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ABSTRACT

When a resolved image of an object cannot be taken, its light curve can still be used to obtain information about its 
albedo-shape, including material composition, and attitude through the process of light curve inversion. However, 
even when the object’s shape is known, attitude estimation is plagued by ambiguities and non-convergence errors. 
Convergence errors often arise due to an insufficiently g ood fi rst gu ess or  mo tion co nstraints. Th is pa per offers a 
robust attitude estimation method for any torque-free rotational motion with no restrictions on the moments of inertia 
to address these problems. Possible orientations matching a specific brightness measurement are found to generate 
initial attitude guesses. Then, a swarm optimizer finds multiple attitude time histories that match the input light curve. 
Fully analytic torque-free expressions are used to compute propagated attitudes quickly. For non-convex objects, an 
approximation of the reflection model is used. Finally, the best-fitting attitude time history estimates are refined using 
a quasi-Newton method. The method is demonstrated using noiseless simulated light curves for a simple tetrahedron 
and a complex satellite model with several thousand surface elements.

1. INTRODUCTION

When an object in space is too far away for a resolved image to be taken, characterizing it via brightness measurements 
over time is still possible. These brightness measurements, also called the light curve, contain information about the 
object’s shape, material properties, and attitude, among other factors. The process of recovering information from a 
light curve is known as light curve inversion. In this study, the specific problem of recovering attitude information from 
the light curve of an artificial space object is c onsidered. The use case is a  known space debris object, a  spacecraft 
that has lost contact with its operators, or a similar situation where an object’s shape is known but not its attitude. 
Specifically, the object’s shape and the albedo-area of each surface are assumed to be known, as well as its orbit from 
astrometric measurements.

Solutions to the light curve inversion problem for attitude estimation, or the attitude inversion problem, face two 
difficulties. T he fi rst is  co nvergence. Be cause th e at titude inversion pr oblem is  no nlinear, in itial gu esses fo r the 
object’s attitude and angular velocity are required. Such a guess may not be available in all cases, especially for 
debris or a tumbling satellite. However, many attitude estimation methods can only converge to the correct solution 
with a sufficiently good initial guess of the object’s state, particularly for angular v elocity. For example, in Wetterer 
and Jah [1], attitude inversion using an unscented Kalman filter on s imulated measurements only converged to the 
correct solution if the initial angular velocity guess was within approximately 0.003 rad/s of the truth. The Euler 
angles describing its attitude were initially within about 52°of their true values. These values illustrate that, while 
there can be a significant amount of error in the initial attitude guess, the initial angular velocity guess requires more 
precision. The particle filter by Linares et a l. [2] also found a  converged solution with initial estimate errors of the 
same magnitude for both attitude and angular velocity. By contrast, the method proposed in this study performs a 
broad search of the solution space to autonomously generate initial state guesses without any input from the operator.

The second difficulty i s the ambiguity of brightness m easurements. As discussed by Gagnon and Crassidis [3] for 
two-dimensional objects and Burton and Frueh [4, 5] for three-dimensional objects, any given brightness measure-
ment could correspond to many different object attitudes. This ambiguity is present even when an object’s shape, 
reflective properties, and position are perfectly known, and there is no measurement noise. This ambiguity also holds 
for an entire light curve [2, 6]. Two or more distinct attitude time histories can match a specific set of brightness 
measurements equally well. In the absence of a priori information about the observed object’s attitude, this ambiguity 
must be taken into account.
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As a result of the problem’s ambiguity, some approaches to attitude inversion limit their scope. Some of these do not
attempt to estimate attitude directly, but only the type of motion undergone by an object [7, 8]. Other methods may
be limited to specific shapes or types of motion [9, 10]. Alternatively, others have used solvers such as the particle
filter [2] or adaptive Gaussian filter [6] that can capture the multimodal nature of the attitude estimate’s probability
distribution. These solvers are capable of addressing the ambiguity of the problem but still require an initial guess,
and in the cited papers, are only tested on objects rotating about a single axis [2, 6], which is not generally realistic for
objects in Earth orbit [7, 11].

The method proposed in this study addresses the ambiguity difficulty without reducing the problem’s scope and without
assuming prior knowledge of the object’s attitude or angular velocity. A pair of particle swarm optimizers (PSOs) are
used to generate initial attitude and state guesses for the object of interest based on the light curve measurements.
Some of these initial guesses or estimates are then passed to a quasi-Newton optimizer [12] to be further refined. No
assumption is made about the object of interest’s motion apart from its being approximately torque-free. The light
curve’s ambiguity is addressed by generating multiple attitude estimates, which can be compared with each other and,
if necessary, ruled out using follow-up observations.

This paper begins by discussing the PSOs used to solve the attitude inversion problem. It then describes the analytic
attitude solutions and the reason for their adoption. Finally, the method is applied to three test cases involving rapid
torque-free rotation. In each case, the object begins with an angular velocity of 1.5 rad/s about a random axis, and the
light curve consists of twenty-five noiseless measurements taken over twenty seconds. The first test case is a convex
object with axisymmetric moments of inertia (MOI). The second is the same object with non-symmetric MOI, and the
third case is a detailed model of the Transiting Exoplanet Survey Satellite (TESS) [13] following the same attitude
trajectory.

