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Guidance, navigation, and control of satellites—especially in the study of rendezvous
and formation flight—relies heavily on methods that leverage local linear approx-
imations of dynamical systems and measurement functions. This thesis focuses
mainly on cases in which linear approximations are insufficient to solve dynamics,
control, or estimation problems. In such cases, we employ tools from numerical
multilinear algebra on tensors arising from higher-order Taylor series. The in-
herently quadratic nature of some quantities, the linear unobservability of some
estimation problems, and the need to quantify the performance of linear methods
make these higher-order techniques useful in the setting of guidance, navigation,

and control.
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CHAPTER 1
INTRODUCTION

The work described in this thesis shares a common setting in addition to a common
set of tools. The setting can be described broadly as the fields of dynamics, con-
trol, and estimation or—in more standard but not exactly equivalent terminology
guidance, navigation, and control (GNC). Guidance, navigation, and control can
be described as the study of how a vehicle understands where it is and gets where
it wants to go. For a more nuanced understanding of the field as a whole, the
Journal of Guidance Control and Dynamics (JGCD) recently published a number
of very worthwhile articles from the deputy editors discussing the meaning of each
term in guidance [88, 87], navigation [25], and control [63] as well as the overall

identity of the field.

Most applications in this thesis will focus on guidance, navigation, and control
specifically for the relative motion of satellites under either two- or three-body
dynamics in the Earth, Sun-Earth, and Earth-Moon systems. Understanding the
relative motion of satellites is important in the context of rendezvous, proximity
operations, and docking (RPOD)-any activities that involve two satellites getting
close together for inspection or in order to make contact for exchange of materials,
personnel, or servicing. Understanding relative motion of satellites is also crucial
for the study of formation flight, a typically longer-term relative motion in which
two or more satellites remain close together for the purpose of some common mis-
sion. Some examples of formation flight include historic scientific missions such as
the Magnetospheric Multiscale Mission (MMS) [103] as well as mission concepts
such as the starshade for directly observing exoplanets [65, 41]. More broadly,

formation flight is important for creating lower-cost, redundant, distributed sys-



tems of satellites to effectively replace potentially more costly monolithic individual
satellites that require exquisite engineering and testing. Keeping these formation
flight and RPOD applications in mind, each chapter in this thesis will employ a

common methodology that takes advantage of the proximity of the satellites.

Performing the Taylor expansion of dynamics and measurement functions
around the orbit of one satellite or an orbit near both satellites is a standard
approach to simplify the study of relative motion of satellites. When the motion
takes place on a smaller distance scale as compared with the scale of the dynami-
cal system as a whole, low-order Taylor expansions form a good approximation of
the full nonlinear function. Within the GNC field, first-order approximations of
dynamics or measurements are the most common Taylor-expansion. Linearization
of the flow of a satellite orbit dates back at least to the work of Hill and his Lunar
theory [51], but finds its modern setting with artificial satellites during the space
race with the work of Clohessy and Wiltshire [24]. The simplest application of lin-
earized dynamics is to approximately propagate the motion of one satellite relative
to another nearby satellite. However, linear approximations of dynamics are used
for more than propagation in a number of guidance, navigation, and control al-
gorithms that involve applying linear algebraic methods to solve inverse problems
pertaining to the dynamics. This thesis discusses some of these linear methods and
introduces new analysis with them in the first two chapters. Beyond employing
just the first term in the Taylor series, taking additional terms in the expansion can
increase the accuracy of propagation of relative motion. However, the second- and
higher-order coefficients of a Taylor series of a vector-valued multivariate function,
such as the flow of a dynamical system, are third- and higher-order tensors. In
practice, these higher-order Taylor series can be difficult to apply to the solution

of interesting problems in the context of GNC algorithms because techniques from



numerical linear algebra cannot be applied directly to the tensors arising in the
higher-order expansion. However, some ad hoc approaches involving slicing these
tensors or linearizing the multilinear operators they represent can be employed
to solve problems that require higher-order methods. These approaches are the
subject of the penultimate two chapters of this thesis as applied to problems in
optimal control and orbit determination. Further, recent advances in the numer-
ical analysis of tensors can be applied to gain new understanding and tools for
the analysis of algorithms for guidance, navigation, and control based on lineariza-
tion or higher-order series reversion. These advances underpin the final chapter of
the thesis which utilizes generalizations of eigenvalues to tensors in order to study
the linearization error introduced by common GNC algorithms. Before developing
these novel methods in the remainder of the thesis, we will begin by reviewing
two- and three-body dynamics, summarizing the tensors arising in GNC, and fi-

nally presenting series reversions methods for vector-valued multivariate functions.

1.1 Dynamics

In the following examples, we will be considering Keplerian two-body dynamics as

well as circular restricted three body dynamics, which we will define here.



1.1.1 Two-Body Dynamics

The equations of motion for the two-body problem in an inertial frame are

i
Y
2

—
[HRE

1y
[HRE

iz
NERE

where the state vector is x = [z, v, z, 4, ¥, 2]7, an overdot denotes a time derivative,

1 represents the standard gravitational parameter for the central body, and r =
I

[z,y, z]" is the position vector from the central body to the satellite [126].

1.1.2 Circular Restricted Three Body Dynamics

The equations of motion for the circular restricted three-body problem are given

in the synodic frame as

. 1 % * 2 2
where U(x,y,z2) = T ﬁ + ||M T + L —2Fy is the effective potential given the
Iy ro

reduced mass p* = — 2 for the two primary bodies with mass mq,my lo-
mi + Mo

cated along the x-axis at [—p*,0,0] and [1 — u*, 0, 0] with respect to their common




barycenter at the origin. ry,rs give the position of the satellite of interest with

respect to the two primary bodies, respectively [71].

1.2 Tensors in Guidance Navigation and Control

1.2.1 Local Dynamics Tensors

Given an autonomous dynamical system in R”, the state vector x € R" evolves

according to the system of ordinary differential equations

d
X = F(x), x(0)=xg (1.3)

Local dynamics tensors are defined as the partial derivative tensors of the vector

field F(x) evaluated at some point x*:

O"F o OF"
ox™ ) | jl...jm_ Oxi...0xim

The mth order local dynamics tensor is a (1, m)-tensor, where an (I, m)-tensor

(1.4)

x*

has m covariant indices and [ contravariant indices. An interpretation of this is
that the tensor operates on m vectors or m copies of a single vector to produce
one vector as a result. Since a dynamical system evolves so that x* changes over
time, local dynamics tensors are most meaningful on their own at equilibria of that
dynamical system. Analysis of the eigenvalues of these tensors has been discussed
in previous literature [54], and is not expanded upon here. However, local dynamics
tensors are a necessary for calculating partial derivative tensors of the flow of the

dynamical system.



1.2.2 State Transition Tensors

The first and second-order variational equations associated with a dynamical sys-
tem are derived in Ref. [102]. The notion of state transition tensors is also
explored in Refs. [95, 8]. We will describe commonly known properties of the
state transition matrix in both matrix and component form to build intuition for
properties of the second-order variational state transition tensor which is most

clearly described in component form.

Given an autonomous dynamical system in R", the state vector x evolves ac-

cording to the system of ordinary differential equations

d
S X = F(x), x(0)=xo (1.5)

The associated flow map is defined such that

i) = Flau(x)), o) = x (1.6)

The flow map possesses the semigroup property in time

Pt O Ps = Pris (1.7)

The Jacobian of the flow map yields the state transition matrix (STM) ®(xo;t,0)
associated with a given flow starting at the reference state xq from time 0 to time

t. We adopt indexing for the state transition matrix rows ¢ and columns j

i (e 9} (%0)
P’ (x0;2,0) = 0w (1.8)

where the upper index ¢ of the flow map refers to the ¢th component of the output.
When the reference orbit initial state xq is understood, the state transition matrix

will be abbreviated as simply ®(¢,0). Exchanging the order of temporal and spatial



derivatives (assuming F' has continuous spatial derivatives) and applying the chain
rule yields the n? first-order variational equations

d®(t,0) OF(x)
a  0x

®(t,0), ®(0,0) = I, (1.9)

where [, gives the n by n identity matrix. Alternatively, in components where

summation with respect to [ is understood and 5; is the Kronecker delta

d®i(t,0) _ OF(x)
dt 83:1

®(t,0), @%(0,0) =6 (1.10)

The cocycle property is most recognizable in matrix form and stems from applica-

tion of the chain rule to the semigroup property
(I)(tg,to) == @(tQ,tl)@(tl,to) (111)

or, in components

‘I’é’(b,to) = <I>f(t2,t1)<1>§(t1,t0) (1.12)

Note that the relationship in Eq. 1.12 is not commutative. Given knowledge of
the STM over the entire time interval and the STM over the initial stage, the STM

over the latter subinterval can be calculated with the inverse matrix ®~1(¢, )
@(tg,tl) - @(tg,to)@il(tl,t(ﬂ (113)

Moving on to the second-order variational equations, we define the second-order
(2,1)-state transition tensor (STT) W(t,0)

0} (x0)

U (x0;t,0) = :
(%03, 0) O 0xk

(1.14)

Again, when the reference orbit initial state xq is understood, the notation ¥(¢,0)
will be used to denote the second-order state transition tensor. Applying the
product rule to Eq. 1.10, we find that the n® equations in Eq. 1.15 depend not

only on the values of ¥ but also ®

d‘I’;k(t, 0) B 82Fi(x)
dt w0z,

OF;(x)
8$l

®(t,0)®(t,0) + Wl,(1,0),  ¥;,(0,0)=0 (1.15)



The second-order generalization to the cocycle conditions come from differentiating

Eq. 1.12
;vk(tg, to) = \Ilfm(tg,tl)éé(tl,to)q)?(tl, to) + ®i(ts, tl)\Ilé-’k(tl,to) (1.16)

Given STTs for the overall time interval and along the initial subinterval, the
second-order STT over the latter subinterval can be calculated after finding the

STM along the latter subinterval with Eq. 1.13

Grlta,t) = [ (fa, 1) — @ (Lo, 1) ¥, (11, 10)) (@) (H1,20) (@) (1, o)
(1.17)
This relationship is exact but requires one more level of contraction than the ap-
proximate solution presented in [31] by using the STTs associated with the inverse
flow map. With the STM and second-order STT, a second-order approximation of

a perturbation to the flow map is given by a truncated Taylor series:
i i i L g j
@y (X0 + 0%0) & p1(Xo) + Pj(x0;t,0)dq + §\Iljk(x0; t,0)0x}0xh (1.18)
or, in shorthand to represent the single and double contractions:

1
©r(x0 + 0%0) = p(x0) + P(x0; tr,t0)0x0 + §\Il(x0; tr, to)oxg (1.19)

Variational equations and cocycle conditions describing the sensitivity of states
with respect to fixed parameters can be derived [92]. However, these are typi-
cally only presented up to first-order, because they become increasingly complex
as mixed partial derivatives of states and parameters appear at higher-orders. To
avoid these complications, we note that parameters are simply state variables from
an augmented dynamical system in which the parameters have zero time deriva-
tives. Thus, sensitivities with respect to these parameters can be handled without

deriving specific equations treating parameters separately from state variables.



