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This paper examines the problem of relative attitude observability for formations of
three, four and five vehicle formations. The analysis is rooted in within the principles of
maximum likelihood estimation insomuch as the metric for observability is the resulting
Fisher information matrix for the small attitude errors. For formations of three and four
vehicles it is shown that the relative attitudes are not observable by proving that the
Fisher information matrix is singular for these cases. For formations of five vehicles, the
observability relies on the number of LOS vector pairs available within the formation. It
is shown that a minimum number of 8 LOS vector pairs is necessary for the attitudes to
be observable, with all configurations of less LOS vector pairs yielding a singular Fisher
information matrix.

I. Introduction

Attitude determination involves the calculation of the orientation between two orthogonal reference
frames. While attitude determination doesn’t fall under any one specific discipline, it has been the space
community that has had the most interest in the attitude determination problem. The ability to successfully
accomplish a spacecraft’s mission is often directly related to the ability to determine its attitude to within
some tolerable level. Without accurate and dependable attitude knowledge a spacecraft risks losing power,
communications links and the ability to perform maneuvers, for example.

A particularly interesting and important division of attitude determination is that of relative attitude
determination. While all attitude determination is in some sense relative, here relative is defined as being
between two vehicles, i.e. the relative attitude between two spacecraft is the orientation of one spacecraft’s
body coordinate frame with respect to the other spacecraft’s body coordinate frame rather then with respect
to some inertial or intermediate coordinate frame. The need for accurate relative attitude information is
essential for a variety of applications with formation flying and rendezvous being just a few examples.

Relative attitude determination can be performed using both filtering and single point methods. These
methods, in some way, involve comparison of multiple line-of-sight (LOS) vector observations expressed
in one coordinate frame to those same vectors expressed in another coordinate frame. Filtering methods
combine these LOS observations with the system dynamics in order to estimate the relative attitudes in real-
time. Extended Kalman filters have been successfully used in estimating the relative position and attitude
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within formations of aircraft! and spacecraft.? Single point methods utilize only current LOS observations
in order to construct a geometric solution which does not rely on knowledge of the system dynamics or
prior knowledge of the system and/or observations. A purely deterministic solution to the problem of
relative attitude determination within a formation of three spacecraft has been shown.® A similar problem
is investigated in Ref. [4] where the relative attitude between two vehicles looking at a common object is
determined.

The solutions methods presented in Refs. [3] and [4] build off the previous work of Shuster® which
determines the attitude by calculating an axis of rotation and corresponding angle. While calculation of
the attitude with these techniques is rather straightforward, one drawback is that the resulting covariance
expressions for the attitude estimates can be quite cumbersome to calculate. Because of this, extension to
formations larger than 3 vehicles is quite tedious. This work presents an alternative method to calculate
the covariance matrix associated with single point relative attitude determination problem. The proposed
solution is based on the principles of maximum likelihood attitude estimation® and expresses the covariance
matrix as the inverse of the associated Fisher information matrix. The resulting Fisher information matrix
is calculated and can be easily altered depending what information is available at a given instant. Also,
through analysis of the Fisher information matrix for a particular formation it can be deduced whether
relative attitudes within the formation are observable with single point methods or whether filtering methods
are necessary to observe the relative attitudes.

The organization of this paper is as follows. First the measurement model and maximum likelihood for
attitude estimation are reviewed to serve as a foundation for all the analysis to follow. Next, the Fisher
information matrix for a formation of three planar vehicles is derived and the results are compared with
existing results in Ref. [3]. Planar formations of four vehicles are then examined and it is shown that the
Fisher information matrix is singular which shows that the relative attitudes within the formation are not
observable. Cases when planar formations of five vehicles will also be examined.

II. Measurement Model

This work assumes planar formations of vehicles like that shown in Fig. 1 which depicts a chief and
two deputy vehicles. Each vehicle is assumed to be equipped with some optical sensors which measure a
line-of-sight (LOS) vector to the other vehicles within the formation. The LOS vectors (also shown in Fig. 1)
are defined as follows: bf , 18 @ unit vector originating at emitter x and terminating at detector y, expressed
in terms of coordinate system X. Throughout this work it is assumed that the emitter and detector on each
vehicle are co-located at the vehicle’s center. In this regard each vehicle can be thought of much as being a
point mass. This situation is a good approximation for most all spacecraft applications where the distance
between vehicles is often orders of magnitude larger than the individual spacecraft themselves.

The detectors on-board each vehicle are assumed to be focal-plane detectors (FPD). The measurements
from the FPD have the following form:

b=b+v (1)

where b is an observation of the true LOS b and v is zero-mean Gaussian white noise with covariance R,
ie. v.~ N (v; 0, R). The covariance of the measurement noise can be modeled using either the QUEST

dq
bdl/c
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bﬁ/dl da/c
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by 4,

Figure 1. Three Vehicle Formation
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measurement model” or the wide-field-of-view model,® whichever is appropriate. The results presented herein
are not specific to a particular FPD covariance model and so the individual models are not discussed.