2. INITIAL ATTITUDE PARTICLE SWARM OPTIMIZER

2.1 Overview

The particle swarm optimizer (PSO) proposed by Eberhart and Kennedy [14] uses the social behavior of animals
moving in a swarm or flock as a model for searching the solution space of an optimization problem. Two PSOs are
used in this study. The first is used to find possible orientations of an observed object at the initial measurement time,
and the second is used to perform the light curve inversion. This section and Section 3 will each show how a PSO was
applied to the specific problems of finding possible initial attitudes and estimating attitude time histories.

2.2 Cost Function

Let J(xxx) be the cost function of an optimization problem. A “particle” is then a possible solution to the optimization
problem described using the estimated state vector x̂xxi and a velocity vector vvvi where i is the particle’s index. For the
possible initial attitude PSO, the cost function J = Jatt is:

Jatt =
Im − IL(q̂qq)

Im
(1)

where Im is the measured light curve intensity at the initial time step, IL is the simulated intensity for a given attitude,
and q̂qq = (s,vvv) is a quaternion composed of a scalar s and vector vvv. The quaternion q̂qq corresponds to the estimated
rotation from an approximately inertial space-fixed coordinate frame to a body-fixed frame in the object of interest.

The particles move through the problem’s solution space, searching for the minima of the cost function. Generally,
the particles are informed by what other swarm members have seen, making it more likely that they will converge on
a single global minimum rather than settling into many local minima.

2.3 Initial Particle Creation

At the PSO’s start, each particle’s initial position x̂xxi must be set. The positions may be set randomly, as suggested by
Eberhart and Kennedy [14], evenly distributed across the solution space, or placed at pre-selected points.

The solution space for the possible initial attitude PSO is the set of unit quaternions. The four-dimensional unit
quaternions are represented using four-dimensional spherical coordinates ε,ζ ,η ∈ [−π,π] to allow the motion of
particles in the solution space to be unconstrained.
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q̂qq = (q0,qqqv) =

sinε sinζ sinη ,

 cosε

sinε cosζ

sinε sinζ cosη

 (2)

The particles are initialized as evenly spaced in attitude space with spherical coordinates x̂xxi. Each particle is also
assigned a random initial velocity vvvi in the solution space.

x̂xxi =

εi
ζi
ηi

 vvvi =

vi,ε
vi,ζ
vi,η

 (3)

The initialization process is completed by evaluating the cost function J at each particle’s location x̂xxi. Each particle
stores its current position and the corresponding cost as the best solution x̂xxB,i it has seen with cost JB,i.

The PSO may also allow particles to communicate with each other. If this is the case, then each particle is assigned
other particles as “neighbors” and records the lowest-cost solution among it and its neighbors as the local best x̂xxl,i with
cost Jl,i. The best solution seen by any particle in the swarm may also be recorded as the globally best solution x̂xxg with
cost Jg.

2.4 Iterations

After initializing the PSO, the particles are moved through solution space a set number of times to look for the minima
of J(x̂xx). Before moving the particles, their velocities are updated based on the best solutions found so far. Each particle
is accelerated by a random amount according to the following expression:

vvv+i = vvv−i +α
[
Rb(x̂xxB,i − x̂xxi)+wlRl(x̂xxl,i − x̂xxi)+wgRg(x̂xxg − x̂xxi)

]
, (4)

where vvv−/+
i is the velocity of the i-th particle before and after the update, α is a positive constant, and the Rx terms are

random numbers between 0 and 1. The non-negative weights wl and wg control how much importance the PSO gives
to the local best and globally best solutions, respectively. The magnitude of vvv+i is capped at a set value vmax.

For the initial attitude PSO, wl and wg are set to zero. These weights force each particle to consider only the best
solutions it has personally encountered, meaning that the PSO will find a larger number of local minima than if the
particles communicated with each other. In many contexts, this would not be desirable behavior. However, the possible
attitude PSO aims to locate as many attitudes as possible, so particles settling into many local minima is desirable in
this context.

Once the particle velocities have been updated, the particles are moved through the solution space as shown below:

x̂xx+i = x̂xx−i + vvv+i (5)

where x̂xx−/+
i is the position of the i-th particle before and after being updated.

After this step, the cost function J(xxx) is evaluated at each particle’s new location. The particles’ personal and local
best solutions and the swarm’s global best solution are then updated. If the completion criteria have been reached, the
PSO outputs the results. If not, the particles are accelerated and moved again per Equation (4) and Equation (5).

2.5 Motion in Angle Space

The definition of the attitude space representation in Equation (2) constrained the spherical coordinates {ε,ζ ,η}
to be between −π and π , but Equation (5) allows unconstrained movement of the particles through solution space.
Therefore, the periodic nature of q̂qq(ε,ζ ,η) in Equation (2) is leveraged to keep the particles within that range.

