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This works investigates the problem of estimating the scadedia parameters

of a space object using photometric and astrometric data. The inertia matrix is
parameterized in terms of the relative scaled inertias and the orientation of the
principal components because the system is not completely observable. A Un-
scented Kalman Filter (UKF) is presented that processes the lightcurve (single
band photometric) and angles (astrometric) data to estimate the orientation, rota-
tional rates, position, and velocity of the space object (SO) along with the scaled
inertia parameters.

INTRODUCTION

Space Situational Awareness (SSA) is concerned with collecting and maintaining knowledge of all
objects orbiting the Earth. A global network of radar and optical sensors collects the necessary data
for coarse space-object-catalog development and maintenance. Some of these sensors are powerful
ground-based telescopes that can resolve large SOs in Low Earth Orbit (LEO) such as the Hubble
Space Telescope and the International Space Station to high detail. Unfortunately, most objects are
too small and/or too distant to lend themselves to ground-based resolved imaging; such classes of
objects are labeled as “unresolved objects.” In particular, SOs in geosynchronous orbits, “micro”
and “nano” satellites are too small to be resolved using ground-based optical telescopes and fall
under the class of unresolved objects.

In addition, objects that are resolved may not acquire enough observations for accurate orbit
predictions. Therefore, the change in orbit needs to be predicted accurately while measurements are
unavailable. To predict the change in orbit accurately, while assuming the objects are rigid bodies,
the knowledge of an objects mass, material properties, and inertia must be known. This is entirely
due to the fact that non-conservative forces in space are position, attitude, and material property
dependent (e.g., perturbations due to solar radiation pressure (SRP)), thus making the inference of
the parameters, paramount.
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Much of the literature contains research that evaluatesxtpmitation of a spacecraft's onboard
measurements to infer its own inerti&.34> Current research also evaluates the use of 3D imaging
sensors to infer spacecraft mass properties from rangegiivdlaneasuremenfsTo the best of the
authors’ knowledge, no literature exists that has evatlitite use of lightcurve data collected from
ground based telescopes, to infer state, material, andpngsrties of SOs at GEO simultaneously.

Even though the amount of light collected from many objettSEO is small, optical observa-
tions may still be gathered to support orbit determinatiaod apace situational awareness (SSA)
efforts. These observations cannot directly resolve tlapesiof the SO; however, by analyzing the
time history of the measured brightness (i.e., lightcurvese can infer physical properties. Such
properties include the object’s physical parameters sgcbugace characteristics, shape, and at-
titude dynamics. Past work has shown that SO shape and $iwenation can be extracted from
these datd.

This work examines the exploitation of the inferred anguklocity and attitude profile of a SO
from lightcurve data to recover the scaled inertia matrike Thoments of inertia and mass distri-
bution are tightly coupled with the rotational dynamics ofabject, even though the observability
of these quantities from attitude profiles may be low for ipatar angular velocities. Unless the
attitude and material properties of the SO are known, one angybe able to observe the scaled
inertia matrix (i.e., function of inertia ratios) rathertithe full inertia matrix. In this work an esti-
mation strategy is developed to quantify the scaled inema&ix while making use of inertia matrix
properties such as positive definiteness and symmetry. béereability of these quantities is ex-
amined using analytical formalisms and information-tleéiorconcepts such as mutual information
and degenerate cases are identified. Supporting numeroalbsions are provided for different SO
angular velocity and attitude profiles to highlight the penfiance of the approach and observability
issues.

Rotational and Trandational M odels

The two-body equations of motion with SRP accelerationgaen by
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wherey. is the gravitational parameter of the Earth= ||r!||, andag’rp represents the acceleration
perturbation due to SRP, which will be discussed in detaihefollowing section. The superscript

I denotes that the vectors are expressed in inertial codedina

A number of parameterizations exist to specify attitudejuding Euler angles, quaternions
and Rodrigues parametéYs.This paper uses the quaternion, which is based on the Euler an
gle/axis parametrization. The quaternion is definedas [o” q¢4]7 with o = ésin(v/2), and
g4 = cos(v/2), whereé andv are the Euler axis of rotation and rotation angle, respelgtivThe
quaternion must satisfy a unit norm constraigt,q = 1. In terms of the quaternion, the attitude
matrix is given by

A(q) = EZ"(q)¥(q), )
where
=@ = | 1), (3a)
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for any generaB x 1 vectora defined such that the matrix form is equivalent to the vectoss
productfax|b = a x b.

