the possibility of a two slit c ross ing  geomet ry  where  the
two parallel  slits are nearly parallel to However , this geomet ry
does not permit  any means to discriminate3between slit crossing s
above and below the 

~Nj - 

~Nj plane .

** In actuality, the nominal star trajectory in the ~Nj 
- ZNj p lan e is a

curve  with  m i r ro r  s y m m e t r y  about the axis.

-17-
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where  At Dj denotes the time differenc e between the parallel slits
and 

~
tEj denotes the t ime dif ference between the extreme parallel

and non-parallel slits of a star trajectory. Expressions used to

predict 
~~~
tDi and A tE. are developed in this section.

ZNj

NOTE: At . = -Dj 3j 4j

— ~~~~~~~ t (k)
Ej 2j 4j

(k) (k) -
;Star f  \ t 2 .  t 3. / / J ’\

Trajectory 
~~ / f’,~~k) \ * Star k

/ /~~~/
t4j \ H

I .\ -

•/

,
/ Slit i

/
/

/
Slit 3 /

Slit 2

S11t 4

Figure 5. Three Slit Crossing Geometry (Geometry I)
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ZNj

NOTE: At . = t~~ 
- t~~~

• Dj 3j 4j

,_._—1
__ 

~~~~~~~~~ At = ~
(k) 

- t (k)
Ej  i j  4j

J’1’k) (k)\ t k
~~~~~~ ~23 \~ 

3J ,~f,’j~ \
~~ / ‘~~~ ~ 7/4~k) \ * Star k

I ~~~~
SS%, 

4j \
Star k

Trajectory 

,
/
/ 

~ ~
‘Nj

~~—Slit 1
Slit 3

Slit 4 Slit 2

Figure 6.  Four Slit Crossing Geometry (Geometry II)
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A. BASIC STAR CROSSING RE LATIONS

The transit time t~~ is defined as the instant that star k lies
th ii

in the i— slit plane of sensor j. As a result, the basic star crossing

relation is given as

~(k) 
- Z Lij (ti~ ) = 0 ( 17)

• subject to the condition

SIfl (FL) � 1~ .
(k)

~ XLiJ 
(t~~~) I ~~~~~~~ (Fu ) (18)

where p. denotes the unit vector to star k.

The unit vectors of (17) can be expressed in the 0 frame as

~(k) a a a (k)
p. = (x0, y0, z0) p.0 

(19)

a a a a (k)
z L.. = (x0, y0, z0) q013 

(zo)

where

cos ~~~ cos
13 13

p.
(k) 

= cos ~~~~ sin ~~~ 
(21)

— 

sin ~~~~

(k)
~xij

• q (k)~ q(k)~ (22)
)‘IJ

I ~ q~~zi3

* The range of the field-of-view limits, Fu and FL, is between 0 and
90 degrees.
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The terms EI~~ and ~~~ denote elevation and azimuth angles of ~(k) 
‘

defined relative to the 0 frame (see Figure 7). The elements
(k)of q01~ are specified as

(k) T T
q0.. = CO/B CSj/ B CLii/Si ~~ 13 

(23)

w he r e

0

~L~J 
= (24)

Substituting (19) - (22) into (17) yields

q
(~~ cos ~~~ cos ~~~ + q~~ cos ~~~~ sin ~~~ + q

(19. sin ~~~ = 0 (25)
Xi) 1) 1) yl) 1) 1) ZI) 13

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

involves E.. , A.. , 
~~ cl,~, ~~ ~~~

., y., 6.. and a... Among these
i) 1) 3 3 13 13 (k)parameters, °B’ ~B’ eBS I~ and are known and E~J 

A13
and a.. are unknown.

13

I
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B. SLIT RELATIONS

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

expressed as

= E
bJ 

+ (26)

~~~~ = .Abj + (27)