ITI. Maximum Likelihood Attitude Estimation

In many practical applications, the true LOS vector, b in Eq. (1), is not known, but rather given by a
reference vector r expressed in a different coordinate system than b. The relationship between b and r is
given by

b8 = AB R (2)

where A% is an attitude or rotation matrix which maps coordinates coordinate system R to coordinate
system B. Making use of Eq. (2) along with Eq. (1) leads to the following likelihood function for b:

L (B; A) ~ cexp [—% (B - Ar)TR’l (B - Ar)} (3)

where ¢ is a normalization factor to ensure Eq. (3) is a proper probability density function (pdf) and
()7 indicates the transpose. Note that the superscripts for the coordinate systems have been dropped

momentarily for clarity. Given a sequence of n observations {f)l, bo,..., f)n} dependent on A, the joint
likelihood function is given is given by

IS (- ) R (- an,)

=1

LlBr. Ba.... bus A)= [[ £ (Bi 4) = Cexp @)
=1

where C' = [, ¢;. The maximum likelihood estimate of the attitude, Ay, is that which maximizes Eq. (4).
Because of the monotonioc nature of the Gaussian distribution, this is equivalent to minimizing the negative
log-likelihood function, — In(L(by, by,..., by; A)). Taking the negative of the natural log of Eq. (4) and
retaining only terms dependent on App, leads to the following:

J(Ay) = % znj (BZ- - Ari)T R (BZ- - Ari) (5)
=1

Shuster® presents a method to determine the maximum likelihood estimate of the attitude from Eq. (5). The
present work focuses on analysis of the covariance of the maximum likelihood estimate. For estimation of
an unbiased parameter, the negative log-likelihood function can be used to bound the covariance by means
of the Cramér-Rao inequality”

P>F! (6)

where P is the error covariance of the parameter being estimated and the Fisher information matrix, F' is
defined as the Hessian of the negative log-likelihood function

F=E{$J(x)} (7)

As discussed in Ref. [6], the Fisher matrix for Eq. (5) is not well defined when the attitude matrix is
parametrized in terms of the quaternion'® because the quaternion components are not independent of one
another. For this reason the Fisher information matrix is instead defined in terms of the small roll, pitch
and yaw Euler angles, da, relating the maximum likelihood attitude estimate to the true attitude, A, via

AML = e_[éaX]A (8)
where i (Jda) 1~ cos (Jdal)
_pax] _ 5. _ sin(|dc — cos (|0c 2
e I3 5a [dax] + e [dax] (9)

and the matrix [ax] is the cross product matrix defined such that a x b = [ax] b for any 3-vectors a and b’
and I3 is the 3 x 3 identity matrix. When |dcx| is small, Eq. (9) can be approximated by

e70ex] — Iy — [Sax] (10)
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which leads to the often seen first-order approximation to the attitude matrix
AML = (13 — [éax])A (11)

After substituting Eq. (11) into Eq. (5), and taking two derivatives leads to

02 - _
F:E{WJ(éa)}:—;[bix]Ril[bix] (12)

where by is the true realization of the LOS observation b,. For the case of isotropic noise, R; = 0213, Eq. (12)
reduces to the well known QUEST covariance% !

“ 1
PQéES Z o2 (13 —b; bT) (13)
i=1 9

Because the true LOS vectors b; are unknown, the measured values b; can be used in calculation of the
covariance while only introducing second order errors.®

IV. Three Vehicle Formations

The concepts and principles introduced in the previous section are now applied to the problem of relative
attitude estimation in a formation of three planar vehicles, see Fig. 1. While there are three vehicles within
the formation, there exists only two independent relative attitudes. These attitudes are given as Aj and
Ag,, which are the attitudes mapping the deputy 1 frame to the chief frame, and that mapping the deputy 2
to chief frame, respectively. Note the attitude mapping the deputy 1 to deputy 2 frame can be constructed
from the other two attitudes as A 2 = (Ag,) 'AY . Because the attitude matrix is proper orthogonal we

have A= = AT it follows that Ag2 = (Ag,)TAg, = A% A5 .
A. Fisher Information Matrix Derivation

The maximum likelihood estimates of the attitudes A7 and Aj can be found by generalizing the negative
log-likelihood function from Eq. (5). Retaining only terms dependent on the unknown attitudes yields®

TG, A5 = 3 (B — A555,) Rem, (B, — 42,50,
+§(ﬁm2— 0b5,) B, (B0, — 45,55,
(bg2/d - Agz bgl/d )TRZE/IdI (bg2/d AgQA bgl/d )
= %Jc/d1 + §Jc/d2 + §Jd2/d1 (14)

where Agf = A§2A§1 has been used. Note that the subscript “ML” has been dropped from the attitudes for
clarity. First-order approximations to the relative attitude matrices follow directly from Eq. (11):