Let ξ ∈{ε,ζ ,η} be one of the spherical coordinates. The periodicity of the attitude representation means that changing
ξ by ±2π results in the same attitude representation. The subtraction operation in Equation (4) may therefore be
calculated as follows:
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ξB,i −ξi =


ξB,i −ξi −2π if (ξB,i −ξi)> π

ξB,i −ξi +2π if (ξB,i −ξi)<−π

ξB,i −ξi otherwise
, ξ ∈ {ε,ζ ,η}. (6)

The addition operation in Equation (5) is also slightly modified. When updating a particle’s location, any spherical
coordinates that would fall outside the allowed range are shifted by 2π so that they fall inside of it.

ξ
+
i =


ξ
−
i + v+i,ξ −2π if (ξ−

i + v+i,ξ )> π

ξ
−
i + v+i,ξ +2π if (ξ−

i + v+i,ξ )<−π

ξ
−
i + v+i,ξ otherwise

, ξ ∈ {ε ,ζ ,η}. (7)

3. LIGHT CURVE INVERSION PARTICLE SWARM OPTIMIZER

3.1 State and Cost Function

Once a set of possible attitudes is found at the initial measurement time, another PSO is used to invert the light curve
and find initial object states matching the input light curve. The initial object states are the object’s attitude and angular
velocity at the initial measurement time.

x̂xxi =

[
ŷyyi
ω̂ωω i

]
=


εi
ζi
ηi

ωi,x
ωi,y
ωi,z

 (8)

where εi, ζi, and ηi correspond to the same angles in Equation (3), and ωi,x, ωi,y, and ωi,z are the components of the
object’s estimated angular velocity ω̂ωω i relative to the space-fixed frame.

The cost function of the light curve inversion PSO is based on how well a propagated light curve matches the input
light curve:

JLC(ŷyyi) =
N−1

∑
j=0

[
Im, j − IL(q̂qq j)

]2
, (9)

where N is the number of measurements in the input light curve, Im, j is the measured light curve intensity at time t j,
and q̂qq j is the attitude at t j found by propagating the initial state x̂xxi. Section 4 discusses an analytic attitude propagation
method that can be used to calculate q̂qq j for torque-free rotational motion.

3.2 Initial Particle Creation

The states in x̂xxi are divided into two kinds: the initial attitude states ŷyyi, and the initial angular velocity states ω̂ωω i. When
initializing the PSO, the attitude and angular velocity states are generated separately, and then a particle is initialized
for each attitude-angular-velocity pairing.

The initial attitude states are the possible attitudes found using the possible attitude PSO, and the angular velocity
states are randomly generated with a maximum magnitude equal to the Nyquist frequency of the input light curve.
Assuming that the light curve measurements are ∆t seconds apart, then this maximum magnitude is as follows:

ωmax =
π

∆t
rad/s. (10)
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Once n initial attitudes ŷyy( j) and m initial angular velocities ω̂ωω( j) have been generated, they are combined to form the
set of nm initial state guesses.

{x̂xx1, x̂xx2, ..., x̂xxm, x̂xxm+1, ..., x̂xxnm}=
{[

ŷyy(1)
ω̂ωω(1)

]
,

[
ŷyy(1)
ω̂ωω(2)

]
, ...,

[
ŷyy(1)
ω̂ωω(m)

]
,

[
ŷyy(2)
ω̂ωω(1)

]
, ...,

[
ŷyy(n)
ω̂ωω(m)

]}
(11)

The initial velocities of the particles are then randomly generated. The velocities of each particle in the attitude state
space vvvi,y and angular velocity state space vvvi,ω are generated and updated separately.

For the light curve inversion PSO, the local weight wl and global weight wg in Equation (4) are not necessarily set
to zero. Therefore, particles are assigned neighbors at initialization, which are used to obtain the x̂xxl,i solutions. Each
particle’s neighbors are the nl particles with the same initial attitude estimate ŷyyi and the angular velocities closest to
ω̂ωω i.

3.3 Motion in the Solution Spaces
After initialization, the light curve inversion PSO is run as described in Section 2.4. However, because the attitude and
angular velocity estimate spaces have different properties, the state components ŷyyi and ω̂ωω i are updated separately.

The spherical coordinates representing the attitude quaternion are bounded on [−π,π] just as for the possible attitude
PSO. Therefore, the difference between a particle’s attitude estimate ŷyyi and its the best solutions ŷyyB/l/g,i is calculated
using Equation (6). The position of a particle in attitude space is also updated according to Equation (7) to ensure the
spherical coordinates stay in the allowed range.

The angular velocity space is treated as a Cartesian space and updated using Equation (4) and Equation (5). Note that
the attitude and angular velocity estimates use different maximum velocities vmax and acceleration constants α when
updating a particle’s velocity in their respective spaces using Equation (4).

4. ANALYTIC TORQUE-FREE MOTION

4.1 Motivation and Attitude Representation
Over the course of a single run, millions of individual attitudes need to be generated by propagating the initial state
x̂xxi =

[
ŷyyi ω̂ωω i

]T . This propagation is computationally expensive if done numerically. Therefore, analytic solutions to
the torque-free rotational equations of motion are used. Torque-free solutions to the rotational equations of motion
have been known for some time but are often not given in full, even in standard textbooks of rigid body dynamics [15].
As such, the torque-free attitude expressions used by the light curve inversion PSO are fully written out in this section.