The rotational dynamics are given by the coupled first-odiféerential equations:

. 1_
q = §E(QIB)“’§/17 (5a)
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wherewgﬂ is the angular velocity of the SO with respect to the inefftiane, expressed in body
coordinates (the notation superscriptdenotes that the vector is expressed in body coordinates),
Jsois the inertia matrix of the SO artﬂgp is the net torque acting on the SO due to SRP expressed
in body coordinates.

For this work Eq. §b) is rewritten in principal coordinates and the inertia rixais expressed as
Jso = C(qB) I C(q8)T, whereC(qB) is the orientation of the principal directions with respect
to the body coordinates and= diag([I; I» I3]) are the principal components. Then in principal
coordinates Eq.5p) becomes
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The inertia is inferred by estimation of the relative ingmatios, then by defining

z=[("7%) (°z") (57)]
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we can rewrite Eq.6) as
pirwaws
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The quaternion kinematics can be written in term&..cﬁ/l by noting thatwg/l = “’g/P +

A(ap)wp,;- Since the principal directions are fixed with respect todbey frame themw; , = 0
and the quaternion kinematics is given by
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The state that will be inferred in this work is given by
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wherev! = /. The following section will discuss the shape model and SREehused in this
work.

wpr = A(AP)(wgp + whyp)



(a) Geometry of Reflection  (b) Cuboid Shape Model

Figurel. Space Object Shape Model

SHAPE MODEL DEFINITION

The shape model considered in this work consists of a finitebau a flat facets, where each
facet has a set of basis vectors associated with it. Thes$e \mxtors are defined in Figudga)
and consist of three unit vectord’, u?, andu?. The unit vectoma? points in the direction of the
outward normal to the facet. For convex surfaces this moeebime more accurate as the number
of facets are increased. The vectaf$andu? are in the plane of the facet. The SOs are assumed to
be rigid bodies and therefore the unit vectaf$ u? andu’? do not change since they are expressed
in the body frame.

The lightcurve and the SRP models discussed in the nexbseatequire that these vectors be
expressed in inertial coordinates and since the SO bodyasing, these vectors will change with
respect to the inertial frame. The body vectors can be tat¢he inertial frame by the standard
attitude mapping given by:

u’ = A(af)ug, k=u,v,n (9)

whereA(q’IB) is the attitude matrix mapping the inertial frame to the b&dyne using the quater-
nion parameterization. Furthermore, the unit vettté[n points from the SO to the Sun direction,
and the unit vecton, ¢ points from the SO to the observer. The veatgris the normalized half

vector betweem,, andul . This vector is also known as the Sun-SO-Observer bise&ach
facet has an ared(i) associated with it. Once the number of facets has been defiveetheir basis
vectors are known, the areag:) define the size and shape of the SO. To determine the SRP forces

and lightcurve characteristics, the surface propertiest i@l defined for each facet.

For the development of the measured lightcurve data, fdce@ shape models are used. The
rectangular model is described by three parametets, andd, which are the length, width, and
height, respectively.

Solar Radiation Pressure Mode

For higher altitude objects>( 1,000 km), SRP represents the primary non-conservativieirper
bation acting on SOs. Because SRP is dependent upon the Sillsrpand orientation, its effect
couples the position and attitude dynamics.

For a SO comprised of a collection &f flat facets as defined in Figudga), the acceleration



perturbation due to SRP is given%t?

N
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whereSr = 1,367 W/m? is referred to the solar constant and is a measure of the finsitgieof
electromagnetic radiation incident on a sphere of radiub téntered at the Sun,= 299, 792, 458

m/s is the speed of light in a vacuum s the distance between the SO and the Sun expressed in
AU, msois the mass of the SQ@(i), .A(i) andul (i) are the emissivity, total area and normal vector
for the i facet andRsped i), Raitt () and Raps(7) are the spectral reflectance, diffuse reflectance and
absorption coefficients which are assumed constant overtiire plate. Under the assumption that
no energy is transmitted through the SO allows one to write

Rspe((i) + Ruit (i) + Rapdi) = 1. (1))

n

Sun. The functionZ[a] = max|[0, sign(a)] will be zero when a side is shaded from the Sun (i.e.
cos (6 (7)) < 0) and one when the facet is illuminated.