This is potentially less efficient than treating these equations separately, but the
additional cost only comes from additional multiplications and additions of zero
when performing numerical integration or using cocycle conditions. Higher-order
state transition tensors and variational equations can be derived [14], though we
will only deal with the first two state transition tensors in this work. Some ap-
plications of state transition tensors are summarized in the applications section
of this thesis; however, more information on higher-order state transition tensors,
their analytical computation [62], and their applications for dynamics [102, 8, 26],
control [12, 73], and navigation/uncertainty propagation [95, 90, 10, 74] exists
across the literature of the last few decades. Parallel to the state transition tensor
approach, differential algebra (DA) [101] is a technique for computing the Taylor
expansion of an arbitrary function whether it be the flow of a dynamical system
or another arbitrary nonlinear function. While DA is not employed in this pa-
per, computing state transition tensors using higher-order variational equations
becomes increasingly complicated at each order. As such, the DA approach offers
a more convenient and typically efficient approach for computing the Taylor series
up to a given order, from which the coefficients can be trivially collected into the
corresponding partial derivative tensors such as state transition tensors. DA has
been employed for uncertainty propagation [127, 134], filtering [108], orbit deter-
mination [7], and control purposes among others [33, 83]. Many of the algorithms
described in the DA literature leverage efficient computations for manipulating
formal power series and approximating the inverse of a truncated series. These
methods can be used to efficiently obtain tensors related to and arising from the
state transition tensor series such as the inverse flow of the system or the higher-

order Cauchy-Green strain tensors described below.



1.2.3 Higher-Order Cauchy-Green Strain Tensors

Higher-order Cauchy-Green strain tensors are the coefficient tensors arising in the
series expansion for the squared 2-norm of the final perturbation of a dynamical
system as a function of some initial perturbation. These tensors were introduced
to examine the stretching behavior of a dynamical system around some reference

trajectory as well as the associated nonlinearity index [54, 55].

oxT (tp)ox(ty) = Z Cmexm = Z p'iq' (\I;(p)5xp(t0))T (\Il(q)éxq(to)) (1.20)
m=2 pg>17

where C™ is the mth order Cauchy-Green strain tensor. This series converges
assuming that the flow map is infinitely differentiable. Note that the higher-order
Cauchy-Green strain tensors are covariant and not generally supersymmetric ex-
cept in the case of the first-order 2-tensor. These tensors can be calculated in
component form in terms of the Euclidean metric tensor g; ; = d; ; which is simply

the Kronecker delta:

Cirim = Ly g (1.21)

110 J1,J2 Tpt1...t
p+g=m;p,q=>1 g ’ ’ "

The first Cauchy-Green strain tensor is given by the square of the state transition
matrix C® = ®7®, where the matrix is understood to represent a covariant
(0,2)-tensorNotably, the singular value decomposition of the state transition matrix
yields right singular vectors that are the same as the eigenvectors of the Cauchy-
Green strain tensor, and singular values that are the same as the square root
of the eigenvalues of the Cauchy-Green strain tensor. In a similar fashion, tensor
eigenvalues of the higher-order Cauchy-Green strain tensors describe the stretching
behavior of the higher-order terms in the state transition tensor series. For study
with tensor eigenvalues, the supersymmetric tensor denoted C(™ is often used in

calculations and surrounding theory. This is a tensor which produces the same
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result as C(™ when operating on the same m vectors, but is supersymmetric.
Details about symmetrization, as well as avoiding symmetrization in calculations

can be found in Sec. 6.2.4 and Appendix B.1.

1.2.4 Measurement Partial Derivative Tensors

Given a d-dimensional measurement function h(x) : R® — R? the partial deriva-
tive tensors of this function play a role in some higher-order estimation algorithms
such as the jth-moment Kalman filter [89] as well as in the context of assessing
the error in using linearizations of measurement function for measurement under-
weighting schemes in Kalman filters [89, 138]. The order (1,m) partial derivative
tensors arise in the Taylor series expansion of the measurement function about

some prior estimated state x~

m! \ Ox™

h(x™ + dx) = +Z = (a h) 5x" (1.22)

In this work, we particularly look at the first- and second-order partial derivatives

from the series above.

1.3 Series Reversion

Series reversion or inversion of series is a powerful classical technique for approxi-
mating the inverse of a function. Here, we review the single variable and multiple
variable cases. These methods will feature in the final chapter of the thesis to

describe the Taylor series involved with a certain guidance problem.
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1.3.1 Single Variable Case

Given a scalar-valued formal power series in terms of a single variable
y=f(z) = a1z + agx® + ... (1.23)

the inverse formal power series can be computed if a; # 0 such that the composition

of the two series results in the identity mapping
= g(y) = by + byy® + ... (1.24)

The coefficients of the inverse series can be computed by equating coefficients in

the equation
y=fl9(v)) (1.25)
= albly —f- (albg —I— agbf);f —f- (a1b3 —I— 2a2b1b2 + agb:{’)yg —|— (126)

where the first coefficient should be unity and all remaining coefficients should be

zero. The first few coefficients of the inverse series are

by =aj’ (1.27)
by = —a; ay (1.28)
by = 2a; a3 — a;tas (1.29)

1.3.2 Multivariate Generalization

Multivariate generalizations of series reversion and Lagrange inversion theorem
have been discussed generally in the astrodynamics literature [125, 59]. These tech-
niques have been used in particular for higher-order guidance calculations (solving
Lambert’s problem approximately in the vicinity of some reference orbit) in the

state transition tensor and differential algebra literature [49, 83, 139].
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In order to generalize series reversion to multivariate functions F : R" — R",
we note the connection to Newton’s method in the process above where we equated

coefficients. First, let the ¢th component of the output y be defined as

y = (F(x)) = Al ot + A} a2 (1.30)

J1,J2

where the number of lower indices implicitly defines the order in the series for the
given coefficient tensor A, We will define the mth order truncated power series

associated with F by
F(x) = FIM(x) + O(x™) (1.31)

If we express the inverse series as
o' = (G(y))' = B,y + B}, ,, vy .. (1.32)

then the first-order approximation of G is given by solving for the coefficient tensor

B (matrix in this case) that satisfies

y' = A Bly* (1.33)
this is given by

BW = (AMW)~! (1.34)

if the first term is invertible. Thus, the first-order approximation of the inverse

series is given by the inverse of the first-order term in the original series

(GO(y) = (AD) 1)y (1.35)

The higher-order approximations of the inverse series can be iteratively obtained
using Newton’s method in the following fashion

(G D(y) = G (y)) = — (AD)7Y! ((F(G(m)(Y)))(m+l) - Y)l (1.36)

J1---Jm+1
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where (F(G™ (y)))(mH) is the (m + 1)-th order approximation of the residual

from composition of the forward series with the inverse series:
m m (m+1) m
F(G™(y)) = (F(G™(y))) +O0(y™"?) (1.37)

This is the linear polynomial y summed with an (m + 1)-th order homogeneous
polynomial in y, because G (y) is constructed so that the m-th order approxi-

mation of the composition is the identity mapping

(F(G™ )™ =y (1.38)

Using this Newton iteration approach, the first couple terms in the general multi-

variate series reversion are given by

Bi = ((A")™) (1.39)

J

Biy = — ((AD)™)! Al ((AD)=1)" ((am)-1)" (1.40)

1“2l j k

Implementation of this procedure is easily possible using differential algebra tech-
niques and is a part of many standard packages for differential algebra. For more
than the first few terms in the inverse series, one should fall back to one of these

computational tools [101].
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CHAPTER 2
STARSHADE STATIONKEEPING ANALYSIS VIA
EIGENVECTORS OF THE ACCELERATION JACOBIAN

2.1 Introduction

Given a space-based telescope, nominally along an Earth-Sun L2 Halo orbit, a
starshade located at a fixed distance from the telescope, and a target star, we
analyze the costs and timing metrics associated with maintaining the starshade in a
nominal position, within some tolerance, to block out light from the given star. Our
work is in the same vein as previous analyses from [38, 113, 117]; however, we take
a more approximate analytical approach with the goal of furthering understanding
and speeding up computation. We model the use of impulsive burns to maintain
the starshade within a one meter lateral tolerance of the line of sight between
telescope and target star [107]. Fuel costs and number of stationkeeping maneuvers
required during an observation can serve as important considerations in deciding
between target stars for observation. These stationkeeping metrics may be used
in an objective function that would ideally evaluate quickly as part of a larger

scheduling problem optimization such as those described in [60, 104, 115, 116].