Aj, = (I — [ded, x]) 45, (15a)
A5, = (I3 — [6a, x]) AS, (15b)
Substituting Eq. (15a) into the first term of J./q, from Eq. (14) leads to
B0y = A Blja, = boja, — (4G, — [0, <] 43,) B,
= bg/d1 - bdld + [5ad1 ] bg}dl
— AByg, — By, x| S, (16)
aIt is important to note that Eq. (14) implies that the LOS vector pairs between vehicles are parallel. Specifically this implies

that the emitter and receiver are co-located on the vehicle.? While not strictly true in general, this assumption becomes valid
as the distance between vehicles becomes much larger than the individual vehicle sizes.
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where Af)g/d =b¢,, —AS b"  and we have made use of the relation [ax]b = — [bx]a. Note that Ab¢
1 c/dy di Zc/dy c/di
is not identically zero because the observations are made from different sensors. It is easy to show that

Af)g Jds has the following statistics:

E {ABg/dl} =0 (17a)
1.C r el c c pd d
B {AbS,, by, b= Ry, + AG RE, AD (17b)

Substituting Eq. (16) into J./q, yields
C 1.C c T ¢t I.C 1.C c
Jc/dl = (Abc/dl - [bc/dl ><:| éadl) Rc/d1 (Abc/dl - {bc/dlx} 6ad1)

vl et 1.C vl ¢! c c cT c et c c
= Abc/leC/dlAbc/dl — 2Abc/d1 /dl |:bc/d1 X:| 6ad1 — (Sadl |:bc/d1 X:| Rc/d1 |:bc/d1 X:| (Sozdl (18)

C

Using an identical procedure to that above for J., 4, results in

vl et 1.C vl ¢t e c cT c et c c
Jeja, = Abg g, Re g, Abg 4, — 2AbC 4 R, |:bc/d2 X} dag, — boyg, |:bc/d2 X} R¢ 4, |:bc/d2 X} dagy, (19)

with
1.C —_ 1cC c 1.d
A]Dc/d2 = bc/dg — dzbc;dg (20&)
E{abg,,} =0 (20b)
e rc’ c c d d
B {Abg;,, Abgy, b = Ry, + ARG, AL (20¢)

Evaluation of the term Jg, /4, is more complex due to the coupling of the attitudes:
AP 4G = AL (Is + [d0d, x]) (Is — [80rg, x]) A7,
= AP — AP [6a, x| AG, + AP [sag, x] AG, — A% [do, x| [dag, x| AG, (21)
Substituting Eq. (21) into Jg4,,q4, and simplifying yields

3 ]%11271
da/dy” "da/dy

A% (b5, g, x| 80,

Jusra, = AB% R ARE _oaRde gl oade [Be ] sal 4+ 24D A% [be . x| da
da/ds do/dy ¥y /di = Pdy/dy do/di Ve /di e da/dy di c da/dy d2

~2AB% | RY) A% [5a, %] [BS sas, — sl [bG A RE
d2/d1 d2/d1 c [ ad2x] d2/d1>< 0{dl 0{dl d2/d1>< da d2/d1

T e c dy 1 e c T fve c dyt c .C c
+ 200, [ dz/dlx} dszZ/dlAgz [bdz/dlx} dag, — 200, { dz/dlx} ngdZ/dlAgz (b, ¥] [bdQ/dlx} docg,
-1

T e c I.C c cT e c -1 c 1.C c
— 6ad2 |:bd2/d1 X:| Angd2 AgQ |:bd2/d1 X:| 6ad2 + 250d2 |:bd2/d1 Xj| Angd2 Ad2 [6ad2 X] |:bd2/d1 Xj| 6ad1

da/dy dy/di e
+ 0y, (b5, g, x| [0, x] A, Rz, AL [60g, x] b5, a, | 6025, (22)
with
Aby , =b3,, — AP, (23a)
E{ab%, 1 =0 (23b)
E {Af’gi/dl ABZZ/dl} = R((Z/dl + Ag? Rgé/dl Aill; (23c)

Substituting Egs. (18), (19) and (22) into Eq. (14) and collecting terms results in

Ac Ac 1 T (yire 1c c 1 T (vire e c cTiire c
J( dq> d2) = — 5504(11 (Wc/d1 + Wdz/d1) (Sadl — §6ad2 (Wc/dg + Wdz/dl) 6ad2 + 6ad1 Wdz/dléadz

+H.O.T. + f(ABE/dl, ABE/dg’ ABZi/dl) 29
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where the following matrices have been defined to simplify notation:

1c — |Re o [fe
c/di — |:bc/d1 X:| Rc/d1 |:bc/d1 X:| (25&)
i7c — | e o
c/dy = [bc/dg ><:| Rc/dg |:bc/d2 X} (25b)
745 = |pe c pdy’ da | e
Wi oy = [Bya <] A5 R 0, AL [B5, 0, %] (25¢)

The higher-order terms (H.O.T.) are those which are third and fourth order in the small attitude angle
errors. In the subsequent analysis these terms will be neglected For reference the H.O.T. are found to be

HO.T. = (Sag, —dag, ) [bS, 4, ]Ad2 % A [5a, ] (b5, /4, x| dets,
+ %&x;f (b5, 0, x| [60i, <] A5, RS 0, A% [0, %] (b5, 4, % | 6025, (26)

The terms in f(Af)g/dl, Af)g/dz, Af)gz/dl) are all those dependent on the Ab’s. When calculating the Fisher

information matrix with Eq. (Z) these terms all disappear because they are either not a function of the small
angle attitude errors or the Ab term appears linearly and being zero-mean the contribution vanishes during
the expectation.