In addition, cos (6 (i)) = (ul, (z’))T ul,,is the cosine of the inclination of th# facet towards the

Equation (0b) can also be used in determining the torque on the SO due to BBfause the
spectral, diffuse and absorption coefficients are congieait the entire facet, the contribution of
SRP over the entire facet can be assumed to be a single fdilog @ the centroid of the facet. The
total torque is then given by

N

Ts?p = mSOZ [eB (Z)X] (A(QIB)aérp(i)) ) (12)
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where£? (i) is the position vector from the center of mass of the SO to émroid ofi'" facet.

Observation Model

Consider observations made by a optical site which measaigsith and elevation to a SO. The
terminology associated measurement is defined wdéis the position vector from the observer
to the SOx! is the position of the SO in inertial coordinatd! is the radius vector locating the
observer andd are the right ascension and declination of the SO, respgtiV is the sidereal
time of the observer) is the latitude of the observer, ads the East longitude from the observer
to the SO. The fundamental observation is given by

d! =r! — R’ (13)
In non-rotating equatorial (inertial) components the ved! is given by

x — ||R!|| cos () cos(\)
d = |y —||R!||sin(0) cos(N) | . (14)
z — ||RT||sin(\)



The conversion ofl! from the inertial to the observer coordinate system (UpHBlsth) is given

by
|:pu] { cos(A) 0 sin()\)]
e | = 0o 1 0
Pn —sin(A) 0 cos(\)
{ cos(f)  sin(6) O]
x | —sin(@) cos(d) 0 |dl.

0 0 1

(15)

The angle observations consist of the azimuth, az, andtedaya&l. The observation equations are
given by

az=tan~! <&> ) (16a)
Pn
el = sin~! (H(’;;H) . (16b)

In addition to the azimuth and elevation, the optical siseaecords the magnitude of the brightness
of the SO. The brightness of an object in space can be modsiaed a Phong light diffusion
modell! This model is based on the bidirectional reflectance disioh function (BRDF) which
models light distribution scattered from the surface dufédncident light. The BRDF at any point
on the surface is a function of two directions, the direcfimm which the light source originates,
and the direction from which the scattered light leaves tiseoved surface. The model in Ref1]
decomposes the BRDF into a specular component and a diffuspanent. The two terms sum to
give the total BRDF

Protal(i) = Pspet{i) + puiff (1) (17)
The diffuse component of EQLY), pait (7) represents light that is scattered equally in all direction
(Lambertian). The specular component of Eb7)( psped) represents light that is concentrated
about some direction (mirror-like). Referendel] develops a model for continuous arbitrary sur-
faces but simplifies for flat surfaces which is employed is thork. Therefore, the total observed
brightness of an object becomes the sum of the contribut@mn €ach facet.

Under the flat facet assumption the specular term of the BRi2Brnes"

nqu-uIi2 Ny (1— Ii2
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PspeO(i) =

where the Fresnel reflectance is given by

Frefiec(i) = Rspedi) + (1 — Repec(i)) (1 — ulyn- k(). (19)

The parameters,, andn, of the Phong model dictate the direction (locally horizbwtavertical)
distribution of the specular terms. The terms in EiB) (are functions of the reflection geometry
which is described in Figurg(a) The diffuse term of the BRDF for a single facet is

Pt (1) = (%‘:@) (1 — Rspedi)) [1 - <1 - Mv 5] [1 - (1 - u{l(z)fuébﬁ 5] -
(20)



The apparent magnitude of a SO is the result of sunlight tafpoff of its surfaces along the line-
of-sight to an observer. First, the fraction of visible $ght that strikes an object (and not absorbed)
is computed by

Fsun(i) = Csun,visPtotal(%) (ui(z) : U—éun) ) (21)

where Csunvis = 455 W/m? is the power per square meter impinging on a given object due t
visible light striking the surface. If either the angle beem the surface normal and the observer’s
direction or the angle between the surface normal and Sewtitin is greater than/2, then there

is no light reflected toward the observer. If this is the céisen the fraction of visible light is set to
Fsun(i) = 0. Next, the fraction of sunlight that strikes an object tisateflected must be computed:

Fsun(i).A(4) (ufl(z) ) u{)bs)
[’ '

Fobs = (22)
The reflected light is now used to compute the apparent gist magnitude, which is measured
by an observer:

Z obs)

C(SUI’I vis

Mapp = —26.7 — 2.5l00, ) (23)

where—26.7 is the apparent magnitude of the sun.