The version in this study uses a 313 (φ ,θ ,ψ) Euler angle sequence to represent attitude for short axis mode (SAM)
rotations and a 131 (φ ,θ ,ψ) Euler angle sequence for long axis mode (LAM) rotations. These sequences were chosen
because of the physical meaning of the Euler angles. The first angle φ in both sequences is the precession angle, the
second angle θ is the nutation angle between the principal rotation axis and the angular momentum vector HHH, and the
third angle ψ is the spin angle.

4.2 Short Axis Mode Angular Velocity

Let the body-fixed coordinate system b̂ of the object of interest be a principal axis system arranged such that Ix ≤ Iy ≤ Iz,
where Ii is the moment of inertia about b̂i. The object is undergoing SAM rotation if it is rotating primarily about the
“short” b̂z axis, and LAM rotation if it is rotating primarily about the “long” b̂x axis. Mathematically, the two can be
distinguished using the dynamic moment of inertia Id [16]:

Id =
H2

2T
(12)

where H is the angular momentum magnitude and T is the rotational kinetic energy. If Iy < Id , then the object is
experiencing SAM rotation. On the other hand, if Id < Iy, the object is experiencing LAM rotation. If Id = Iy, the
object is undergoing a single axis rotation about b̂y.

The analytic expressions for SAM angular velocity are adapted from Benson [16]. The same solution is found in
Samarasinha and A’Hearn [17], and similar ones are derived in Thomson [18] and Murakami [19].
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ωx(t) =±ωe

√
Id(Iz − Id)

Ix(Iz − Ix)
cn(τ,k), ωy(t) =±ωe

√
Id(Iz − Id)

Iy(Iz − Iy)
sn(τ,k), ωz(t) =±ωe

√
Id(Id − Ix)

Iz(Iz − Ix)
dn(τ,k) (13)

where sn(τ,k), cn(τ,k), and dn(τ,k) are the Jacobi elliptic functions. The sign of each term is chosen based on the
initial angular velocity ωωω(t0). If ωz(t0)≥ 0, then all terms use “+.” If ωz(t0)< 0, then ωz and either ωx or ωy use “−.”
If ωy(t0) = 0, then ωx is assigned “−”; otherwise, ωy is assigned “−.” The constant ωe is the effective spin rate

ωe =
2T
H

, (14)

τ is a timelike parameter, and k is the elliptic modulus. These are all calculated as follows:

τ = nτ(t − t0)+ τ0 (15)

nτ = ωe

√
Id(Id − Ix)(Iz − Iy)

IxIyIz
(16)

τ0 =
∫

Φ

0

1√
1− k2 sin2 x

dx = F(Φ|k2) (17)

k2 =
(Iy − Ix)(Iz − Id)

(Iz − Iy)(Id − Ix)
(18)

where F(Φ|k2) is the incomplete elliptic integral of the first kind. The angle Φ in Equation (17) is the angle that
satisfies the following identities based on the initial angular velocity ωωω(t0):

cosΦ =

√
Ix(Iz − Ix)

Id(Iz − Id)

ωx(t0)
ωe

sinΦ =

√
Iy(Iz − Iy)

Id(Iz − Id)

ωy(t0)
ωe

. (19)

4.3 Short Axis Mode Attitude Solution

The analytic expressions for torque-free SAM rotation follow Murakami [19]. The expressions for the nutation angle
θ(t) and spin angle ψ(t) are found using the definition of the angular momentum vector, given below. Since the Euler
angle sequence is defined relative to the angular momentum, the components of the angular momentum unit vector ĥ
can be written in terms of the Euler angles:

ĥ =
1
H

Ixωx(t)
Iyωy(t)
Izωz(t)

=

sinψ sinθ

cosψ sinθ

cosθ

 . (20)

After some manipulation, expressions for θ(t) and ψ(t) are found. Note that the nutation angle θ(t) is limited to the
range [0,π].

θ(t) = cos−1
(

Izωz(t)
H

)
(21)

ψ(t) = tan−1
(

Ixωx(t)
Iyωy(t)

)
. (22)
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The precession angle φ(t) is found using the relation between the Euler angle derivative and the body-frame angular
velocity [20]:

φ̇ =
1

sinθ
(ωx sinψ +ωy cosψ) . (23)

After integrating, the solution is found to be:

φ(t) =
H
Iz
(t − t0)−

H(Ix − Iz)

nτ IxIz

[
Π

(
am(nτ t + τ0),−

Iz(Iy − Ix)

Ix(Iz − Iy)
,k
)
−Π

(
am(τ0),

Iz(Iy − Ix)

Ix(Iz − Iy)
,k
)]

(24)

where am(τ,k) is the Jacobi amplitude function. The constants nτ , τ0, and k are defined in Equation (16), Equa-
tion (17), and Equation (18), respectively. The Π function is the Jacobi incomplete elliptic integral of the third kind.
While Π is useful for the mathematical derivation, the equivalent symmetric elliptic integrals are more convenient
when numerically computing the integral [21, 22, 23].