where denotes the elevation of ~(k) relative to the 
~Nj 

- 

~Nj
plane and denotes the azimuth ang le defined relative to .Abl in

the - 

~~~ 
plane . Also it is noted that

(ij) T T
q0 

CNJ/ O CNj,Sj CL1j/Sj ~LI~ 
(28)

Substituting (26) - (28) into (25) yields

d . cos (E - +11~~~) cos ~~~ +d . Cos (E . ~~~~~ sin
xi bj i j  i3 yi bj 13 13

+ d .  sin (Eb . ~~~~~~ 
= 0 (29)

where

d . = cos E . sin 6. .  - sin E - cos ~~~~~ cos 6.. (30)
xi bj bj 13

d . = -sin $ . .  cos 6.. (31)
yl 13 13

d - = sin E . sin 6..  + cos E . cos ~~~ . .  cos 5.. ( 3 2 )
Zi bj bj 13 13

~ij = a~j — (33)

$
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Furthermore, can be expressed as

(k) . . . (k) • (Ic)= arc sin C Sin sin q
~~ 

- cos sin 8~~ cos CPj j  ] (34 )

where the terms denotes the angle between and XL...

Suppose star Ic crossed slit i at time t~~~ and slit 1’ at time
13 ‘k~t’,’. The predicted time diffe r ence between t ’, ’ and t~ .’ can be13  1) 13expr essed as

-

= 
1 3 iJ 

(35 )i /i U)
0

(k)Given slit i and cp..
13

one can f i rs t  dete rmine ~~~ using (34 ) and then numerically solve
‘Ic’ ii

(29) for A ’.’. similarly with i = i’ , one can numerically solve (29) for
~~~ unciei~

3
tii e cons t r a in t  = arid subsequently determine At~~).

using (35).

Because or is not known, the predicted time differences
for  AtD. and atE. are approximated. In particular, the time AtD. between the
parallel slits is predicted from (35) under the condition

~(k) = 
.~(k) = 0 (i ’ , i = 3, 4) (36)

The resulting value of A tDj represents an average over the field of
view limits.

The time AtE. between the extreme slits is predicted from
(35) under the condition

• 
cp

~r 
= _F

u sgn (E
bi) (37)

= (38)13  13
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where

2 , 4 ; geometry I
i’ , 1=  (39)

1, 4 ; geometry II

and sgn (x) denotes the si gn of x. Thus At DJ 
and At Ej  can be predicted

directly from the star crossing geometry.
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C. ARC LENGTH RELATIONS

Given knowledge of the slits, it is possible to specif y the

sta r t s direction in the 0 f rame.  To this end, it is assumed that

t~~ and are two transit times resulting f rom star k crossing
13 1 .3
slits i and i’ on sensor j (i , ~~

‘ ~ 3, 4). In this case , the elevation

and azimuth ang les at these two times are related as

= (40)
13  13

= ~~~ - e~~~ (41)
1 3  13 i i

where

= ~~ 
(t~~’~ — t~~~) (42)

11. o 13 13

(k) (k)and t . .  < t . , ..
13

The star crossing conditions for  the two times are repre-

sented by two equations in the form of (25). Solving these equations

simultaneousl y with (40) and (41) yields

(k)T N (k) (k)
(k) q. A

= arc tan 7I~)T 
~~~~ q~~~ 

(43)

N
~~

• ~~~~ = arc tan (44)

w he r e

(k) 
- 

(k)q1 — q0~3 
(45)
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1

(k) 
- 

(k)q1, — q
01,

. (46)

0 0 1

o 0 0 (47)
(k) . (k)

-~ o~ 0.,. ~~~ e.,. 0
i i  i i

0 0 0

0 0 -1 (48)A 
. (k) (k)sin 0.~ . co~ 0 ., . 0

i i  i i

A similar group of expressions can be obtained at times t~~ and
I L~ 1) 

~~~t~, ’ which corresponds to star L . To be specific , the terms E~ . ’,
(L) 13

E.,. ‘ , A’~ ’ and A , are described by (40) - (48 ) with L substituted
for k.

The arc length between stars k and £ is defined as

= arc cos 
[

~(k} .(L)] (49)

The 0 frame components of at time t~~ and at time
have the form of (19). Substituting these components into (49) yields

- (k) . (L)
d = arc cos sin E.. sin E..

+ cos ~~~~ cos cos [Ac~ - ~~~ + 
~~ 

(t~~ - t~~~)]~ (50)

Thus is expressed in terms of the tr~~ sit times t~~~, t~~~, t~~~ and

t~~~. In contrast , the arc length of stars a and B from a star catalog is
expressed as

* Equation (50) is readily extended to the situation where the transits
result from two different  sensors.
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d = arc cos sin 8 sin 6

+ COS 6a C05 6~ 
COS 

~~a ~~~~ 
(51)

where 
~
8a’ ~~~ 

and 
~

5
B ’ cl~) denote the declination and ri ght ascension

angles of stars a and B, respectively.