UNSCENTED KALMAN FILTER FORMULATION

The unscented Kalman filter (UKF) is chosen for state estandiecause it has at least the ac-
curacy of a second-order filférwithout the requirement of computing Jacobians like themoéd
Kalman filter (EKF). The UKF structure is used for estimatintational, translational, and parame-
ter states based on fusing angles and lightcurve data alithgheir associated models, as discussed
in previous sections. The attitude UKF described in REJ] [s used in the same manner as the one
shown in Refs.14] and [15].

Applying the UKF structure for attitude estimation has sarhallenges. For instance, although
three parameter sets are attitude minimal representatioesinherently have singularities. On the
other hand, the quaternion representation, which is a fatapeter set with no singularity, has a
nonlinear constraint which results in a singular covamamatrix, and the quaternion is not consti-
tuted by directly adding quaternions but through quatermiomposition. This does not allow use
of quaternions in a straightforward UKF implementation.istwwork uses the method in Refl3],
which overcomes these challenges by utilizing generaliRedrigues parameters (GRPS), a three
parameter set, to define the local error and quaternionsfiteedine global attitude. The represen-
tation of the attitude error as a GRP is useful for the profjagand update stages of the attitude
covariance because the structure of the UKF can be usedlgir€omplete explanations of the
guaternion and its mapping to GRPs are provided in R8fard [16].

In the UKF implementation described in Reld, the covariance matrix is interpreted as the
covariance of the error GRP because for small angle errersrifor GRP is additive and the UKF
structure can be used directly to compute sigma-points.efitee GRP sigma points are converted
to error quaternions and then to global quaternions for tiopamation stage. To compute the
propagated covariance, the global quaternions are cedvésterror quaternions and then back to
error GRPs. The process is then as follows: error GRRrror quaternion, error quaternicsh
global quaternion, global quaternien error quaternion, and finally error quaternienerror GRP.



Model and Measurement Uncertainty

A UKF is now summarized for estimating the state of a SO’s timsi velocity, orientation,
rotation rate, principal inertia components, and prinkcgrgentation given by
T T T T T
x=[qf of wg/l vt
The dynamic models from Egsl)(and 6) can be written in the general state equation which gives
the deterministic part of the stochastic model:

X =f(x,t) + G (x,t) (1), (24)

whereTI'(t) is a Gaussian white noise process term with correlationtiome)d(¢; — t2). The
function f (x,¢) is a general nonlinear function. To solve the general nealirfiltering problem,
the UKF utilizes the unscented transformation to deterriiigemean and covariance propagation
though the functiodf (x,¢). The dynamic function used in this work consists of rotesicand trans-
lational dynamics given by the sigma points, which are pgaped through the system dynamics:

E(Q?)A(qg)wgﬂ
. pirwaws
f([x,qa]) = Pawswi . (25)

[1
2

If the initial pdf, p(x,), that describes the associated state uncertainty is giversolution for the
time evolution ofp(x, t) constitutes the nonlinear filtering problem.

Given a system model with initial state and covariance \&ltlee UKF propagates the state
vector and the error-covariance matrix recursively. Atdige observation times, the UKF updates
the state and covariance matrix conditioned on the infaonagained from the measurements. The
prediction phase is important for overall filter performandn general, the discrete measurement
equation can be expressed for the filter as

Vi =h(xp, ty) + Vi, (26)

wherey; is a measurement vector ang is the measurement noise, which is assumed to be a
zero-mean Gaussian process with covariakige

All random variables in the UKF are assumed to be Gaussiatoravariables and their distribu-
tions are approximated by deterministically selected sigimints. The sigma points are selected to
be along the principal axis directions of the state errmacance. Given am, x L error-covariance
matrix P, the sigma points are constructed by

o < 2L columns from + /(L + \) Py, (27a)
xk(0) = p, (27b)
Xk (1) = o (i) + pg, (27c)

where/M is shorthand notation for a matriZ such thatM = Z Z”. Given that these points
are selected to represent the distribution of the stat@gezaich sigma point is given a weight that



preserves the information contained in the initial digttion:

A
mean __
Wo= o (28a)
A
Wgov L——l-)\ + (1 — Oé + ,8) (28b)
1
Wmean WCOV m, 'L — 1, 2, ey 2L, (28C)

where\ = o?(L + k) — L is a composite scaling parameter.