Substituting Eq. (24) into Eq. (7) with sal = [aai Jai] results in

Fii Fio| _ |7 (ch/dl + Wdc2/dl) Wi, /a, (27)
T B c c c
Fiy Fxo W, a - (Wc/d2 —Wdz/dl)

where the W matrices are exactly those defined in Eq. (25) except that the true values of the vectors have
been used.

B. Singularity of the Fisher Information Matrix

Reference [3] has shown that when all observations lie within a single plane, the resulting covariance is
singular leading to the relative attitudes being unobservable. In what follows it is shown that the Fisher
information matrix in Eq. (27) is singular for the case of planar vectors and the null vector of the Fisher
information matrix is determined.

Begin by noting that the vector b§ ds/d, CAN be written as a linear combination of the vectors b¢ o/ds and

bg/dg

bgb/dl = O‘bg/d1 - ﬂbz/@ (28)
for arbitrary a and § in [—1, 1]. Substituting Eq. (28) into Eq. (25¢) results in
c c da c d
Wi ja, =0 [bc/dlx} dz/dlA { c/dlx} —ab [bc/dlx} dz/dlA : [ c/dzx}
—af |:bg/d2><:| d /d Atz b [ c/d } + B2 { o/ds } d /d Adz { i/dzx} (29)
For notational simplicity, we make the following variable changes:
bi/dl —Tr
b¢ /2, b
C71
RS4, — Ra (30)
RSy, — Reo
—1
Ry A% = Ry

Using these definitions, the block entries in Eq. (27) become

Fi1 = —[I‘X] (Rcl + a2R21) [I‘X] — ﬂz[bX]Rgl[bX] + Ozﬂ[l‘)(]RQl[bX] + OZﬁ[bX]RQl[rX] (31&)

Fiy = FL = a®[rx]Ra1[rx] + B%[bx]|Ra1[bx] — af[rx]Ra [bx] — af[bx]Ra [rx] (31b)

Fy = —[bX] (RCQ + ﬂzRgl) [bX] — OAQ[I'X]Rgl[I‘X] + Ozﬂ[l‘)(]RQl[bX] + OZﬁ[bX]RQl[rX] (31C)
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The Fisher information matrix can be shown to be singular by proving the existence of a vector within the
null space of F, that is, a vector z which satisfies Fz = 0. Partitioning the vector z as z7 = [ZF{ zg],
where z; and z, are each 3-vectors and carrying out the block multiplication of Fz leads to
Fiizy + Fi2z2 = 0 (32a)
Fioz1 + Foozo =0 (32Db)
The null vector is anticipated to lie in the plane of the formation. Let the vectors z; and zs be linear
combinations of r and b as
z1 = kir + kob (33&)
Zo = M1r + me (33b)
where k1, ko, m1 and mg are some unknown but to be determined constants. Substituting Eqgs. (31) and
(33) into Eq. (32a) and simplifying the resulting expression yields
F11Z1 + F12Z2 = klaﬂ[rx]Rgl[bx]r — klﬂQ[bX]Rgl[bX]I‘ — kQ[I‘X] (Rcl + 042R21) [I‘X]b + kgaﬂ[bX]Rgl[I‘X]b
— mlaﬂ[rx]Rm [bX]I‘ + mlﬂz [bX]RQl[bX]I‘ + m2a2[rX]R21[rx]b
— mgaﬁ[bX]Rzl [I‘X]b (34)

Similarly Eq. (32b) becomes

Fioz1 + Foozo = klﬁz[bX]Rgl[bX]r - klaﬁ[rx]Rgl[bx]r + kQOéQ[I‘X]Rgl[I‘X]b — kgaﬁ[bX]Rgl[rX]b
— ml[bX] (RCQ + ﬂQRgl) [bX]I‘ + mlaﬂ[rx]Rgl[bx]r — m2a2[rX]R21[rx]b
—l—mgaﬁ[bx]Rgl[rx]b (35)

The constants are now to be determined. Noting that the constants are arbitrary, by selecting ko = m1 =0
greatly simplifies Egs. (34) and (35) to

Fi1z1 + Fiozo = klaﬁ[rx]Rgl[bx]r - klﬁz[bX]Rgl[bX]r + m2a2[r><]R21[r><]b — mgaﬁ[bx]Rgl[rx]b

(36a)
Fiozq1 + Foozo = k1ﬁ2[bX]R21[bX]I‘ — klaﬁ[rx]Rgl[bx]r - mgaz[I‘X]Rgl [I‘X]b + mgaﬁ[bX]Rgl [I‘X]b
(36h)
Using [ax]b = — [bx]a and grouping like terms leads to
F11Z1 + F12Z2 = (m2a2 — klaﬂ) [I‘X]Rgl[rX]b + (mgozﬁ — klﬂQ) [bx]Rgl[bx]r (37&)
Fiozq + Foozo = (klﬁz — mgaﬁ) [bX]RQl[bX]I‘ + (klaﬁ — m2a2) [I‘X]Rgl[I‘X]I‘b (37b)