A stationkeeping strategy that maximizes time between impulsive burns is given
by [38]. This strategy for deadbanding assumes constant differential acceleration
between telescope and starshade. The authors of [117] further explored this strat-
egy in a variety of scenarios, analyzing a wider variety of pertinent stationkeeping
metrics. Both papers numerically solved ordinary differential equations (ODEs)
with event driven application of the impulses to find stationkeeping metrics. This

is a computationally expensive operation and it would not be desirable to carry
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out these integrations as part of a larger mission design optimization process, mo-
tivating the need for a fast method to approximate the stationkeeping metrics, and

a comparison of its accuracy with respect to the methods above.

We summarize the work of [38], and then compare their analytical strategy
under ideal conditions against numerical results from [117]. This serves to validate
the use of the inexpensive analytical model for stationkeeping. From there, we
continue the linear analysis of [38] on the lateral differential acceleration, focusing
on the locations of its minima. We present a geometric picture of differential
lateral acceleration, and an analytical expression to approximate these locations
associated with low stationkeeping costs. Among starshade positions constrained
to the surface of a sphere centered about the telescope, minima of differential
lateral acceleration lie on a great circle and its corresponding poles. This intuition
and analytical expression for the minima could be used as a heuristic to reduce

the design space for scheduling of an exoplanet imaging mission.

2.2  Analytical Model of Station Keeping Metrics

We consider the inertial accelerations of the telescope a; and starshade ag with
respect to the inertially non-accelerating barycenter at an initial epoch, and then
assume that the differences in inertial accelerations between satellites remain con-
stant over the course of the observation. In the inertial frame, this maintains
the direction of the relative position vector r,, between the starshade at r, and
telescope at r;, preserving alignment of the telescope, starshade, and target. For
convenience, consider an inertial frame which happens to be aligned with the circu-

lar restricted three body problem (CR3BP) rotating frame at the initial epoch and
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in units of AU. The frame is depicted in Fig. 2.1 with the Earth-Sun barycenter

located at the origin. Consider all accelerations from this point forward as inertial.

AL
k

Starshade

- —]
811117

Barycenter Earth

Figure 2.1: The coordinate frame employed in this paper with relevant bodies and
angles depicted.

In the inertial reference frame, the acceleration of satellite j = ¢, s from two

bodies is given by

aj = aj71 + aj,g (21)
—1)(r; + i
||z + pad|

_ e+ (= 1))
[ + (= D)2

(2.3)

aj2

where p is the mass parameter, subscript 1 refers to the primary body (the Sun),
2 refers to the secondary body (the Earth), i is the unit vector in the Sun-Earth

direction, and r refers to position. The Sun is assumed to be at — ;ﬁ and the Earth

at (1 — p)i.

The differential acceleration between starshade and telescope is given by the

difference in the inertial second time derivatives of position
da=a, —a; = I, — I'y. (2.4)

17



Starshade position is nominally given by
r, = r; + R(cos ¢ cos 0i + cos ¢ sin 0j + sin qﬁl;) (2.5)

where, as seen in Fig. 2.1, R = ||ryq| is the nominal telescope-starshade separation
distance, 6, the ecliptic longitude, is the in-plane angle of the star from the Sun-
Earth vector at the starting epoch, and ¢, the ecliptic latitude, is the out-of-plane
angle measured from the ecliptic plane as measured with respect to the starshade

location.

Consider the axial and lateral components of the differential acceleration, where
axial denotes the direction of the telescope line of sight to the target star, and lat-
eral denotes the component orthogonal to the line of sight. The lateral differential

acceleration magnitude is given by:

50’5 - ||6a - (53 : f.rel)f'relH y (26)

where

T're] = COS ¢ COS 0i + cos ¢ sin Qj + sin (bl;

The starshade has a nominal relative position with respect to the telescope
and a lateral tolerance r¢, from this position. We consider lateral stationkeeping,
disregarding axial stationkeeping, because axial tolerances are typically larger than

the distances traversed during a typical observation [117].

In the optimal strategy outlined in [38], the starshade begins some nominal axial
distance from the telescope and at the edge of the rq, lateral tolerance disc in the
direction of lateral relative acceleration. The starshade is initialized with lateral

relative velocity chosen in the opposite direction of lateral relative acceleration.

18



The magnitude of the velocity is chosen such that the starshade will reach the
exact opposite end of the disk with radius given by the lateral tolerance, and then
come back down to its initial position under the constant lateral acceleration. At
this point, the starshade applies an impulsive burn to repeat the process. The

resulting stationkeeping metrics are given as follows:

_ [Tl
T=4 5al (2.7)
N = ﬂoor(TObS—éal) (2.8)
4\/ T'tol

Av = 4N\/ 5ath01 s (29)

where T, is the overall observation/stationkeeping time, 7" is the amount of time
between impulsive burns, N is the number of burns after the initial epoch (not
counting the initialization of the starshade), and Av is the cost in terms of impul-
sive velocity changes to perform the stationkeeping. These results were presented
in nondimensional form in more generality for arbitrary initialization positions on
the tolerance disk [38]. Notice that Av is largely independent of the stationkeep-
ing tolerance, and varies as 7da;, the product of observation time and acceleration

magnitude. We can obtain various other metrics as a function of these as in [117].

These metrics are relatively simple to evaluate compared to the numerical so-
lution of an ODE that depends on repeatedly evaluating the differential accelera-
tion. As each of these metrics depends simply on differential lateral acceleration,
we study this quantity as a proxy. A plot of lateral differential acceleration is
given in Fig. 8 of [38]. However, only a small region around a maximum is de-
picted as worst case scenarios were the primary focus of the work. The overall
structure of the differential acceleration is not given, and in particular, the minima
are not shown. Fig. 2.2 sheds some light on the structure of differential lateral

acceleration and resembles the color plots seen in Fig. 9 of [117]. Looking at
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Figure 2.2: The differential lateral acceleration in ym/s? as a function of target
coordinates. The density plot on the left is accompanied by its projection onto the
unit sphere on the right.

the same data plotted over the unit sphere centered about the telescope, we can
understand that the minima of lateral acceleration magnitude lie on a great cir-
cle and its corresponding poles. In Fig. 2.2, the telescope is assumed to be at
(x,y,2) = (14 2.5/150,0,1/150). The starshade is assumed to be R = 100,000
kilometers away from the telescope. The existence of the great circle and poles
can be explained by the rejection of the axial component of acceleration: Fig. 2.3
shows a plot of the differential acceleration vector field, demonstrating that the
vector field is orthogonal to the sphere in the axial or anti-axial direction along the
same great circle and at the two corresponding poles. More specifically, the vector
field in Fig. 2.3 points outwards on the far left and right, and then inwards towards
the origin along the circle lying between the two extreme points. We also depict
the cosine of the angle between relative position and differential acceleration in
Fig. 2.3. This gives a less intuitive but more clear representation of the direction
of the differential acceleration vector. Values of —1,0, 1 correspond to differential

acceleration that is purely anti-axial, lateral, and axial respectively.
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Figure 2.3: On the left, the differential acceleration vector field along the unit
sphere about the telescope. On the right, the cosine of the angle between relative
position and differential acceleration.

Figure 2.4 demonstrates the similarity between the numerically computed and
analytically computed Av metric for a telescope 340 days from initialization of
the halo orbit. Analytical computation is described above, while the numerical
computation is carried out with only gravitational effects as in [117]. We see that
the two metrics agree very well except along the minima of Av, where they differ
by up to half of the analytical value. The effects of nonconstant differential lateral
acceleration are a plausible explanation of these differences. It is reasonable to
believe that at these minima induced by the direction of differential acceleration,
small changes in differential acceleration direction would have greater effects than
at other locations. However, the overall structure from the two approaches is the

same, with minima in the nearly the same locations.

2.3 Approximate Minima of Lateral Acceleration

The location of one of the poles shown in Fig. 2.2 can be computed by numerical
minimization. Along our six month reference halo orbit depicted in Fig. 2.5, we

give the angular locations of the pole in Fig. 2.6.
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Figure 2.4: Comparison between numerical and analytical models of the average
delta-v to perform a single stationkeeping impulse in mm/s during an observation
at 340 days from the start of the reference halo orbit.

Figure 2.5: The six month period reference halo orbit, with the initial position
labeled in canonical units of the CR3BP.

Employing a poor initial guess can cause numerical methods to identify minima
along the great circle rather than the pole. Serving as an initial guess for numerical
minimization, a quick approximation of the pole’s location can be obtained from
the eigenvectors of the Jacobian matrix D of the inertial acceleration vector of the

telescope.

da(r;) = a(r; + rp) — a(r;) =~ Da(ry) - o (2.10)

Equation 2.10 demonstrates that differential acceleration will be completely
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Figure 2.6: Pole location as the telescope moves along the reference halo orbit
trajectory in terms of ecliptic longitude, latitude and location on the unit sphere.

axial in the corresponding linear system precisely when the differential acceleration
da(r;) is parallel or antiparallel to the offset vector between telescope and starshade
r.. This is the case when r, is an eigenvector of Da(r;). Given the structure of
the vector field in Fig. 2.3, the eigenvector corresponding to the pole will be the
one corresponding to a positive eigenvalue. The other two eigenvectors correspond
to points on the great circle. In the case of our reference halo orbit, the difference
in angular position of the pole between the numerical method in Fig. 2.6 and
the linear approximation is on the order of a degree for R = 100,000km, scaling

linearly with R.