Note that the 313 Euler angles were defined such that the angular momentum unit vector ĥ is initially parallel to a
space-fixed z-direction unit vector. Therefore, in most cases, an additional rotation will be needed to align the space-
fixed frame with the angular momentum unit vector before propagating the Euler angles.

4.4 Long Axis Mode Expressions

An alternate set of angular velocity and attitude equations is used if the object is undergoing LAM rotation. The LAM
angular velocity functions [16] are as follows:

ωx(t) =±ωe

√
Id(Iz − Id)

Ix(Iz − Ix)
dn(τ,k) ωy(t) =±ωe

√
Id(Id − Ix)

Iy(Iy − Ix)
sn(τ,k), ωz(t) =±ωe

√
Id(Id − Ix)

Iz(Iz − Ix)
cn(τ,k) (25)

k2 =
(Iy − Iz)(Ix − Id)

(Iy − Ix)(Iz − Id)
(26)

where the sign of each term is chosen based on the initial angular velocity ωωω(t0). If ωx(t0)> 0, then all terms use “+.”
If ωx(t0) < 0, then ωx and either ωy or ωz use “−.” If ωy(t0) = 0, then ωz is assigned “−”; otherwise, ωy is assigned
“−.” The parameter τ is defined as in Equation (15) except that nτ is

nτ = ωe

√
Id(Iz − Id)(Iy − Ix)

IxIyIz
(27)

and τ0 is computed as in Equation (17) with Φ for the LAM case now satisfying the following expressions:

cosΦ =

√
Iz(Iz − Ix)

Id(Id − Ix)

ωz(t0)
ωe

sinΦ =

√
Iy(Iy − Ix)

Id(Id − Ix)

ωy(t0)
ωe

. (28)

The LAM attitude solution is found in a similar way to the one in Murakami [19]; however, it uses a 131 Euler angle
sequence so that φ , θ , and ψ are still the precession, nutation, and spin angles, respectively. Because of this change,
the expressions are somewhat different. As before, the angular momentum unit vector ĥ in the body frame is related
to the Euler angles:

ĥ =
1
H

Ixωx(t)
Iyωy(t)
Izωz(t)

=

 cosθ

−cosψ sinθ

sinψ sinθ

 . (29)
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The nutation angle θ(t) and spin angle ψ(t) expressions are found directly from Equation (29):

θ(t) = cos−1
(

Ixωx(t)
H

)
(30)

ψ(t) = tan−1
(

Izωz(t)
−Iyωy(t)

)
. (31)

In Equation (31), the negative sign is left in the denominator to help determine the spin angle’s quadrant. The preces-
sion angle φ is found by integrating the relationship between the precession rate and the angular velocity components:

φ̇ =
1

sinθ
(ωz sinψ −ωy cosψ) . (32)

After integration, the φ(t) expression is found:

φ(t) =
H
Ix
(t − t0)+

H(Ix − Iz)

nτ IxIz

[
Π

(
am(nτ t + τ0),−

Ix(Iz − Iy)

Iz(Iy − Ix)
,k2
)
−Π

(
am(τ0),−

Ix(Iz − Iy)

Iz(Iy − Ix)
,k2
)]

(33)

where k is defined in Equation (26), nτ is defined in Equation (27), and τ0 is found with Equation (17) using Φ from
Equation (28).

Note that, similar to the SAM case, the 131 Euler angles were defined such that the angular momentum unit vector ĥ
is initially parallel to a space-fixed x-direction unit vector. Therefore, an additional rotation may be needed to align
the space-fixed frame with ĥ.

4.5 Initial Euler Angles
The Euler angles φ , θ , and ψ for both the SAM and LAM cases are computed from the body-frame angular momentum
unit vector ĥ =

[
hx hy hz

]T . The initial angles are found using similar expressions in both the SAM and LAM
regimes, so they are discussed together. First, the initial nutation angle θ0 is computed.

θ0 =


cos−1 (hx) if Id < Iy

cos−1 (hz) if Id > Iy

π/2 if Id = Iy

(34)

Recall that if Id = Iy, the object is undergoing single-axis rotation about the intermediate axis b̂y. Second, the initial
spin angle ψ0 is found.

ψ0 =

 tan−1
(

hz/sinθ0
−hy/sinθ0

)
Id ≤ Iy

tan−1
(

hx/sinθ0
hy/sinθ0

)
Id ≥ Iy

(35)

Both expressions are valid if Id = Iy. Finally, the initial precession angle φ0 is computed.

φ0 = 4tan−1

(
B−

√
A2 +B2 −C2

A+C

)
(36)

where

A = (cosθ0 +1)cos
θ0

2
cos

ψ0

2
+ sinθ0 sin

θ0

2

(
cosψ0 cos

ψ0

2
+ sinψ0 sin

ψ0

2

)
B =−(cosθ0 +1)cos

θ0

2
sin

ψ0

2
+ sinθ0 sin

θ0

2

(
cosψ0 sin

ψ0

2
− sinψ0 cos

ψ0

2

)
C =

√
2(cosθ0 +1).