• - .~

$
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D. ERROR RELATIONS

as 

The previous sections indicate that AtDj and can be expressed

At D. = At D. (~ , 11) (52)

~
1kL = dkL (e, T) (53)

where

= { 6~~’ 81r3~ a13, a1,
3
, B 3. ~~~~~~ 

6 B’ ~B ’ 8B~ 
(54)

= 1
(k) 11(k) ]T (55)

= ~~~~~~~~~ 
~~~~ ~~~~ t~~~] (56)

If 
~N and 11N denote s the nominal values of ® and 1~, respectively,

deviat ions about the nominal can be expressed as

(57)

(59)

[ where

= ~~~~~ 
~j T 

(59)

The terms 5s8 and 811 represent system model e r rors .  Measured transit
tim es are r ep resented by r and their errors are denoted as ST.

To approximate the effects  of model and measurement e r rors

on A t Dj and
~~kL, (52) and (53) are linearized about ®N 1  11N and T to

yield

• 

AtDi = S® + (60)

dkL = 
~d® ~® + 

~dT ST (61)
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w her e

.j At
- (62

t® ~~~ ®N~ 11N -

~
) At

- 
Dj (63)t1~~ ~~11 ®NI 11N

I (64)

?~
dT ~~~T ®N’ T 

(65)

In this development , o® , 61) and & t  a r e ass umed to be no rm ally distri-

buted random variables with ze ro  means and the fol lowing second-order

stat ist ics :

E [ T
1 = P® (66)

E ~~~ 511
T ] = P11 (67)

E [ S T  S,r T ] = (68)

E ~~~~~ 60 T~ = 0 (69)

- 
E [611 6 T ] = 0 (70)

- 

• E [Sr 5® T
1 = 0 (71)

where  P~~P and P11 denote covariance matrices of S®, ST and ~11,
respectively. The error  Covariances P® and are specified by the
problem at hand . The error  covariance P11 can be modeled as 

- 

-

= 
~~ 

12 x2  (72 )
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when

o
~11 = ~~ [11~ (Fu), 11~,j (Fu)] (73)

The terms 11~ and are computed from (34) with = = F~~;
I is an nxrz identity matrix.n x n

Based on the first-order approximations of (60) - (61) and

the statistics of (66) - (71), A Dj and kL become normally distributed

with zero means and variances c,r~~~ and ,.
~~~~~~~

, respectively, where

• ~~® 
P0 J~ + J~11 ~ 11 

(74)

= 

~d® ~ ® ~~~~ ~dT ~~ T ~di 
(75)
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V. STAR IDENTIFICATION

The approach to star identification beg ins 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 t ransit time data to provide a basis for slit identification. Those
data matching the time predictions and having similar visual magni-
tudes are desi gnated as “multiple” transit data. The remaining
data are designated as “single” transit data.

Onc e the slits are identified , 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 char t of the star identification method is shown in

Figure 8. It is noted that the method consists of three basic opera-
tions : (1) 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.

‘ I
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f Input System Data
& Star Catalog

f Input Star InitializationMappe r Data j Operation

Initialize System
Parameters

Identif y Parallel
Slits

Screen
Operation

Extract Multiple
Transit Data

Perform Arc Length
Tests

I Star Selection
Ope ration

f Output Identified
Star Data J

Figure 8 • Flow Chart of the Basic Star Identification Ope rations
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A. INITIALIZATION

The f i r s t  task is to input system data, a star catalog and star

mapper data. System data include star mapper geometry parameters

(v i. B3
, a

13
, 5 W . ,  Fu. FL), spin motion parameters (w , 8

B ’ ~B’ °B~’
and error  parameters (P 8, P1., AM). The star catalog cons ists of
line of sight parameters (6 , ~) ) and the cataloged visual magnitude

(M a 
) associated with star a. Once obtained, the star catalog is

reduced by accounting for the maximum sensitivity of the star mappers,
— ( i .e . ,  ~~~~ � Mcm)

~ 
any a priori know ledge 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

and visual magnitudes (t~~~, M~~~). For this discussion, it is assumed

that the raw datahave 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

precess during successive scans.’
~
3
~ Once compieted, the resulting

data are reduced to a single scan for  star identification.
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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 t~~ and tmj  and
magnitudes ML3 

and M
mj 

from sensor i. a time residual r DJ 
and a

magnitude residual r MJ 
are computed as follows:

r DJ 
= tmj  

- t~ - At DJ (76)

r . = M  . - M . (77)Mj mj £ j

whe re At
DJ 

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

a magnitude score C
Mj are computed as

2 -l
CD. — rD. Vt (78)

CM . ~
r M . l  (79)

where

S. V~ = 2 + a
~D (80)

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

~tD 
is computed from (74) .