Even with the relatively easy to compute and robust eigenvector interpreta-
tion, we still seek an analytical expression for the pole locations. We begin by
approximating the differential acceleration by a binomial series as in [126] page

391.
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da = da; + day (2.11)

Q¢ jTrel i 3at,j ~

oa; ~ Ay - Trel 2.12
o S (212)
3a,:sinf.; . 3Ra; ;sinf; cosf;
daj) ~ L(am Trel) = LI J - (2.13)
Tt Tt

where j denotes the relevant body (1 for Sun and 2 for Earth), the subscript
[ denotes the lateral component of the acceleration and 6; the angle between 1,
and a; ; or equivalently between r.o and —r, ;. We will use a, r to denote the norms
|lal| , ||lr|| respectively. In order to find configurations that induce axial differential
acceleration, we find values of r,, that balance da; against da, so that their sum
is in the direction of r,. This corresponds to when their lateral components day,
and dag; are equal as shown in Fig. 2.7. Since the first term in the approximate
differential acceleration from each body is in the direction of r,;, the problem
reduces to balancing the second terms of Equation 2.12. After dividing by common

terms, axial differential acceleration is equivalent to the following conditions:

5@171 = 5@271 <~ (2.14)
Qg1 . Qg 2 .
0= —=cosf;sinf; — —= cos By sin by = (2.15)
Tl T2
0= 2L gin 26, — 22 6in 26, . (2.16)
e T't,2

Defining ¢ = 01 + 05 as the angle between the vectors from the telescope to the

two bodies, such that:

r2 +ri,—1
1) = arccos <%> , (2.17)
27"1:,17‘t,2
equation 2.16 becomes:
0= 1 gin20, — 22 sin(2¢ — 26;) (2.18)

Tt1 T2
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Figure 2.7: The desired orientation of the telescope to starshade vector (r,) rela-
tive to differential acceleration vectors from Sun and Earth gravity (da;,das).

Expanding the trigonometric term in equation 2.18, we obtain

. 1 sin(2¢)a2/7"2
0, = 5 arctan <a1/7’1 n COS(Qw)@/w) (2.19)

dropping the subscript ¢ for readability.

To summarize, the location of one of the poles is in the plane of the Earth,
Sun, and telescope, situated between the telescope to Earth vector (r2) and the
telescope to Sun vector (r;;), ¢, in angle away from the telescope to Sun vector,
r;1. One may rotate a unit vector in the direction from the telescope to the Sun,
.1, about the —ztj + ytl; axis by 6; to obtain a unit vector in the direction of
the pole. Note that the results of this approach are identical to the eigenvector
approach as well as numerical minimization of the approximate linear differential
lateral acceleration. Given the location of a single pole that we have described,

the other pole and the corresponding great circle are also known.

The great circle is of particular interest since it is a higher dimensional object
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than the two poles. Many more stars will be easily observable along the great circle
than on or near the poles. As aresult, it becomes important to quantify how low the
differential lateral acceleration is along the great circle. We employ equation 2.19 to
find a unit vector in the approximate direction of the pole and potentially improve
on this by numerical minimization. Upon obtaining the approximate or the exact
pole location, the corresponding great circle consists of all of the unit vectors
orthogonal to the pole vector. We may parameterize this great circle arbitrarily
with a parameter 7. Figure 2.8 presents the differential lateral acceleration along
the great circles corresponding to the exact and approximate pole locations at
each point along the halo orbit. Position of the telescope along the halo orbit is
given along the x-axis by the time ¢ from the initial epoch when the telescope is
located at ry as shown in Fig. 2.5. At each of these values of ¢, the position of the
telescope leads to a direction for a pole given by equation 2.19, which correspond
to the values in Fig. 2.6. Each time ¢t maps to a pole location, which in turn
maps to a single corresponding great circle. Position along the great circle is given
on the y-axis by 7, the arbitrarily chosen phasing parameter. Note that time
values near 0 and 7 lead to generally higher differential lateral accelerations as
the two satellites are closer to the Earth at this point in the halo orbit. One can
see that as the telescope moves along its halo orbit, even at its closest point to
Earth, the differential lateral acceleration along the corresponding great circle is
consistently one to two orders of magnitude below the highest values shown in
Fig. 2.2. Using equations 2.7-2.9, with a lateral position tolerance of 1 meter,
this translates to a difference between six stationkeeping maneuvers per hour in
the worst case and fewer than one interruption per hour for observations along
the great circle. Considering both the exact or approximate great circle effectively

determines convenient choices of stars for more fuel efficient and less frequently
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interrupted observations.
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Figure 2.8: Differential lateral acceleration in ym/s? is depicted along the great
circle for a telescope moving along the reference halo orbit. Exact (left) and ap-
proximate (right) pole positions describe the great circle.

2.4 Conclusion

We have explored trends involving station keeping metrics for observation of exo-
planets with a telescope and starshade pair. Differential lateral acceleration proved
to be an effective proxy for metrics such as time between interruptions for starshade
orbit maintenance and delta-v. Using this metric as a proxy enables mission de-
sign software to estimate stationkeeping costs with a simple analytical calculation

rather than a numerical integration as has been previously done.

Additionally, understanding of trends in stationkeeping costs has increased as a
result of this analytical approach. For a fixed position of the telescope, differential
lateral acceleration as a function of the line-of-sight vector from telescope to target
star proved to possess minima along two poles and their corresponding great circle.

We derived an analytical approximation for the location of these minima, and
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demonstrated that for a design reference mission, observing stars along the great
circle yields magnitudes of differential lateral acceleration that are one or two
orders of magnitude lower than if the target were chosen indiscriminately. We
advocate cognizance of this great circle of easy to observe targets during design
of exoplanet missions. By considering targets as they cross this great circle, one
may potentially pare down the large design space for scheduling problems related

to exoplanet imaging missions.
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CHAPTER 3
SINGULARITIES IN LINEAR GUIDANCE METHODS AND
ORBITAL DEBRIS PINCH POINTS

3.1 Introduction

Approaches to problems in relative satellite dynamics, control, and estimation vary
in the variables used for analysis, from relative Cartesian state to any number of
relative or differential orbital element sets. While simple and well-studied, linear
analysis with Cartesian states still offers insights to be explored and connected
at the intersection of distribution propagation, collision avoidance, uniqueness of

solutions to boundary value problems, and reachable set theory.

Reachable set theory applied to reconfiguration problems has been explored by
(23, 131, 129]. Pinching points at which the reachable set over time collapses to
a lower dimensional manifold are described by [37, 131, 129], and attributed to
singularities in the associated linear variational equations. The reduced dimension
reachable set appears at a singular transfer time, and can be given in terms of
the null space of a block of the state transition matrix. Through another lens,
this dimension reduction can be seen as the presence of non-unique and impossible
relative transfers depending on the specific boundary values. The existence of
non-unique transfers warns of potential threats for collision in the deployment of
subsatellites, or of secondary collisions after the creation of a debris field from a

collision.

Closely related to reachable set theory, the relative Lambert problem, includ-

ing its singularities, has been explored by [22, 56, 93, 130]. Transfer singularities
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were first explored in Cartesian state variables by [118] and later independently
by [93], while [22, 130] explore the problem in relative orbital elements. [22] links
these transfer singularities to the minimum time, multi-revolution Lambert solu-
tion through numerical computation, and [118] makes the connection by relating
the state transition matrix and the sensitivity of transfer ellipse semimajor axis
with respect to time of flight. We offer an alternative proof using the work of [119]
to prove the relationship between transfer singularities in the linearized model and
unique multi-revolution transfers in the Lambert problem. From here, we leverage
the work of [109] to generalize this relationship to two point boundary value prob-
lems associated with arbitrary second-order differential equations with sufficient
smoothness properties. This extends the result’s applicability to the three body

problem and beyond.

Finally, we explore the two impulse formation reconfiguration problem with
variable transfer duration and initiation epoch. Using singular value decomposi-
tion, we present a description of the magnitude of the final impulse as a function of
duration and the difference between the initial actual and desired relative states.
The effects of transfer singularities appear in this general example, and the Av for
the final impulse of the reconfiguration is optimized as transfer time approaches

the singularity:.

3.2 Singular Transfers in the Clohessy-Wiltshire Equations
Consider the motion of a deputy satellite in the rotating reference frame of some

chief (reference) satellite in a nearly circular orbit. The chief is assumed to be at

the origin of a coordinate system associated with a non-inertial frame travelling
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along the chief’s orbit, and the position of the deputy with respect to the chief is
given in radial, in-track, and cross-track coordinates as xr + ys + zw, where 7 is
defined as the direction from Earth center to chief satellite, w is in the direction
of specific angular momentum of the chief satellite, and § = w X 7 completes the
right-handed system. In the case of a circular reference orbit, § corresponds to the

direction of the velocity vector of the reference satellite.

The Clohessy-Wiltshire equations describe relative motion of a deputy satellite
in close proximity to a chief satellite in a nearly circular reference orbit [24, 93].

The equations are given in matrix form as

X = |:x7y7zajjvya’é:| (31)
x; = ®hxg (3.2)
4—3¢ 0 0 s/n 2/n—2c/n 0
—6nt+6s 1 0 —2/n+2¢/n 4s/n—3t 0
0 0 ¢ 0 0 s/n
Pl = (3.3)
3ns 0 0 c 25 0
—6n+6nc 0 O —2s —3+4c 0
0 0 —ns 0 0 c
t ®l'l' q)rv
o = (3.4)
¢VI‘ ®VV

where s = sin(nt) and ¢ = cos(nt) and n is the mean motion of the reference orbit
with units consistent with the spatial units from x and temporal units from ¢. The
state transition matrix ®f maps an initial Cartesian relative state to a final relative
state at some time ¢ in the future. Each block of ®f is a three by three matrix
giving the sensitivity of the final state of the first variable listed (relative position

or velocity), with respect to the initial state of the second variable listed.
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A standard problem in the study of relative motion is calculating impulsive
transfers to send a deputy satellite at an initial position ry at the initial epoch to
some desired position r; at the final epoch t. When the inverse of ®,, exists, the

unique initial velocity to achieve the given transfer is given as:

vo = O} (r; — ®pery) (3.5)

rv

More interesting is the case when ®,, is singular. Clearly, this can occur
when the third column of @, is all zeros, which corresponds to s/n = 0 meaning
that nt is a multiple of m. Geometrically, this refers to the fact that a half or
full period from an impulsive plane change maneuver, the satellite will be along
the intersection of the new plane and the old plane, regardless of the plane change
magnitude. An impulse cannot change the cross-track location of a deputy satellite
at multiples of half a reference period from the impulse. Since the cross-track
dynamics are uncoupled from the in-plane dynamics, we move on to just examining

the in-plane component of the transfer problem, and singularities arising therein.