(37)
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If A+C = 0, then φ0 is instead

φ0 = 4tan−1
(
−A

B

)
. (38)

5. RESULTS

5.1 Overview
The light curve inversion process is demonstrated on three simulated noiseless light curves. In each case, the object
of interest’s position, shape, and reflective properties are assumed to be known perfectly. Each light curve consists of
twenty-five measurements evenly spaced over a twenty-second interval. Each object is rotating at an initial angular
speed ||ω̂ωω0|| of 1.5 rad/s such that there is significant rotation about all three body-frame principle axes. The attitude
quaternion qqq describes the rotation from a body-fixed principle axis system to a system with axes parallel to the
Earth-centered inertial coordinate frame.

5.2 Axisymmetric Tetrahedron
As described above, the first light curve is generated by the regular tetrahedron shown in Figure 1. The tetrahedron has
diffusely-reflecting sides [24], and each side has a different diffuse reflection coefficient to introduce some asymmetry:
0.1, 0.4, 0.6, and 0.9.

The tetrahedron has axisymmetric moments of inertia with Ix = Iy = 1 kg m2 and Iz = 1.5 kg m2. Initially, it is at a
randomly generated attitude qqq0 rotating at an angular velocity ωωω0.

qqq0 =

0.5251,

0.5801
0.6106
0.1221

 ωωω0 =

0.9174
0.9564
0.7027

 rad/s (39)

The initial attitude and orientation were propagated for twenty seconds, and twenty-five measurements were taken
at evenly-spaced intervals, as shown in Figure 1. Using this set of measurements means that, per Equation (10),
the maximum angular speed ωmax that can be recovered from the light curve is 3.7699 rad/s, compared to the initial
angular velocity magnitude of ||ωωω0||= 1.5 rad/s.

The possible attitude PSO was used to locate attitudes that could correspond to the first measurement. The PSO located
201 attitudes q̂qq0 with corresponding intensity IL(q̂qq0) within 0.1% of the measured Im,0 after being run for ten iterations
with a population of 10,648 particles.

The light curve inversion PSO was then run for 125 iterations with a population of 30,150 particles, or 150 angular
velocity ω̂ωω0 guesses per attitude guess q̂qq0. The top 250 solutions found by the optimizer were then refined using a
quasi-Newton algorithm [12]. The attitude time histories are then ranked on how well they match the light curve
measurements using the cost function in Equation (9). Despite simulating over three million light curves with twenty-
five measurements each, the inversion process took less than two hours on a personal laptop. The majority of that time
was spent running the light curve inversion PSO.

Table 1: The errors in the best estimates for the axisymmetric tetrahedron case. The best guess (Estimate 1, bolded)
fits the measurements best and is the solver’s estimate for the attitude time history; other estimates are included as
supplemental information.

Initial Estimate Error Average Estimate Error
Rank Cost J Attitude [deg] Ang. Vel. [rad/s] Attitude [deg] Ang. Vel. [rad/s]

1 555...111999555222 ···111000−17 111...444555 ···111000−4 555...666000777 ···111000−7 111...666666 ···111000−4 666...222333111 ···111000−7

2 1.1623 ·10−16 180.00 1.717 ·10−6 180.00 8.310 ·10−7

3 3.4778 ·10−16 180.00 3.378 ·10−6 180.00 1.529 ·10−6

4 1.577 ·10−15 180.00 6.280 ·10−6 180.00 2.955 ·10−6

5 2.1987 ·10−9 5.80 9.487 ·10−4 5.76 2.096 ·10−3
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Fig. 1: The light curve and measurements (right) used for estimating the attitude time history of the regular tetrahedron
(left). The different colors on the tetrahedron indicate different diffuse reflection coefficients.

Fig. 2: The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) attitude time histories
produced by the light curve inversion process for the regular tetrahedron.
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Fig. 3: The light curve and measurements (right) used for estimating the attitude time history of a tetrahedron with
asymmetric moments of inertia (left). Visually, the tetrahedron is identical to the one used in the previous case.

The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) “refined” attitude time history
estimates are compared to the measurements in Figure 2. Because it is closest to the measurements, Estimate 1 is
chosen by the solver as its solution to the attitude inversion problem. However, additional insight can be gained
by examining the other solutions. Visually, the Estimate 1 and Estimate 2 light curves are indistinguishable despite
representing attitude time histories with significant differences. According to Table 1, Estimate 1 has an initial attitude
estimate error of 0.52 arcseconds, while Estimate 2 is nearly 180°away from the true attitude at all times. The attitude
errors are the single-axis rotation angle required to reach the true attitude from the estimate, so Estimate 2 is “flipped”
relative to the truth about some axis. However, it still has a low angular velocity estimate error. Indeed, both estimates
have a very small average angular velocity error, on the order of 10−7 rad/s.