By selecting the constants as k1 = a and my = 3, it is easy to show that Egs. (37) reduce to zero. The null

vector is then given by
ar| _ ab Jd (38)
pb BbL 4,

By proving the existence of a null vector, the Fisher information matrix is proven singular resulting in an
unobservable system.

z =null(F) =

C. Discussion of Three Vehicle Singularity

The preceding discussion proved that the relative attitudes between three vehicles in a planar formation are
unobservable which are consistent with those shown in Ref. [3]. The singularity of the Fisher information
matrix is now discussed as a function of the amount of information available within the formation.
Recall from Fig. 1 that within the formation there exists three-pairs of matching LOS vectors, namely
g/dl — bgi/c, g/dz — bjz/c and bzz/dl - bgi/d2. While each LOS does not carry information on its own,
each pair contains two pieces of information. This information is in the form of an azimuth and elevation
angle between the two vehicles. Thus a single LOS pair contains information about two of the three angles
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[2F

Figure 2. Four Vehicle Formation

necessary to quantify the relative attitude between the two vehicles. The missing piece of information
corresponds to angular rotation about the LOS vector between the two vehicles. Considering all three LOS
pairs within the formation it is clear that six pieces of information are available to determine the relative
attitudes. With each relative attitude being comprised of three unknowns (the roll, pitch and yaw angles),
it would appear that enough information is known to uniquely determine the attitudes. However, the fact
that the LOS vectors between the vehicles form a triangle imposes an additional constraint on the system,
meaning that one more piece of information is necessary to determine the attitudes. The triangle constraint
is also equivalent to the constraint that all the LOS pairs lie within a common plane.* With the constraint
taking up one of the pieces of information available we find for the attitudes to be observable requires seven
pieces of information while the formation supplies only six leaving a deficit of one piece of information. This
deficit is apparent through numerical analysis of Eq. (27) which shows that the Fisher information matrix is
rank one deficient.

V. Four Vehicle Formations

Next the case of a formation of of four vehicles is discussed. The geometry of the formation can be found
in Fig. 2. In addition to the chief, deputy 1 and deputy 2, a third deputy (ds3) is introduced as seen. The
independent relative attitudes within the formation are given by Aj , Ag, and Aj , while the remaining
attitudes Agf, Agi‘ and Agg can be constructed as was previously shown. We again note that all vectors
defined in Fig. 2 lie within a plane.P It is also assumed that no three of the vehicles are colinear.

bNote the LOS vector definitions are not shown for clarity but obey the same naming convention as described in Sect. II.
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A. Fisher Information Matrix Derivation

Following the same principles laid forth in the Section IV, the attitude dependent portion of the negative
log-likelihood function, assuming a fully connected formation (i.e. no missing LOS information), is given by

. X X 1/~ al o~ T 1 /=~
d d ds\ __ c c 1.d c c d
J(ACI, AC27 Acg) _5 ( C/d1 — Adlbc}dl) Rc/d1 (bc/d1 - bc}dl)
1 I.C - do T ¢t (fe d
+ B} ( c/dy bc/d ) Rc/d2 (bc/d2 - bc7d2>
1 1. C 1c 1.d T et I-.C d
+ 5 (bc/d3 - dgbc?ds) RC/d3 (bC/ds - bC?ds)

T -1
d id rd d d Ad d
(bdi/d ~ ABAGBY ) R e, (BE e, - ARAGBE )
T -1
d Ad rd d d id d
(bdz/d Ac3 bdl/d ) Rdi/dl (bds/d Ac3 bdi/dl)
d;!

T
d 7 d: rd : d id cd
(bdg/d Acrg bd2/d ) Rdg/dg (bdi/d Ac3 bd2/d ) (39)

Following the same steps as in the three spacecraft analysis, Eq. (39) can be simplified to

1. 7~
J=- §6ad1 C/dléadl

1. 7~

— §6ad2 c/dzéadQ
1 T i5re

— §6ad3 Wc/dgéozd3
1. =~ 1

_ §‘$ad1 W, a0, — 25ad2 Wd Ja, 00, + 6ad1 Wd /4,00,

T o~

- %60421 W, a0, — ;&xds st/dléad + Jadl st/dléads

1

. 1 . .
- —60422 W, 4,00, — —6a§3 W, a0, + 60422 W, 4,00,

+HO.T. + f(AD]/q,, Abfg,, AbS/,, AbS . AbP . AbG,, ) (40)
where

Vea = [BEa, x| Ry, (B4, %] (41a)

Vear = B0, x| Ry, [B5a,%] (41b)

Veay = [BEar ] Rg;;3 15/, (41¢)

Wiy = [P ar %] AG R 0, A% [P0, %] (41d)

Wi, san = [Baya % | AG,RE /dlAd (55, /4% (41e)