The decision rule is to accept the times (t ., t .) as “doubleLj m3
-
, - - slit” times if the following inequalities are true:

CD.< CDB (81)
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CM < AM (82)

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

the assumptions on the error statistics, the residuals rD) is normally
distributed. Thus the score CDj has a chi-squared distribution with

one degree of freedom . Moreove r , 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 tiansits associated

with the double slit transits. To this end, At
Ej 

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/

window s 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
th . .with the do uble transits to form the k— multiple transit group . Slit

designations are assigned and the parameters ~~~ and ~~~ are

computed via (43) - (48). • The above process continues until all

of the transits have been considered.

$ -37-

~ 

~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~~~~•~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~



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 beg ins by computing the arc length between

two stars associated with the first two multiple transit groups. In

general, for groups k and £ (Ic # L), the arc length 
~ kL ~~ computed

via (50)~ Then a residual r~~ is computed from and the arc length

d
B 
between stars a and B of the limited star catalog as

r~~ = - dkL (83)

where~~ B 
is specified in (51). Further-

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

— , aB~2 , 2 84’kL — 

~
rkL, Ia kL ( ‘

where is specified in (75).

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

if

C~~ < 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 candidate s for  group s (k , L )  are obtained, the

same procedure is used to obtain candidates for groups (L , 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 a, B and y comprise a consistent - -

triplet if each is a candidate in only two of the groups (k , £), (L , m)

arid (k , m) .
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• Finally, each of the candidates comprising a consistent tr iplet

is subjected to a magnitude test.  In thi s case , a residual is computed 1
f rom the cataloged visual magnitude ~~~~ of star a and the average

magnitude associated with the Ic— multiple transit group , or

rMk = M~
a) 

- ~~ (k) (86)

where

~~(k) 
i = l  

M
~~~

/nk 
(87)

and denote s the total numbe r of transits for  the k.~~ group . The

rule is to accept the three candidates as stars associated w ith the

multiple transit  group k if all three stars satisfy

k~k N A M  (88)

In a similar manne r , star t r iplets are identified for  the next

three transit group s ( i .e . ,  the last two of the previous group and one

additional set) . The process continues until all of the transit  group s

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 arid after the candidate .

I

-39-

~~~~~~~~~ —•--- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -  . - ~~ S.’ S. - - S .  .~ - ~~~S.~~~~- - - — ,‘~ 

._ - - • -
— —- ----~~~~--.. ‘-- —-— -—-- L~~~~~~~



-~~~~~ - - - -~~~~~~-- —-•- -- - — - - -

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 t ransformat ion matrix between the B and I f r ames  can be

exp ressed as

CB/I = Cs/B ~
8B, UB, 

~~~ 
c0,~1 (8~ , c~, s~) (89)

Assuming that 0B’ ~B and of CO/B are know n, the problem is

reduced to determining 6~~, ~~ 
and

A g ross 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

(a) 
= C~~

’
,1 (6~~e 0 ,  0 )  ( 90)

w her e

cos 5 sin 0
(a) si:c~ (9 1)

cos 8 cos Oa a

and is specified in (21) in terms of A~7
) and E~7

) which are known for

each multiple transit group. Thus (90) provides two independent relations

for each identified star.

The undetermined parameters  S , U and 0 can be estimated
$ S S

based on the following model:

6 (t) = 8~~ (92)

Q (t) = 0 (93)

85(t) = w0 (t - t
0

) + ( 94)

$
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where  S , U and 0 are constants corresponding to time t
50 So 80 0

Thus g ive n N ident if ied sta r s , the estimation problem can be
formulated to select parameters  8 , 0 and S such that theyso so so
minimize the estimation erro r

e 
~~m - 

•
n~1~~ (95)

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

~~50

p2 = (96)
p3 0

The term ~ denote s the estimate of p where m 1, 2 , 3. Givenm m
at least two identif ied star s , the es timate s can be comp uted via an

iterative least-squares procedure .  Once 
~ 

are known, estimates
of 8 , Ci and 8 are computed as

5 S S

(9 7)

• = (98)

~~ = w ( t - t ) + e  (99)

Finally, the estimate of the spacecraf t ’s inertial attitude is
r epr esented by the matrix

• ~~BII Ca/ B C011 (8 , Q , 8 )  (100)
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A reasonably close initial estimate of the unknow n parameters
can be obtained from the data of two identified stars. Give n j~~~~~~, i.~~~~~ .

and ~ of stars a and B. the unknown parameters p1 and p2 can be
computed as follows:

= arc sin 
~~ly~ 

(101)

p2 = arc tan ~1~’~1J (102)