Let 7 = nt and

1 sinT 2—2cosT
or = (3.6)

"1 _24+2cosT 4sinT — 37

We see that when 7 is a multiple of 27, ©f has only —37 in the last entry, and zeros
everywhere else. So, ©2™ is a singular matrix for integer k. This indicates that
only the in-track location of the deputy changes at exactly one reference period

later, regardless of the initial velocity of the deputy.

Further, the determinant of O] is zero when 7 satisfies the transcendental

equation
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Figure 3.1: A plot showing the zeros of the determinant of ©F.

gTSiHT—i—COST—l =0 (3.7)

We plot the determinant of ©f in Fig. 3.1. The first three nontrivial roots (not

multiples of 27) occur at approximately 1.4067, 2.4453, and 3.4612 periods.

The eigenvectors of Of give the active and inactive spaces of the initial velocity
for a deputy satellite in this system. Table 3.1 shows that the inactive space is
radial for full reference periods, and nearly radial otherwise. At these singular
transfers times, any trajectory that began at the origin at time zero, will have

in-plane component orthogonal to the inactive space regardless of initial velocity.

Figure 3.2 shows the evolution of a swarm of trajectories which all begin at the
origin with random initial velocities inside the unit square in the non-dimensional
form of the problem. The swarm is displayed at .5, 1, 1.25, and approximately
1.4067 reference periods. At time 0, the swarm begins on a 2-dimensional manifold
in the x,y,t,y radial, in-track phase space. At .5 and 1.25 reference periods,
we see the general case in which the swarm occupies a 2 dimensional manifold
when projected into x, y space. Finally, at 1 reference period, and 1.4067 reference
periods, the swarm collapses to occupy only a 1-dimensional manifold in z, y space.

This corresponds to the notion of a pinch point as outlined in [37].
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Figure 3.2: Four snapshots of a cloud of particles which begin at the origin at
the initial epoch, and evolve to occupy a one or two-dimensional manifold in their
in-plane projection. The legend gives the number of reference revolutions from the
initial epoch for the given snapshot. Equation 3.6 is used for propagation with
n = 1. A different choice of n or units scale results.

This implies that the boundary value problem associated with relative motion
transfers at these singular time values does not have unique solutions. Boundary
value problems where the end point is not along the active eigenspace will not have
any solution, while an endpoint orthogonal to the image of the inactive space gives

rise to infinitely many solutions.

— 1.4067
y — 24453
— 3.4612

Figure 3.3: Null transfer trajectories, which begin and end at the origin after the
given number of reference periods.

Figure 3.3 shows null transfers for the first three nontrivial singular transfer
times (the roots of equation 3.7 shown in Fig. 3.1). These are trajectories which
begin at the origin and end at the origin, but are not the fixed point solution at
the origin. The initial velocity is in the direction of the eigenvector corresponding
to zero. Multiplying this initial velocity by a constant gives rise to infinitely many

scaled versions of the same null transfer.
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Figure 3.4: Five of the infinitely many trajectories which begin and end at a
common location around 1.4067 reference periods later with differing initial velocity
in the linear model of relative motion.

Figure 3.4 shows the non-uniqueness of a more arbitrary transfer with transfer
time corresponding to the first nontrivial root. Each of these transfers shares the
same active initial velocity component, but varies in the orthogonal component

whose corresponding eigenvalue is zero.

The singularities we have presented arising from boundary value problems in
the Clohessy-Wiltshire equations suggest a number of interpretations. From a
probabilistic standpoint, they imply that there are times where initial certainty
in position implies some level of certainty of position in the future regardless of
uncertainty in initial velocity. That is, under the action of the Perron-Frobenius
operator [40] associated with the Clohessy-Wiltshire equations, the support of a
distribution projected into a subspace of the phase space changes dimensions at
times when blocks of the state transition matrix are singular. This phenomena
invites exploration in other linear systems, as well as its approximate effects in

non-linear systems.

From a practical standpoint, there are two other important implications of this
exploration of singularities. The first implication is in explaining trends in the

cost and feasibility of relative transfers that we will explore in section 3.6. The
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second implication is in understanding situations in which multiple objects leave a
single satellite at the same time. Example situations include modeling a collision
or other breakup of a satellite, as well as the deployment of multiple objects from
one single vehicle. In the case of debris modeling when a collision time is well
known, these singular transfer times may give important opportunities to image
and catalog debris, when it is known that objects will all approximately lie in
a lower dimensional manifold and be less likely to obscure one another. These
times are also likely candidates for observing secondary collisions given the non-
uniqueness of the transfer problem. On the other hand, this analysis can be used
in planning the deployment of satellites from a single vehicle. Satellites deployed
with the same active component of initial velocity at the same time will collide
under the Clohessy-Wiltshire equation model of relative dynamics at the singular
transfer time corresponding to that active component of initial velocity. Thus,
the null space of ©f becomes important to avoid deployments that could cause
collisions at singular transfer times. The unit vectors in the nullspace of ©f for
the first three nontrivial singularity times are given in table 3.1. Objects deployed
with differences in initial velocity in the direction of vectors from this table are at

risk of colliding at the relevant singular transfer time.

Table 3.1: The inactive components of initial velocity corresponding to singular
transfer times.

T/2m T 7

1 1 0
1.4067 | 0.9888 | -0.1492
2.4453 | 0.9962 | -0.0865
3.4612 | 0.9981 | -0.0612

These inactive velocity vectors are in the direction of (37, —4). This inactive
component results in the final relative position coming to some multiple of (4, —37),

perpendicular to (37,4) as identified by [37] where the ordering of the in-track and
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radial coordinates in reversed in their notation.

3.3 Singular Transfers in the Tschauner-Hempel Equations

Following much the same procedure as the previous section, we may examine the
same block of the Yamanaka-Ankersen state transition matrix [29, 123, 136] solu-
tion to the Tschauner-Hempel equations. In doing so, we see that transfer singu-
larity times become dependent on reference eccentricity, and the initial chief true
anomaly. Figure 3.5 gives combinations of initial true anomaly 6, and change in
mean anomaly AM or change in true anomaly A6 of the reference orbit that yield
transfer singularities for various values of the reference eccentricity. In the right
pane, the change in chief true anomaly serves as a proxy for the transfer time,
while in the left pane, change in reference mean anomaly is directly proportional
to the transfer time. While the zero reference eccentricity case agrees with our
previous results, we see that for other reference eccentricities the singular transfer
times are no longer independent of initial reference true anomaly. Further, the
singular transfer time varies very quickly when the initial chief anomaly is near
apogee. A wide variety of transfer times (proportional to AM) are singular, and

so there is not one single time that a mission designer may avoid.

3.4 Relation to Unique Solutions of the Multi-Revolution
Lambert Problem

An important question is how well the infinitely non-unique linear behavior out-

lined above imitates the actual nonlinear behavior of satellite relative motion in
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Figure 3.5: Singular relative transfers of various reference orbit eccentricities and
initial reference true anomaly. The transfer time is measured in revolutions of
reference mean anomaly on the left (periods), and revolutions of reference true
anomaly on the right.
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Figure 3.6: The same swarm as Fig. 3.2, but specifically about a geosynchronous
reference orbit, with propagation performed using the full two-body dynamics.
The labeled times are still in periods of the geosynchronous orbit and units are in
kilometers.

the two-body problem. Figure 3.6 presents a replication of Fig. 3.2 in the two-
body dynamic model without linearization. The dimension reduction of the swarm
seems to approximately carry over to the two-body model with curvature of the

nearly one-dimensional manifold as the only immediately discernible difference.

Regardless of Fig. 3.6 and its similarity to 3.2, we know that there are quali-
tative differences in the number of solutions to the boundary value problems from

the approximate linear and full nonlinear models. While we have established the
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existence of zero or infinitely many solutions to the boundary value problem in
the approximate system, it is well-known that multi-revolution Lambert problems

have either zero, one, or two prograde solutions [3, 119].

Thus, the approximately one-dimensional manifold in Fig. 3.6 cannot be one-
dimensional since the flow map of the two-body dynamics is continuous in the state
vector and the inverse of a point in the codomain has at most two values. If there
were a function from a two-dimensional manifold to a one-dimensional manifold
that had this property, removing two points from the domain (R?) would result
in the function taking a connected set to a disconnected set (the one-dimensional
manifold missing a point). No continuous function can do this, and so the image
of the full two-body flow map at a singular transfer time is not actually one-

dimensional as it appears to be and is in the linearized dynamics case.

While the general case is the existence of two prograde solutions, we will show
that the singularities in the transfers of the linearized relative motion equations
correspond to the unique minimum time multi-revolution transfers in the Lambert
problem: trajectories which represent a sort of bifurcation point in the Lambert

problem. We offer here a proof for the circular case.

Following [119], define the nondimensional variables X, Y

r1 4 1o+ |rg — 11
4a

T 419 — |re — 1y
4a

X?=1-

(3.8)

Yi=1-

(3.9)

where r; and ry are the initial and terminal points of the Lambert transfer with
respect to the central body, and a is the semi-major axis associated with the

transfer between the two points. We now turn our attention to determining the
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number of solutions to the Lambert problem when the solution is constrained to
revolve around the central body at least n times. Sun [119] gives the necessary

conditions for the solution of the multi-revolution Lambert problem to be unique:

1((2+X2) 1—X2_(2—1—)/2)\/1—3/2)_(%tl (L>—cotl <L>>:n’ﬂ'
3 X Y V1I-X2 V1I-Y?
(3.10)

If a trajectory satisfies equation 3.10 (equation 12 from [119]), then it is the
unique minimum time n-revolution Lambert transfer between the initial and ter-
minal points ry,ry. Given the duration between these two points t*, there are no
n-revolution transfers between the initial and terminal points in less than ¢* time,
there is only the single n-revolution transfer in the given time ¢*, and higher trans-
fer times t* give rise to two n-revolution transfers. When transfer time ¢ is viewed
as a bifurcation parameter, the trajectory satisfying equation 3.10 is a bifurcation
point among the trajectories which solve the Lambert problem between two given

points.