Wiy, = [Pl 0, %] A5, Ry, AL (B, %] (41f)

9 of 16

American Institute of Aeronautics and Astronautics



The Fisher information matrix for this formation is computed with sal = 503? Jai Jai} and is

given by
[Fi, Fia Fis
F=|FL Fyn Fy
_F1T3 Fgg Fs3
o (ch/dl + Wdcz/dl + Wdcs/dl) Wdc2/d1 Wg?’/dl
= Wl(ijz/d1 o (ch/dz + Wl(ijz/th + Wl(ijs/dz) W;S/dz
i Wi, a, Wiy - (ch/d3 +Wiya, T chg/d2>

(42)

B. Singularity of the Fisher Information Matrix

While not intuitive the Fisher information matrix for the four vehicle formation is also singular, indicative
that the relative attitudes are not observable. This section proves that the Fisher information matrix is
again singular by developing an expression for a vector in the null space of F'. The following variable changes
are made in addition to those used in Eq. (30):

bg/dg — S
C71
RSy, = Res (43)

C df;l d3
d3Rd3/d1AC — R31

ESij;dQ A% — R,
The derivation begins by noting that the inter-deputy LOS vectors can be written as:
gg/d1 = k2 (Ofbi/gl1 - ﬂbi/dz) = ko1 (ar — fBb) (44a)
by a, = Fa (Oébi/dl - Vbi/dg) = k31 (ar —7s) (44b)
b, ja, = ka2 (m’i/dz - Wbi/d3) = k32 (Bb — 7s) (44c)

where «, 8,7, ko1, k31 and k3o are positive constants. (See Appendix A for proof) Using the definitions in
Egs. (30), (43) and (44) in Eq. (41) results in

Weya, = [rx] Rey [rx] (45a)

W4, = [bX] Rez [bx] (45b)

1as = [5X] Res [sx] (45¢)

W, 14, = k31 (0 [rx] Ray [rx] + 82 [bx] Ry [bx] — o [bx] Ray [rx] — a8 [rx] Ry [bx]) (45d)
ng/dl = k§1 (a2 [rx] Ry [rx] + 72 [sx] R31 [sx] — ey [rx] R31 [sX] — ay [sX] R31 [rx]) (45¢€)
Wi, 14, = K32 (8% [0X] Raa [bx] 4+ 7% [sX] Rsa [sx] — By [bx] Raz [sx] — B [sx] Raz [bx]) (45f)

Following the results of the three formation, it is assumed that a vector in the null space of F' takes on the
form

Z1 mr
Z= |20 = pb (46)
Z3 qs
so that F'z = 0 results in the following equations:
mEjir + pFiob 4+ qFi13s =0 (47&)
mEior + pFysb + qFo3s = 0 (47b)
mIi3r + plasb + qF33s = 0 (47c)
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Upon substituting Eqs. (45) and (46) into Eq. (47a), simplifying and gathering the results leads to
k31 (aBp — B7m) [bx] Ra1 [bx]r + k3, (a®p — afm) [rx] Ra1 [rx] b
T 12y (g — 7Pm) [sx] oy [sx]x + 2, (aq — aym) [rx] Rgy [rx]s = 0 (48)
Similarly, the results for Eqs. (47b) and (47c) are given by
k2, (B*m — afp) [bx] Roy [bx]r + k3, (affm — op) [rx] Ray [rx] b
+k35(68%q — Bp) [bX] Raz [bx]s + ki (8yvq — °p) [sx] Raz [sx]b =0 (49a)

K2, (12m — ayg) [sx] Rst [sx] 1 + K2, (aym — 0%q) [rx] Roa [rx]s
+ ki (v°p — Bya) [sx] Rz [sx] b + kiy (Byp — B%q) [bx] Rz [bx]s =0 (49b)
In order to prove the existence of a null vector, all of the leading coefficients in Eqgs. (48) - (49) need to

equate to zero. Of the twelve coeflicients, through cancelling it can be found that there are actually only
three independent conditions which must be satisfied:

ap = fm (50a)
ag =ym (50b)
Bq =p (50c)

A solution to which is given by m = o, p = 8 and ¢ = ~ so that the null vector is given by

ar Oébi/dl
z=|fb| = |BbE,, (51)
s b4,

C. Discussion of Four Vehicle Singularity

The results of the previous section show that even with the additional LOS information from the fourth
vehicle, the relative attitudes within the formation are still unobervable. At first the results are counter-
intuitive, but further examination of the total information available to the system gives insight into why
the attitude are unobservable. Begin by noting that for the four vehicle system there were three unknown
relative attitudes constituting 9 unknowns. For the formation shown in Fig. 2 there are 6 LOS pairs yielding
12 pieces of information available to the system. With more information than unknowns it would appear
that the attitudes would be over-determined. However, the LOS vectors not on the outer ring, i.e. b, /4, and
by, /4, each lead to the construction of two triangles a piece. Namely, b./q, constructs AC — Dy — Dy and
AC — Dy — D3, leading to two constraints. With the four constraints taken into consideration there are now
13 pieces of information needed with only 12 pieces of information available. The result is that the system
is rank one deficient which is apparent through numerical analysis of Eq. (42).