~~~~~~~~~ ~~~ ~I are the I-f rame components of the spin direction,

T
= 

~~ix’ 5Iy’ sj~
) (103)

But can be expressed as

= A1 A5~ 5
~ I (104)

where

5SI = (0 , 0 J) T (105)

A51 = ~~~~~~ 4C?)]3x3 (106)

• A1 = [ (a) (B) ~ (aB) ] (107)

4~
) 

= [w  (t~~~- t )  + Q i
’ 

(108)

= [w (t~~ - t0) + °SO J
~~ 

~~~~~ (109)

The terms and ~~~~~ are inertial components of the

- 
vector which is orthogonal to and ~~~~~~~~ or

,- 1
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~ .(cw ) ~(B )
~ x~~= .. (a) 

~ThTi 
(110)

~1J. X~~~

Thus for  a given Q~~~, the elements of and and hence p1
and p2 can be computed. In turn , an estimate of p3 can be determined

as

sin p 1 sin p2 + cos p 1 + sin p 1 cos p2p = arc tan -3 cos p2 ~~~ - sin p2 ~Iz

- w (t~~ - t ) (111)
ii 0 13 0

Once an attitude estimate is obtained , a detailed star identif i-

cation operation can beg in. A typical procedure is to predict transit

times based on the gross attitude estimate and to match the results

with the measured single transit  data.~~
3>
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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 know n conditions and then processing the data through the

- program to identify stars and estimate spacecraft attitude. A
- measure of perfo rmance was obtained by comparing the progr am~s

results to the true star observations and attitude motion.

-4
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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 (desi gnated as motion B). In motion A, the spin rate

was set to w + Aw , where Aw denotes a spin rate error assumed
0 0 0

as

Aw
= Zn x 10~~ . (112)

Thus the actual spin ang le was simulated as

0 = 0  + ( w  + A w ) ( t - t )  (113)
5 50 0 0 0

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 83. and the cone frequency was 2 w0; the precession

rate was 2xlO w

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 . ,  Mcm = 4), Figure 9 indicates
the daily numbe r of stars w ithin 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-

merit errors:
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AM = ( . 01 M9~ + . 04) M 
(114)

= 6 x l0~~ T 5 
(115)

w he r e

M =4 (116)
cm

T = 2 ~& .~ / w  (117)
S 0

Parameters used by the star identification program were

mismodeled from the simulated data. In particular, the program

modeled the spin rate as w and the error covariances P0 
and P

as

(118)

2
= 

~~~i 
‘4 x 4  

( 1l9~

where

~~~= 0  
(120)

- 

S. ~~ 

=

~~~~~ 

+ 
(

~~~
)2 ~ - t~~) ) 2  + 0

~ D 
(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. ,

CDB = CAB = 6.635).
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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 prog ram ’s capability to discriminate between densely-spaced
data was further impaired. Also nutation tended

to reduc e the numbe r 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 d5 be no more than 1 star per area

covered by the field of view , or

d �d  (122)
5 Sm

w he r e

- d = 1/A (123 )sm F

= 
129600 (1 - C05 F

u) kF (124)

and kF is a geometry shape parameter.

Based on stars f rom the SAO catalog, the star density in stars/
square degree brighter than M are plotted against the visual magni-
tude M

~ 
are plotted in Figure 10. 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 ang les 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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Figure 10. Star Density versus Visual Magnitude
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purpos es, the visual magnitude parameter Mem can be reduced to
be consistent with the level of Fi gure 10. This reduction w ill limit

the numbe r of stars considered f rom the star catalog and improve

the computational efficiency during the star selection operation.
Figures  11 - 19 indicate the t ransi t  data of the January 12

run at various stages of the star identification program . The run

assumed motion A with visual magnitude tests .  The f i r s t  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 str ingent tests desi gned to provide a high probability of true

identification at the expense of missing valid stars.  In effect, the

sta r identification program tended to mi ss a valid star rather than

accept a false s tar .

The rss attitude estimation e r r o r  resulting f rom 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 w ith a model that

reflect these attitude deviations.
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VIII. SUMMARY AND CONCLUSION

The paper has presented a method to identif y s tars 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-

t ion 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 length
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 spacecraf t 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 mult i-star  crossing

ambiguities, the method tended to reject  dim stars f rom considera-

tion. However, those stars that were  processed were correctly
identified for the range of parameter considered.
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