The constantr controls the spread of the sigma point distribution and khbe a small number,
0 < a < 1. The constank = 3 — L provides an extra degree of freedom that is used to fine-
tune the higher-order moments, afds used to incorporate prior knowledge of the distributign b
weighting the mean sigma point in the covariance calcuiatio

The reduced state vector, with the error GRP states for tihe gititude, position, and inertia
estimate problem are given by

’513?‘
oDp
s WBP

X P = B/I : (29)
{,I
T

L 41,

wheredp are the error GRP states associated with the quateéfiand: is used to denote estimate.
The initial estimatex, is the mean sigma point and is denoteg(0). The error GRP state of the
initial estimate is set to zero, while the rest of the statesimitialized by their respective initial

estimates.

Using Quaternionsfor UKF

The error quaternion, denoted by, (i), associated with thé" error GRP sigma point is com-
puted by}

Soy (i) = " [a+ dqz, (1] X7 (0), (30a)

—alx @I + F1/£2 + (1 - ) )]
gy (i) = , 30b
0 PGP %)
dqy (i) = [gsf 8] , (30¢)

whereq is a parameter from O to 1 arfdis a scale factor, which is often setfo= 2(a+1). Here it

is noted that the subscriptand superscripB in q? and its estimates are omitted in this section for
brevity. The representation of the attitude estimate peet by the™ error quaternion is computed
using the quaternion composition:

q; (1) = 0, (1) ® G, (0) (31)

, where
d®q=[¥dq) d]aq (32)



This forms the global quaternion. The error quaternionsesmponding to each propagated quater-
nion sigma point are computed through the quaternion coitigas

1

6q];+1(i) = él];+1(l) ® [QI;_H(O)] N ) (33)
where the notation for the inverse quaternion is defined as:
-1_| —@

p— . 34
a'=| 2] (34)

Using the result of Eq.33), the error GRP sigma points are computed as

00,4, (9)
Opjyy (i) = f————. (35)
P a+ 5Q4k+1 (4)

Angles data can be used to determine the unknown positionedadity of a SO. However, if the
position is coupled with the attitude dynamics, then andks can assist with attitude estimation
as well. However if position is known accurately, then usamiy lightcurve data is sufficient to
determine the orientation.

Summary of UKF

The UKF algorithm is described in Table The process starts by first defining two initial state
vectors, one that includes quaternion states and one ttiatdes error GRP states. The error GRP
states are initially set to zero. The initial covariancenmas defined as the initial error covariance
for the state vector that includes the GRP states, the &tamsél, rotational and parametric states.
The covariance matrix is then used to form the error GRP sigoiats. The error GRP sigma
points are converted to quaternion sigma points by cre&tirg quaternions from each error GRP
and then adding the error quaternion to the initial meanegoain using quaternion multiplication.

Next the quaternion sigma points are propagated througlsytbiem dynamics using equation
Eqg. 25). The estimated acceleration and torque due to SRP arelataiduvith Egs. 10) and
(12), respectively. After propagating the sigma points, th@reGRP states are computed with
the propagated quaternion sigma points. The propagated sig@a point quaterniory, ., ;(0),
is computed and stored, and error quaternions corresppioieach propagated quaternion sigma
point are computed. The non-attitude sigma points are theggated non-attitude states.

After setting the error GRP for the mean sigma point to zdte, gropagated sigma points are
recombined, and the propagated mean and covariance ardabatt as a weighted sum of the
sigma points, wheré).. 1 is the discrete-time process noise covariance. As prelyialiscussed,
measurements are available in the form of azimuth, elavatiw apparent brightness magnitude,
y = [Mapp az éI]T. Estimated observations are computed for each sigma psing the ob-
servation models discussed previously. The mean estinvatipdit are computed, and the output,

innovations, and cross-correlation covariance are coaapusing the sigma points.

Finally, the Kalman gain is calculated from the sigma pomd & used to update the estimated
state vector that contains the error GRPs. The quaternidateps performed by converting the
error GRP states oig toa quaternionéqu, via Eq. @0), and adding it to the estimated quaternion
using quaternion multiplication.
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Table 1. UKF for Rotational, Transational, and Parameter States

Initialize with

%P = pIxP) %9 = B{x,} PP = E{ (xﬁp - &21’) (xﬁp _x%p

)

Calculate GRP Sigma Points

s Op 6 .6
ka = [ka ka + v P4 ka -7 Pk—l}
Calculate Quaternion Sigma Points
xXp =[x x4+ Peor X =P