Estimates 3 and 4 are very close to Estimate 2; their initial attitude estimates are both within 3.5 arcseconds of it.
Further investigation is needed into why so many attitude estimates are “flipped” in this way. Estimate 5 is an outlier
with 5.76°of initial attitude error and relatively high cost J, but the resulting light curve still matches the measurements
closely. If complete certainty about the observed object’s state is necessary, the accuracy of these estimates to the
measurements means that additional a priori information or follow-up measurements would be required to determine
which estimate matches the truth most closely.

5.3 Asymmetric Moments of Inertia Tetrahedron

A second case is run using the same regular tetrahedron model as the first but with different moments of inertia and
initial states. The tetrahedron no longer has axisymmetric moments of inertia, instead Ix = 1 kg m2, Iy = 1.5 kg m2,
and Iz = 2 kg m2. The randomly generated initial orientation qqq0 and angular velocity ωωω0 are as follows:

qqq0 =

0.2866,

0.0573
0.3535
0.8886

 ωωω0 =

0.8377
0.2094
1.2266

 rad/s. (40)

This angular velocity is not primarily about any one axis and produces a complex tumbling motion. The light curve
corresponding to the initial states in Equation (40) is shown in Figure 3.

The possible attitude PSO was used to find 144 initial attitude guesses, which were then used to initialize the light
curve inversion PSO. These initial attitudes were each paired with 150 randomly angular velocity guesses to generate
a population of 21,600 particles. The best 250 attitude estimates found after 125 PSO iterations were refined using
the quasi-Newton method [12]. Despite having more complex dynamics than the first case, the light curve inversion
process for this case was also completed in less than two hours.

The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) attitude time history estimates are
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Fig. 4: The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) attitude time histories
produced by the light curve inversion process for the tetrahedron with asymmetric moments of inertia.

Table 2: The errors in the best estimates for the asymmetric tetrahedron case. The best guess (Estimate 1, bolded)
fits the measurements best and is the solver’s estimate for the attitude time history; other estimates are included as
supplemental information.

Initial Estimate Error Average Estimate Error
Rank Cost J Attitude [deg] Ang. Vel. [rad/s] Attitude [deg] Ang. Vel. [rad/s]

1 444...333222555888 ···111000−16 180.00 888...666333000 ···111000−6 180.00 444...444666666 ···111000−6

2 3.4158 ·10−15 2.564 ·10−3 2.673 ·10−5 2.048 ·10−3 1.485 ·10−5

3 5.8308 ·10−12 179.90 1.526 ·10−3 179.92 6.423 ·10−3

4 1.6356 ·10−11 179.91 2.539 ·10−3 179.95 1.082 ·10−3

5 2.6771 ·10−11 178.30 3.189 ·10−4 178.30 1.899 ·10−4

shown in Figure 4. Despite the two estimates having visually indistinguishable light curves, according to Table 2, their
two sets of attitudes are rotated almost exactly 180°from each other about some axis; Estimate 2 is another “flipped”
attitude estimate with low angular velocity error. Estimates 3 through 5 are variations on Estimate 1. As in the first
case, all five estimates fit the measurements so well that follow-up measurements would be required to determine with
confidence which one corresponds to the underlying motion of the object.

5.4 TESS Results

For the final case, the light curve is generated using a model of the Transiting Exoplanet Survey Satellite (TESS) [13].
The reflection model is an energy-conserving phong reflection function [25] with a diffuse reflection coefficient of 0.8
and a specular coefficient of 0.2. Figure 5 shows the satellite model and light curve. These light curve measurements
are generated using a neural network [26] trained on high-fidelity simulated measurements generated using different
attitude and phase angle combinations. This method allows the PSO to model light curve measurements quickly, even
for a complex non-convex object.

Since this test aims to demonstrate the effects of an object’s geometry and reflective properties on the light curve
inversion process, the TESS is modeled as having the same principal moments of inertia as the tetrahedron in the
previous section. The initial attitude qqq0 and angular velocity ωωω0 are also those in Equation (40).

The possible attitude PSO was run using the same settings as the tetrahedron case and located 473 possible initial
attitudes. These attitudes were each paired with 150 randomly generated initial angular velocity guesses ω̂ωω0 to initialize
the light curve inversion PSO. The second PSO ran for 125 iterations, and the top 250 resulting estimates were refined
using a quasi-Newton method [12]. Because of TESS’s more complex shape, the inversion process for this case took a
little under four hours on a personal laptop, much faster than it would have been if the machine learning approximation
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Fig. 5: The TESS model used to simulate the light curve used in the inversion process.

Fig. 6: The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) attitude time histories
produced by the light curve inversion process for TESS.

had not been used for the measurement model.

The light curves corresponding to the best (Estimate 1) and second-best (Estimate 2) attitude time histories according
to the cost function in Equation (9) are shown in Figure 6. As before, the solver automatically flags Estimate 1 as
the solution to the inversion problem, but additional insight can be gained by examining the other solutions. Unlike
the tetrahedron estimated light curves shown in Figure 2 and Figure 4, there is a visible divergence between the
estimated light curves in Figure 6. This divergence is likely due to the increased complexity of the non-convex TESS
model’s brightness function and possibly the measurements’ timing. The evenly-spaced measurements did not include
information like the height of the specular peaks, which left these prominent features relatively free to vary.