To assess trajectories arising from circular orbits to see if they are minimum
time multi-revolution Lambert transfers, we let r; = r = ry = a, and let ¢ € [0, 7]

be the angle between the two vectors. From the law of cosines we obtain

vy — 11| = 7/2(1 — cos ) = 2sin(y/2) (3.11)

X2 = %(1 — sin(1)/2)) = sin? (w;”r) (3.12)
Y2 = %(1 +5in(y/2)) = cos? <¢ 2: W) (3.13)

— Yim

+» and choosing X as positive in the

Defining an intermediate variable &
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region of interest to give rise to the low transfers Sun predicts in the minimum

time case [119], we have

X =sin (3.14)

Y = +cosé (3.15)

Substituting this into equation 3.10, we obtain

i% ((2+sin® (£)) cot(€) — (2 + cos?(€)) tan(€)) F (cot™" (tan &) — cot™" (cot §)) = nr =
(3.16)
j:; (cot & — tan &) + /2 = nr —> (3.17)
j:%(coMZJ —esew) £ /2 = —> (3.18)
g(w¢2m)sin¢+cosw—1=o (3.19)

Note, the inverse cotangent identity used above is valid for 1 in our given range,
and stems from the inverse cotangents being symmetric about 7 /4. Thus, their

difference is twice the difference of £ and 7/4, or simply /2.

Thus, given 7 = ¥+2nm, solutions to equation 3.7 are also solutions to equation
3.19, and so the combinations of reference trajectories and transfer times at which
the Clohessy-Wiltshire singularities appear are also unique minimum time transfers
in the two-body dynamics. This means that the infinitely many null transfers of

the Clohessy-Wiltshire equations are not representative of the nonlinear dynamics.

One may determine whether a trajectory is a minimum time transfer between
two points by checking that Equation 11 from [119] is satisfied for the given tra-

jectory. In this manner, we produced plots identical to Fig. 3.5 which are not pre-
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sented here to avoid redundancy, suggesting that reference trajectories for which
the upper right block of the Yamanaka-Ankersen state transition matrix is singular

are also minimum time Lambert transfers among elliptical orbits.

Another more elegant proof of the correspondence of singularity in the upper
right block of the inertial state transition matrix and the minimum time solution
of the multi-revolution Lambert problem appears in [118] where the relationship
between semimajor axis of the transfer ellipse and the transfer time is leveraged.
This proof is general in its application to elliptical orbits. We keep our proof of the
circular orbit case above as it ties back to [119] and offers a different perspective.
In the next section, we present a proof that is even more general than [118] in that
it applies not only to elliptical orbits in the two-body problem but also to systems
beyond the two-body problem. We go on to relate the singularity of the upper right
block of the rotating frame Yamanaka-Ankersen state transition matrix with the
inertial state transition matrix, tying together existing literature from [118; 119]

and our own work.

3.5 Generalized Bifurcation in Number of Solutions

This relationship between the state transition matrix and bifurcation in number
of solutions to a boundary value problem is not unique to two-body motion, the
associated Lambert problem, and the Yamanaka-Ankersen state transition matrix.
There are other dynamical systems for which singularity of the upper right block
of the state transition matrix solution to the first-order variational equations in-
dicates a bifurcation in the number of solutions to a two point boundary value

problem with the value of the independent variable at the second boundary as the
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bifurcation parameter.

Following [109], we may generalize to arbitrary k-dimensional second-order or-
dinary differential equations for which the right hand side f(x,t) is twice differ-
entiable with all continuous second partial derivatives. This is a notable specific
case of the general problem discussed in [109] since this may be represented as

2k-dimensional first-order system with continuous first-order partial derivatives.

In order to bring the bifurcation parameter into the dynamics rather than the

boundaries, the boundary value problem

¥ =f(r,t) (3.20)
r(0) =ro (3.21)
I‘(tf) = I‘f (322)

may be reframed by a time change as

v’ = tf(r,7) (3.23)
r(0) = ro (3.24)
r(l) =ry (3.25)

where " denotes the derivative with respect to 7.

Consider the corresponding 2k dimension first-order system, x’ = F, as well as
(1), the state transition matrix solution to the first-order variational equations

associated with these dynamics
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Q' = a—XCID,CI)(O) = Iy, (3.26)
r v

X = ,F = (3.27)
A f

and the boundary conditions represented as

r(0) —ro
0 = g(x(0),x(1)) = (3.28)

r(l) —ry

Then, [109] tells us that a sufficient condition for a branch point is that a

trajectory solves the boundary value problem, and in addition,

g og B
det <8x(0) + 8x(1)®<1)) =0 = (3.29)
I, 0 0 0
det + (1) | =0 = (3.30)
0 0 I, 0
I, 0
det =0 — (3.31)
D,..(1) P,(1)

det(®,,(1)) =0 (3.32)
here [ is the k-dimensional identity matrix.

To conclude, for a sufficiently smooth vector field corresponding to a second-
order ordinary differential equation and a two point boundary value problem with

boundary conditions only on the state variable (and not its derivative), we have
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found a test function for branch/bifurcation points in the number of solutions.
When the upper right block of the state transition matrix to the associated first-
order variational equations about the trajectory, det(®,,), is zero, a change in the
number of solutions to the boundary value problem occurs when the bifurcation

parameter is varied around the value at the branch point.

We specifically were interested in the value of the independent variable at the
second boundary as the bifurcation parameter, but note that this assumption was
never used in proving the sufficiency of det(®,,) = 0 to indicate the trajectory
is a branch point. The bifurcation parameter may be a more general part of the

dynamics or boundaries and this result will still apply.

We now apply this general result to prove that when the upper right block of
the Yamanaka-Ankersen or Clohessy-Wiltshire state transition matrix is singular,
the reference trajectory is a minimum time multi-revolution Lambert solution (a
branch point of the bifurcation problem depending on transfer time as a bifurcation

parameter).

Since the Yamanaka-Ankersen and Clohessy-Wiltshire state transition matrices
are given in a rotating coordinate system, the determinant of the upper right block
of the state transition matrix is invariant under a change of coordinates from an
inertial frame to the rotating RSW frame. The upper right block of the rotating

frame STM @/ in terms of the inertial frame STM ®,,, is

o, =T; '@, T (3.33)

where T is the rotation transformation of position vectors from the inertial to

the rotating frame at the given epoch (final or initial). Since T is given by an
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orthogonal matrix, the determinants of the two STMs will be equal. Note that
preservation of the determinant does not necessarily hold for the other three blocks
from the STM. The change of coordinates yields products with skew symmetric

matrices from the velocity coordinate change in each of these [28].

Thus, the general theory of branch points in bifurcation problems for two point
boundary value problems applies to the specific problems we have encountered

here.

3.6 Two Impulse Formation Reconfiguration

We turn our attention to an application problem. Rather than attempting to target
a specific final relative position at a specific final time, it is of common interest to
attain or maintain some relative orbit. This is often specified in terms of differential
orbital element [27, 45, 72, 105] or relative orbital element set [86]. However, we
may equivalently consider the full Cartesian desired state of the deputy at some
reference epoch, as this will uniquely correspond to any of the relative or differential
orbital element sets. We employ the epoch of the initial impulse as our reference.
This is to say, we will be looking for a two impulse reconfiguration (Avg, Avy) of
a deputy satellite beginning at x, which will arrive at a final relative state x; that
also evolves from the ”"desired” initial state xy + dxg without control. We study

the problem of determining Avy in the following equation:

o (xo + {0 AVO] T> + [0 Avfr = x; = O(x + %) (3.34)

In the reconfiguration problem, the terminal Av can be characterized solely by
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the transfer time and the difference in initial position of the actual and desired
states. In contrast, the initial Av depends on the relative initial velocities at the
initial time. We consider here only the terminal impulse and demonstrate the
appearance of transfer singularities in the analysis of its magnitude. The initial
relative position will affect the final velocity as mapped through ©,,, and the
relative velocity after the initial impulse (conveniently given by ©..10,.dry) will
affect the final velocity as mapped through ©,,. Thus, the final impulse can be

given as

Av; = (0, + 0,,0,,0,,)drg (3.35)

with the singular value decomposition of the mapping given by

(B4 +6,,0..10,,) =UxV’ (3.36)

Figure 3.7 shows the singular values o; associated with the mapping in equation
3.35. The two singular values differ greatly in magnitude, and avoiding singular
transfer times is important in keeping the final impulse value low. Initial relative
positions that are multiples of the right singular vector v, corresponding to the
lower singular value, o5, are generally very close to exclusively in-track. To char-
acterize the direction of vo, we define the quantity [, the angle of vy from the
radial axis, oriented such that § is 90 degrees at the positive in-track axis. We
plot 3 as a function of 7 in Fig. 3.7. It is only at the singular transfer times
that the orientation changes and moves to the nullspace vectors from table 3.1.
Generally, the direction of the relative position vector at the first impulse is key in
determining the cost of the final impulse. Unless the transfer time is one for which
O, is singular, low cost final impulses are associated with in-track only initial

position differences. If achieving this is impossible without a high initial impulse,
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then choosing transfer times which minimize oy becomes important. Numerical
minimization demonstrates these transfer times are always approximately 0.062

reference periods away from a whole period.

a

30 B (deg)
90
25 m
20 88
15 86
10
84
5
l 821
0 . . L A 1 7 (revs) L 1 . — T (revs)
0 1 2 3 4 1 2 3 4

Figure 3.7: On the left, the singular values of the mapping in equation 3.35 for
various transfer times. On the right, the angle from the radial axis of the vector
V.