Propagate Quaternion Sigma Points
Xi = F [xi_,1]
Calculate GRP Sigma Points

[ ~0 ~0 ~0
ka:[xkp X]f""Y\/K ka_’Y Pk—l}

Time update
o 2L .
X1 = Dimo Wi x4 (2)
_ 2L . ~ . e
Py =220 WE X1 (8) — X34 ] X1 (4) — Xk+1]T + Qk+1

Measurement update
(i) = h [x(7), qy |

Vi = Dimo W Myi(i)
PP = Y2 WE (i) = 57 (i) — 9717
Py =Pl + Ry,
P/jy = Z?:Lo WEY [x (1) — f(l;] [y (i) — ylz]T
Ky = P (p)~
X =%, + Ki [yr — 3]
Pt =P, — K P KF

Quaternion update

d), = 84, ® & (0)
Set GRP to zero
op=[0 0 0]
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SIMULATION RESULTS

A simulation is presented to determine the estimator'sguerénce. An equatorial ground station
is chosen as the site of the observer for the truth model. ditiad, the scenario uses a shape model
which contains six sides. The SO is simulated to orbit in dinapusly sunlit near-geosynchronous
regime. This is accomplished by inclining the orbit3iydegrees and choosing an appropriate time
of the year, thereby avoiding the shadow cast by the Earth.

The initial inertial position and velocity are chosenrds= [-7.8931x10? 3.6679x10* 2.1184x
1047 km andv! = [-3.0669 — 4.9425 x 1072 — 2.8545 x 102]T km/s. The geographic
position of the ground site i8° North, 172° West with 0 km altitude. The time epoch of the
simulation is May8, 2007 at 5:27.55. The initial true quaternion attitude mappinanfrthe in-
ertial frame to the body frame is chosen@® = [1/2 0 0 1/2]7. A constant rotation rate,
defined as the body rate with respect to the inertial framgresented in body coordinates, is
used and given bw? s = [0.00262 0.002 0]” rad/s. A constant rotation rate, defined as the
body rate with respect to the inertial frame, representdabily coordinates, is used and given by
wh /1 = [0.00262 0.002 0.0002]” rad/s. The shape parameters of the SO are givem £y8.9443

m, d = 8.9443 m, andl = 7.8262 m. The true inertia parameters aredy = [0 0 0 1]7, and
I = diag([1500 1000 100]) kg—m? whereZ = [0.60 — 1.4 5.0]T.

For all simulation scenarios, measurements are genersiiegl zero-mean white-noise error pro-
cesses with standard deviation(®$ arc-seconds for azimuth and elevation. The initial errors f
the states aré km and0.001 km/s for the position and the velocity, respectively. Thigahcondi-
tion error-covariance values are setitokm? and0.0012 (km/s)? for the position and the velocity
errors, respectively. The time interval between the measeants is set t@0 seconds. Data are
simulated forl nights where observations of the SO are made oven@ur period.

The estimation errors, along with their respectdvebounds calculated from the covariance for
attitude, position, velocity, rotation rate, are shown igufe 3. The attitude is estimated to within
10° 3o of uncertainty, and attitude rate is found to witlad deg/hr 3 for the z-axis, y-axis, and
for the z-axis. Position and velocity are estimated to withihm and0.0028 m/s, respectively. The
scaled principal inertia ratios are estimated to withipercent 3, and the principal orientation is
estimated tal0° 30. Also, the roll axis principal orientation and the first smhinertia parameter
plot shows in Figure that these parameters are not completely observable. §Higei to the fact
that the spin of SO does not excite the system to span theamptars. Although these parameters
are weakly observable, the filter can still observe the ramgirelative inertias. The kinematic
states in Figureg and3 show proper filter convergence behavior in that, the residuars settle
down and are bounded by their compugedbounds.

CONCLUSION

An UKF estimation scheme using lightcurve and angles datwsed to estimate scaled iner-
tias and the orientation of the principal directions of are®@g with its associated rotational and
translational states. This work uses an assumed shape wfcglglsides and estimated scaled in-
ertia parameters for the SO. Using a UKF to employ brightmeagnitude and angles data, the
estimator was able to determine the scaled inertia parasneten SO to withinl percent for the
scaled inertia and degs for the orientation of the principal directions. Siatigdns were conducted
to study estimate accuracy. Adequate performance was flauride estimator and the errors were
well within the 3 bounds.
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