D. Four Vehicle Formations with Missing Links

The preceding analysis has focused on the formation when all communications links are present. However,
it may not be possible for all of the spacecraft to communicate with each other, be it because of a communi-
cations fault of bandwidth limitations. Consider the case where the deputy 1 - deputy 3 link is not present.
It can be shown that the Fisher information matrix for this system is given by

- (Wf/dl + chz/dl) Wiaya, 0
= Wl(ijz/d1 o (ch/dz o Wl(ijz/th + Wl(ijs/dz) W;S/dz (52)
0 Wztijg/dg B (ch/ds + Wl‘i:s/dz)

which is equivalent to Eq. (42) with Wy, /d, St equal to zero thus accounting for the missing link. For this
formation the relative attitudes remain unobservable and the Fisher information matrix is rank one deficient.
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This is because there is 10 pieces of information available throught the five existing LOS pairs, nine unknown
attitude parameters and two constraints in the form of AC — Dy — Dy and AC — Dy — D3 for a total of 11
pieces of information necessary. It can be shown, and has been verified numerically, that the null vector to
Eq. (52) is also given by Eq. (51).

It can be shown that for all combinations of one missing link, the Fisher information matrix can be
constructed by setting the missing link equal to zero in Eq. (42) and that the corresponding null vector is
given by Eq. (51). For configurations where more than one link is missing the Fisher information matrix is
also singular because there will be at most eight pieces of information and nine unknown attitude components.

VI. Five Vehicle Formation

The following section presents and discusses the preliminary findings associated with formations of five
vehicles arranged as shown in Fig. 3. Inclusion of the new fourth deputy (d4) means that a fourth relative
attitude, Ag,, is now present. As with all the preceding analysis, it is assumed that all vectors shown lie
within a plane and that no three vehicles are colinear.

C

N

Dy Ds

Figure 3. Five Vehicle Formations

A. Fisher Information Matrix Derivation

Derivation of the Fisher information matrix for the fully connected five vehicle formation follows the deriva-
tions of the preceding sections. Only the results here are presented for brevity:

sal = [dai dai 5a§: 50422 (53a)

F11 F12 F13 F14 Fll Wdc2/d1 Wdc3/dl Wdc4/d1
= Fly Fo Fs Fu| _ |Wga P22 Wi, Wi, (53b)

Flg F% F37§ P Wl‘i:s/dl W;S/d2 Fss W‘;“/d?’

Fiy Fyy Fzy Fu Wia, Wassa, Waya, —Taa
where

F11 = — (ch/dl + Wdz/dl + WdS/dl + Wd4/d1) (543)
Fy = - (Wc/d2 +Wiayya, + W pa, + Wd4/d2> (54b)
F33 = — (Wc/d3 + de/dl + Wg, Jd; T Wd4/d3> (54c)
F44 = — (Wc/d4 + Wd4/d1 + Wd4/d2 + Wd4/d3) (54d)
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Definitions of the matrices (f/b are given by Eq. (41) along with the new definitions

Wea, = [0 | Rea, [0, ] (55a)
Wiy = [b§4/d1 }Ad4 da /ldlA [bd4/d1 } (55b)
Wiiya, = [b§4/dz }Ad4 d4/d2Ad |:bd4/d2 } (55¢)
Wi aa = [D 0 %] AG R 0, AB b5, 0, %] (55d)

B. Numerical Analysis of Fisher Information Matrix

This section examines the observability of the five vehicle formation numerically. Specifically, we look at the
five vehicle formation with a varying number of LOS vectors in order see if the relative attitudes become
observable; and if so, what is the minimum number of LOS vector pairs necessary for observability. In
addition to the fully connected five vehicle formation shown in Fig. 3, the formations shown in Fig. 4 will
also be considered.

@ D2 Dl@ D2 Dl@ D2 Dl@

(a) 6 LOS Vector Pairs ) 7 LOS Vector Pairs ) 8 LOS Vector Pairs ) 9 LOS Vector Pairs

Figure 4. Five Vehicle Formations with Varying Number of LOS Vector Pairs

Numeric simulations are carried out by representing the vehicles as point masses within the 2-D plane.
LOS vectors are generated by assuming that the LOS vectors originate and terminate at the vehicle point.
These conditions strictly enforce the planar and parallel beam conditions. For simplicity, the measurement
noise covaraince of all LOS vectors is given by

R® = o%I3 (56)

with 2 = 17 x 1075, The true LOS vectors are used within the Fisher information matrix to access the
observability. The Fisher information matrix for the formation of Fig. 3 is that given by Eq. (53b). For the
formations of Fig. 4 the Fisher information matrix is given by Eq. (53b) but with the entries corresponding
to the missing links set equal to zero, in the same fashion as was shown in Sect. V.D. Figure 5 shows the rank
deficiency of the Fisher information matrix for the five vehicle configurations under consideration. What
is found is that for the 6 LOS vector pair configuration the Fisher information matrix is rank 2 deficient,
implying that there are two fewer pieces of information than unknowns. For this case it was expected that the
Fisher information matrix would be singular owing the fact that there are 12 unknown attitude parameters
to be determined, 12 pieces of information from the LOS vectors and one triangle formed. It is unclear at the
moment where the additional piece of information is being lost. At the time this manuscript was prepared
no attempt has been made to analytically verify the vectors within the null space of the Fisher information
matrix.