3.7 Conclusion

We have explored the probabilistic and debris/collision based interpretations of the
singularities in the relative motion transfer problem, finding a reduction in dimen-
sion of the support of a probability distribution or swarm of satellites at singular
times. This may have consequences in space situational awareness after a collision
as well as planning for the safe release of sub satellites from a single original vehicle.
Plots depicting singularities of transfers associated with elliptical reference orbits
warned mission designers of the possibility of encountering transfer singularities
for a wide variety of transfer times depending highly on the reference true anomaly
at the start of the transfer. When performing optimization of transfers, calculation
of the location of these singularities can be used to avoid infeasible transfers a pri-
ori. Next, we demonstrated the correspondence between infinite non-uniqueness

and uniqueness of transfers in the linear dynamics and nonlinear dynamics respec-
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tively. This is mainly of theoretical interest, but may yield an alternative method
of calculating how many multi-revolution Lambert solutions to expect in certain
cases. We framed the connection between the Clohessy-Wiltshire equations and
the multi-revolution Lambert problem in terms of general theory on the singularity
of the upper right block of a state transition matrix with branch points in the num-
ber of solutions to a two point boundary value problem associated with a system of
second-order ordinary differential equations. In doing so, we expanded the general
theory of bifurcations in boundary value problems by simplifying a general result
when applied to boundary value problems coming from second-order differential
equations. Finally, singularities in the upper right block of the Clohessy-Wiltshire
state transition matrix appeared in a singular value decomposition approach to
analyzing the magnitude of the final Av in a two impulse reconfiguration problem.
We showed two important heuristics for transfer duration and transfer initiation
in determining transfers which are optimal in the final Av. Future work lies in
exploring the possibility that these heuristics can make for a simple and effective
strategy to achieve nearly optimal two impulse reconfiguration in the total Av. It
is also possible that this work may offer inspiration in developing new methods to

quickly find the minimum time Lambert transfer.
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CHAPTER 4
FAST COMPUTATION OF LOCAL ENERGY OPTIMAL CONTROL

4.1 Introduction

With this chapter, we begin our study of higher-order approximations of the flow
of a dynamical system, and their use for optimal control purposes. Here, the use of
higher-order approximations is motivated to increase accuracy of a local model of
dynamics and optimal control as well as to represent energy, which is an inherently

quadratic quantity.

Trajectory and mission design problems often require bilevel optimizations to
determine optimal trajectories that balance mission goals with operational con-
straints. For example, Refs. [70, 116] deal with doubly bilevel optimizations of
formation flight behavior to determine the optimal observation schedule that max-
imizes science yield while minimizing control costs for coordinated flight of a tele-
scope and starshade in Sun-Earth space. In order to meet these objectives, a
traveling salesman type problem is posed to determine which stars to observe and
on what schedule. A proposed itinerary is judged partially on the basis of the
fuel costs to maneuver the starshade accordingly. The fuel cost for one leg of
the journey may be assessed by solving a continuous-thrust, optimal control prob-
lem. Thus, computation of multiple continuous-thrust optimal control problems
is just one step in evaluating the objective function for one proposed itinerary
when considering the overall scheduling problem. Efficient algorithms to solve
continuous-thrust, optimal relative control problems in the context of three-body
dynamics are necessary to facilitate solutions of this variety of bilevel optimization

problems. In particular, this work will primarily focus not only on computing the
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optimal control, but on quickly approximating the fuel cost of that optimal control.

The continuous-thrust optimal control of one satellite relative to another has
been extensively studied in the context of the two body problem [35, 19, 20, 17,
18, 21, 78]. These methods generally rely on the analytical form of the state tran-
sition matrix solutions to the Clohessy-Wiltshire or Tschauner-Hempel equations,
which are not available in the context of the three-body problem. On the other
hand, relative impulsive control of formations in the three-body problem has also
been well studied [36, 52, 53, 99] with some recent advances in continuous optimal
control. Franzini et al. [39] examined continuous-thrust control applied to relative
motion in the elliptical three-body problem using an adjoint method. While this
methodology improves fidelity and speed of computation, numerical integration is
still required each time a new optimal control problem is posed and may be un-
suitable for applications in which high computational speed of this subproblem is
required to render some overarching problem tractable. Park et al. [94] presented a
method using generating functions to solve optimal continuous-thrust rendezvous
problems, which generalizes well for use in the three-body problem where no an-
alytical form of the state transition matrix is known. While this approach allows
for solution of the problem with arbitrary boundary conditions after a single com-
putation of the generating function, the generating function must be recomputed
from scratch whenever the time of flight or initial epoch of the problem is adjusted.
Similarly, Boone et al. [11] achieved solutions of low thrust problems by differen-
tial dynamic programming with state transition tensors to obtain feedback control
laws for arbitrary motion near a reference orbit and over a specified time of flight.
Their more recent work on impulsive maneuvers has allowed for this method to
be extended to not just calculate for a single time of flight, but a neighborhood

of time of flight using one of two methods that store temporal derivatives or use
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Taylor approximations in time [12, 13]. However, these methods still do not work

for arbitrary initial epoch and arbitrary time of flight outside of some small region.

We aim to approximately solve continuous-thrust optimal relative control prob-
lems with arbitrary initial epoch, time of flight, and boundary conditions without
performing numerical integration online. We also seek to limit storage require-
ments from precomputed data, and to obtain fitness metrics related to fuel use
without numerical integration. In order to accomplish these goals, we begin by
reviewing the properties of the first and second-order variational equations. From
there, we will formulate a basic optimal control problem. Finally, we outline an
algorithm to precompute and interpolate variational data associated with a refer-
ence trajectory in the dynamical system of states and costates. Our interpolation
scheme is specially motivated by power series solutions of differential equations
and employs a variable order for each entry of the state transition tensor being
interpolated. The interpolated linear variational data yields initial costates which
approximately solve the optimal control problem after only a few matrix products
and the solution of a linear system twice the size of the initial state space. The
second-order variational data then allows for approximation of metrics related to
fuel use with another product involving the state transition tensor. Additionally,
the second-order variational data may be used in a Newton iteration scheme to find
more accurate solutions of the optimal control problem than would be available
with just the linear variational information. Examples of motion around a refer-
ence Halo orbit are used to evaluate the approximation error for these approaches

in a rendezvous setting.

A similar approach to precomputation and interpolation was taken by the au-

thors in a previous work considering only impulsive maneuvers applied to the rela-
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tive motion dynamics of a space-telescope working in conjunction with a starshade
[75]. Another recent approach to interpolating state transition tensors uses regular-
ization methods to distribute interpolation points effectively and then Chebyshev
polynomials to perform the interpolation [31]. This Chebyshev interpolation ap-
proach was used to propose a relative motion model for the Gateway mission, but
not employed in the context of calculating continuous-thrust maneuvers. Much of
the work in the present paper could be performed within the Chebyshev interpo-
lation framework; however, we explore interpolation leveraging cocycle conditions
and the form of series solutions to variational equations. The resulting interpola-
tion scheme is designed to work quickly and with low memory requirements when
generating coarse approximations of the cost to perform optimal control. We would
like to emphasize before deriving our approximation procedure that this work is
intended primarily for analysis and itinerary development on the ground and not

tailored for performing control onboard a satellite.

4.2 Interpolating Short Time State Transition Tensors

We examine the problem of approximating ®(«t, 0) with « € [0, 1] given knowledge
of ®(¢,0). The most straightforward way to approach this is entrywise linear inter-
polation between the state transition matrix over zero time, ®(0,0) (the identity

matrix), and the original state transition matrix being interpolated from, ®(¢,0).
@’ (at,0) = I, + a(P}(t,0) — I,,) (4.1)

Error from the approximation in Eq. 4.1 will be quadratic in the time span t.
Here, we present a method for interpolating state transition tensors with the same

number of operations as entrywise linear interpolation, but with greater accuracy.
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This method exploits the structure of state transition tensors and the underlying
variational equations that produce them. We may approximate the first-order
variational equations over small spans of time by assuming that the Jacobian of

the dynamics stays approximately constant along the reference trajectory

d®(t,0) N O0F(x,)
dt o ox

®(t,0), ®(0,0) =1, (4.2)

The solution to this related equation is given by the matrix exponential

®(t,0) ~ el = HA’“ (4.3)
k=0
OF
where we define A = a(Xo) and A° = I, for convenience. Here, A* denotes the
b'e
kth power of the matrix A. The STM along a subinterval is approximated by
ot _ N ()
B(at,0) ~ et =D o AF (4.4)
k=0
In components, as for small ¢
®i(at,0) ~ I, + o’ (®i(t,0) — I,) (4.5)
where
P;i=min{p e N | (AF)]# 0} (4.6)

That is, the terms of the STM along the subinterval are the original terms multi-
plied by powers of o where the power of « is determined by the first nonzero power
of A for which the given term in the matrix is nonzero. For example, energy op-
timal control in the circular restricted three-body problem as described later by
Eqgs. 4.17 and 1.2 has a Jacobian that consists mostly of zeros. As the Jacobian is
multiplied with itself repeatedly, fewer and fewer terms remain zero. Figure 4.1 de-
picts the matrix P for energy optimal control in the circular restricted three-body
problem with generic initial conditions in the states and zero initial conditions in

the costates (corresponding to a reference trajectory undergoing natural motion).
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White regions in the graphical representation of P are those for which the matrix
exponential has zero values and the values of P are undefined and unnecessary.

1 ] 10 13

w2
13
m4
W5
m6

I I I
1 5 10 13

Figure 4.1: The matrix P represents the lowest power of the Jacobian A where
the corresponding entry is non-zero.