The costs and state estimate errors for the five best solutions found for the TESS case are shown in Table 3. Recall
that the attitude errors are the minimum angle for a single-axis rotation between the estimated attitudes and the true
attitudes.

Estimates 1 and 4 have initial attitude errors near 180° due to symmetries in the TESS’s shape and reflective properties.
While an inspection of the model in Figure 5 shows that the satellite is technically asymmetrical due to the presence
of small features like the side-mounted antenna, the overall shape is quite symmetrical, which has led to “flipping” the
attitude estimate even for resolved-image attitude estimation using the same model [27]. Note that, for Estimate 1, the
TESS model has not simply been rotated such that the two solar panels are swapped. Instead, at the initial time step,
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Table 3: The errors in the best estimates for the TESS case. The best guess (Estimate 1, bolded) fits the measurements
best and is the solver’s estimate for the attitude time history; other estimates are included as supplemental information.

Initial Estimate Error Average Estimate Error
Rank Cost J Attitude [deg] Ang. Vel. [rad/s] Attitude [deg] Ang. Vel. [rad/s]

1 333...555666888777 ···111000−5 177.23 0.05731 178.27 0.03077
2 2.6329 ·10−4 149.93 0.05957 149.67 0.2082
3 2.9033 ·10−4 137.81 0.08076 136.55 0.03659
4 3.1272 ·10−4 171.49 2.9695 145.80 2.5886
5 3.1825 ·10−4 13.55 0.2379 13.89 0.1668

the b̂y axis has been rotated 177°, nearly facing the opposite direction as in Figure 5. In contrast, the b̂x and b̂z axes
only have pointing direction errors of 111°and 69°.

Most of the other top five estimates have attitude errors above 135°, although their angular velocity estimate errors
are comparatively low. Estimate 4’s higher angular velocity error is due to its initial estimate being almost exactly
opposite to ωωω0. Only Estimate 5 has an initial attitude error significantly lower, at 13.55°. These results, again,
highlight the ambiguity of the light curve inversion results and the need for either follow-up measurements or other
tools to determine whether a specific attitude time history corresponds to the actual motion of the observed object. It is
also worth noting that the highly nonlinear nature of the attitude inversion problem caused the quasi-Newton algorithm
to struggle with the TESS case. The choice of a different algorithm for the final refinement step might significantly
improve the fit of the estimated attitude time histories to the light curve.

6. CONCLUSIONS

Space objects too far from an observer for resolved images to be taken can still be characterized using light curve
inversion. Existing methods for estimating attitude from a light curve rely on very precise initial state guesses, par-
ticularly for angular velocity, to converge on the truth and often do not fully account for the ambiguity of brightness
measurements. The presented particle swarm optimizer method addresses these limitations by only assuming that the
object’s shape, reflective properties, and position are known. It does not require any prior knowledge of its rotational
state and is capable of estimating attitude time histories for tumbling objects rotating about three axes simultane-
ously. Furthermore, the particle swarm considers multiple attitude solutions simultaneously to account for the inherent
ambiguity in light curve measurements.

First, a particle swarm optimizer is used to find a set of attitudes that could have produced the first measurement in
the light curve. Then, these possible initial attitudes are used to initialize another particle swarm optimizer, which
searches the space of initial attitudes and angular velocities to find solutions that could have produced the measured
light curve. The best solutions found by this second optimizer are further refined using a quasi-Newton algorithm.
Finally, the refined solution that best fits the light curve measurements is autonomously selected as the attitude time
history most likely to match the truth. An operator may then inspect the other alternative solutions and decide whether
follow-up measurements would be useful for further refining the attitude characterization.

The effectiveness of the inversion process is demonstrated using three test cases. Two cases use a simple diffusely-
reflecting tetrahedron with significant rotation about all three principal axes. In the first case, the tetrahedron is
modeled as having axisymmetric moments of inertia; in the second case, it is modeled with fully asymmetric inertia. In
these two cases, a solution was located within ten arcseconds of the true attitude time history. However, other solutions
with a 180°rotation from the true solution were also located that fit the light curve. Even for these “flipped” estimates,
the angular velocity estimate was extremely accurate, however. The third case used a detailed non-convex model of
the Transiting Exoplanet Survey Satellite. The solution that best fit the light curve for this case was approximately
180°away from the true attitude, though its angular velocity estimate error is still comparatively small. Other solutions
that are, on average, between 135°and 150°away from the truth fit the light curve approximately as well as an attitude
time history with a 13.89°average attitude error.

These results highlight the ambiguous nature of the attitude inversion problem. Even in the absence of measurement
noise and with all other relevant factors known, it is still possible for two or more distinct attitude time histories to
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fit an input light curve closely. Selecting a different algorithm for the final refinement step may make distinguishing
between these estimates easier. Future work will also apply the particle swarm optimizer method to noisy simulated
light curves and real measurements. Finally, the cause of the “flipped” attitude estimates 180°away from the truth will
need to be investigated.
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