For the case of 7 LOS vector pairs the Fisher information matrix is only rank 1 deficient which is consistent
with our previous assumptions regarding the total amount of information held within the configuration. The
7 LOS vector pairs supply 14 pieces of information while the LOS configuration leads to the formation of
three triangles. The resulting system appears to have one fewer piece of information than is needed to be
observable. Again, no attempt has been made to analytically verify the null vector.

For the cases of 8, 9 and 10 LOS vector pairs it was found that the Fisher information matrix is full
rank, implying that the relative attitudes were all observable. These results are interesting in the sense
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Figure 5. Rank Deficiency of the Fisher Information Matrix for Five Vehicle Formations

that they are not consistent with the previous findings regarding the total amount of information within
the configurations. Consider the 8 LOS vector pair configuration. The 8 LOS vector pairs supply 16 pieces
of information. The LOS vectors between deputies 1 and 2, deputies 1 and 3 and deputies 2 and 4 lead to
the creation of 5 triangles. If all of the triangles used up one of the available pieces of information it would
appear that the Fisher information matrix should be rank 1 deficient. Similar observations can be made
about the 9 and 10 LOS pair configurations.

VII. Conclusion & Future Work

This paper presented current research efforts focused on studying the observability of relative attitudes
within formations of planar vehicles. The observability analysis was conducted by means of examining the
rank of the Fisher information matrix of the small attitude angle errors. For formations of three and four
vehicles it was shown that the Fisher information matrix was rank deficient by showing the existence of a
vector within the null space of the Fisher information matrix. Following in the steps of previously published
works it was reasoned that the Fisher information matrix was singular because of LOS vectors within the
formations formed planar triangles which absorbed pieces of information supplied by the LOS vectors.* For
formations of five vehicles the results on the rank of the Fisher information matrix were not consistent with
these earlier observations. It was found that for configurations of 6 and 7 LOS vector pairs the Fisher
information matrix was rank deficient, while for configurations of 8, 9 and 10 LOS vector pairs the Fisher
information matrix was full rank, implying that the relative attitudes were fully observable. It is unsure as
to why these findings are not consistent with those from the three and four vehicle formations.

Future work in this area will focus on examining the five vehicle formations more closely in an effort to
fully understand why, or why not, the relative attitudes are observable. Additionally, efforts into finding
solutions for four and five vehicle relative attitudes. Observability analysis for multiple vehicle formations
without planar vectors will also be examined as this is the most general case of formations and should be
addressed.
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A. Proof of Inter-Deputy LOS

This appendix proves the relationships in Eq. (44). Recall these relationships were given by

B0y = ka1 (abf g, = BbS4,) (44a)
b, /a0, = k31 (abi/dl - vbi/dS) (44b)
b, ja, = ka2 (ﬁbi/d2 - vbi/dg) (44c)

where «, 3, 7y, ko1, k31 and kso are positive constants. The LOS vectors between the vehicles within the
formation are simply a unit vector representation of the position vector between vehicles within the formation.
Let p¢ 4, be defined as the position vector from C to D; expressed in terms of coordinate frame C with similar
definitions for all the position vectors within the formation. The LOS vector b¢ i given in terms of pf Jd
is .

c pc/dl

by, = s (58)
4 e

Similarly, the LOS vector by, Ja, can be written as

Pa,/d,
b = —— (59)
@2/t = Jlpe ]
Noting that the position vector pg, Ja, Can be expressed as
Pay/dy = Pejdy — Pejds (60)
and substituting into Eq. (59) leads to
. Pera, ~ Peja
Pt = ol o
d2/d1
Rearranging Eq. (58) and substituting into Eq. (61) leads to
c B ||P§/d1H bi/gl1 - ||P§/d2H bi/gl2 (62)
da/h 195, 4,
d2/d1
Similarly, for bgs Jdy and bgs Jd, CaN be expressed as
. B ||P2/d1H bi/d1 - IIPi/d3H bi/d3 (63a)
b = 10 0] )
dz/dy
. B ||P§/d2H bi/gl2 - ||P§/d3H bi/gl3 (63b)
dafda 195, /4, I
d3/d2

With the use of the following associations:

o= Hpi/dlll ko1 = ||P§2/d1||
B = Hpg/dgn k31 = ||P§3/d1||
Y= Hpg/dgn k3o = ||P§3/d2||

it is clear that Eqgs. (62) and (63) reduce to Eq. (44) which is the desired result. It should be noted that
when given only the LOS vectors within the formation the constants cannot be uniquely determined (the
problem is in fact over determined), although simply proving the relationships of Eq. (44) are sufficient for
the context of this paper.
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