Next, we consider ¥(t,0) and ¥(at,0). The solution to Eq. 1.15 can be written

in power series in terms of unknown coeflicient tensors By as

i — i
L(80) = 3 = (B (47)
N=0
For small ¢
tp(at,0) = Wi (¢,0) (4.8)
where
‘r=min{pe N | (B,)!, #0} (4.9)

One could solve for the power series solution of ¥ and determine the unknown
coeflicient tensors Bpy; however, the simplest method to obtain the tensor Q;k

is by numerically integrating ¥ for some short ¢ and also ¢/2 and rounding the
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logarithm of their quotient

o — v (t,0)
" = round | log, W (4.10)

We term this scheme entrywise leading order interpolation. Note that we have
written expressions for ®(at,0), but assuming that the Jacobian of the dynamics
stays nearly constant over a short time interval, ® (¢, + at,to) = ®(at,0) for some
arbitrary tg if tg + at < t. The same is true for W. The primary benefit of this
form of interpolation is that Eq. 4.5 only requires a single multiplication per entry
of the matrix. This means that we take almost as little time as entrywise linear
interpolation, but manage higher-order approximations for most entries. Only the
powers of a need to be calculated online when the desired value of « is known.
Note that P and () need only be computed one time for a given dynamical system,

regardless of the reference orbit.

We emphasize that most terms in the STM and STT are well approximated
for small ¢ by higher-order polynomials and not by linear functions. Thus, we
expect leading order interpolation to significantly outperform linear interpolation
of the STM and STT. To compare short time interpolation approximations using
entrywise linear interpolation (Eq. 4.1) with entrywise leading order interpolation
(Eq. 4.5), we refer to Fig. 4.7 which depicts the results of using either approx-
imation in the prediction of maneuver costs in the circular restricted three-body
problem. The resulting errors are two orders of magnitude lower when leading

order interpolation is used instead of linear interpolation.
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4.3 Optimal Control Problem

We examine the energy optimal unconstrained thrust problem as outlined in [16,
70]. While energy is not the most applicable metric for fuel use, this problem is
more tractable for treatment with variational equations than the fuel optimal and
bounded thrust problems, which possess discontinuous derivatives in the mass or
costate equations stemming from the switching function in the bang-bang control

16].

The governing dynamical system without control is given by Eq. 1.5. For
example, later in this paper, we will specifically analyze optimal control in the
circular restricted three body problem given by Eq. 1.2, though we emphasize
that the dynamical system employed can be as arbitrary as that given by Eq.
1.5. We seek to satisfy twelve boundary conditions on the initial and final states
which are each six dimensional vectors consisting of three dimensional position and
velocity x = [rT vT]7T

x(to) = %0, x(ty) =xy (4.11)
Simultaneously, we seek to minimize the quadratic integral in the control vector u
J = /tf LTudt (4.12)
o 2

The Hamiltonian corresponding to this problem and the dynamical system given

by Eq. 1.5 is
H= %uTu + A'F + pTu (4.13)
where A is a six dimensional collection of costates and p = (A4, A5, Ag)T. The

resulting system of twelve ordinary differential equations is given by Eq. 1.5 aug-

mented with the control u on the last three components and

== (%)
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A two-point boundary value problem arises from Eqs. 1.5 and 4.14 along with
the boundary conditions from Eq. 4.11. Solution of this system yields the optimal
control effort u = —p as a function of the initial costates after integration of the
system. From these, Eq. 4.12 can be integrated and the performance metric can be
evaluated. Typically, repeated numerical integration as a part of a shooting method
is required for the solution of this indirect optimal control problem. Note that the
solution of the two-point boundary value problem gives only necessary conditions
for an optimal trajectory and that the generalized Legendre-Clebsch conditions
along the trajectory should be checked as an additional necessary conditions for

local optimality,
0*H
ou?

>0 (4.15)

We attempt to perform numerical integration of variational equations ahead of time
to avoid numerical integration each time a new optimal control problem needs to
be solved online. By using the variational equations, we assume that our optimal

control occurs in a neighborhood of some reference trajectory.

4.4 Approximate Optimal Relative Control

Assume an uncontrolled reference trajectory with initial conditions x(0) = xo,
following the dynamics given in Eq. 1.5 until it reaches state x(t;) = x; at some
final time ¢;. This reference trajectory represents the natural motion of some chief
satellite under a given set of dynamics. We are interested in controlling another
nearby deputy satellite with initial state xg + 0Xg, so that it arrives at the final
desired state x; + dx; at some time ¢;. dx(t) is the relative state at time ¢ and

gives the difference in state between the deputy and chief satellite states.
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We now turn to the approximation of solutions to our optimal control problem
and the performance metric. Consider the augmented state vectors for the reference

trajectory

y:[xT )\T]T, z:[XT AT J]T (4.16)

We may calculate the solutions to the first and second-order variational equa-

tions as described in Section 1, applied to the augmented system for z

o=l = | (e + [0 wr|) -ar (P0) %uTu]T (4.17)

In particular, the variational equations can be solved about the reference trajec-
tory without control applied. In this case, the initial costates of the reference orbit
are all set to zero (Ag = 0). The resulting state transition matrix ® and tensor
WU can be used to approximately describe natural and optimally controlled motion
in the vicinity of the reference trajectory. Note that even though the costates of
the reference trajectory will stay zero over the entire trajectory, the sensitivity of
states to variations in the initial costates reflected in the STM and STT will not
be zero since the first six components of the dynamics G(z) depend linearly on the
control u which is given by the last three costates. The optimal control problem
of relative motion given a specified initial relative state dxy and final relative state

0xs can then be solved up to first-order in the following manner:

6A0 ~ ((I));\(tf, to))_l ((SXf — @i(tf, to)éXo) (418)
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where

(I)?)(tﬁ tO) =

(4.19)

However, the performance metric J(t;) = J; cannot be approximated by the
first-order variational equations given that it is defined by a quadratic term (it can
be approximated, but only trivially as zero). For this, we require the second-order
variational equations:

1
Jf ~ 5\1157y(t0,tf)5y05y0 (42())

with
d*a(ty)
Seltpty) = =—————— 4.21
b,c( f 0) 6b(t0>aC(t0) ( )
Since J is an inherently quadratic quantity, ®/ = ¢/ where §; is the Kronecker
delta. A consequence of this fact is that the generalized cocycle conditions (Eq.

1.16) for the energy component of the second-order state transition tensor are

independent of other components of the second-order state transition tensor:
WY, (ta, o) = W], (L2, 1)@ (t1, 10)®R (11, to) + ¥4 (L1, to) (4.22)

Additionally, we may improve the approximation of d\g from Eq. 4.18 by using

Newton’s method to numerically solve Eq. 4.23 for 6o given dx¢ and dx;:

1
(5Xf ~ {);5y0 + 5\11;3,5}’0(5}70 (423)

where the Jacobian @ is used as the derivative in the Newton iteration scheme.
Note that the reference trajectory is trivially the globally optimal solution of the en-
ergy minimal control problem with boundary conditions x(0) = x¢ and x(t7) = x;
given that it satisfies the boundary conditions without any control effort. The

generalized Legendre-Clebsch condition is satisfied along the reference trajectory,
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and further, %ZTIQJ > (0 on a neighborhood around the reference trajectory. For suf-
ficiently small dxq and dx; as well as nonsingular ®X(ty,ty), the generalized Leg-
endre—Clebsch condition will also be satisfied along the controlled deputy satellite
trajectory, ensuring that the control is a local minimum for the cost function in

Eq. 4.12.

To summarize: given an initial time ¢, final time ¢; and a reference trajectory
we can compute the STM and STT associated with energy optimal control around
that reference orbit by integrating Eqs. 1.9 and 1.15 with the vector field given
by Eq. 4.17. In the case of an original dynamical system that is 6-dimensional,
the resulting system will be 13-dimensional consisting of states, costates, and the
energy cost. Given a relative motion boundary value problem where initial relative
state dx¢ and final relative state dx; are specified, Eq. 4.18 or Eq. 4.23 allow for
a solution of dAy directly or by Newton iteration, respectively. This solves our
optimal relative motion control problem, up to first or second-order. The states,
costates, and energy can be propagated from this initial solution by using the
second-order approximation of the dynamics. In particular, the maneuver cost is
given by Eq. 4.20. In this manner, we can approximately solve for the cost of any
relative optimal control problem with arbitrary boundary conditions sufficiently
close to a reference orbit given a fixed initial epoch and time of flight for the

reference trajectory.

4.5 Precomputation of Variational Data

In order to expand our methodology to solve optimal relative control problems with

arbitrary boundary conditions as well as arbitrary initial epoch and time of flight
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along a reference orbit, we turn to cocycle conditions and develop a methodology

to interpolate variational data.

We detail an algorithm consisting of a precomputation and storage phase, along
with a second online phase in which specific optimal control problems are solved.
The precomputation assumes a given reference orbit, specified by initial conditions
as well as a time range. For a periodic orbit, the time range can be assumed
infinite. A discretization size of 2" given m € N is chosen and the time range
or period is broken into 2™ intervals of equal length. Along each interval, the
reference trajectory variational equations are integrated, and the first and second-
order state transition tensors ®(A,, ;), ¥(A,, ;) along the intervals A,, ; are stored
with

Ty — T, Ty — T,
A= <T0+ %g,ﬂﬁ %(]’ - 1)) (4.24)

where Tj and T’ give the initial and final epochs of the reference trajectory under
consideration. For a periodic orbit Tj is assumed to be zero, and T} is the period

of the orbit.

The cocycle property and generalized cocycle property in equations 1.12 and
1.16 can be used to calculate and store ®(A; ;), W(A,; ;) for decreasing values of
from m —1 to 0. This yields precomputed variational data at m + 1 different levels
of discretization, all the way from our original finest discretization on up to state
transition tensors for the entire reference trajectory (or periodic orbit) at ¢ = 0.
Figure 4.2 depicts the multi-level discretization of a periodic orbit. In it, A;; is
shown for various indices along the first half of the orbit up to the mth level of
discretization. While our method is depicted with a periodic orbit, it will work for
finite time horizons on non-periodic orbits without modification. This can be useful

when modeling in a higher fidelity model where the reference satellite performs
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Figure 4.2: A notional multi-level discretization of a periodic orbit with the halfway
point in time labeled.

trajectory correction maneuvers, and the reference trajectory can be recomputed
and used between each of these. This concludes the precomputation step of the
algorithm, which requires approximately 2™*1(2n)? floating point entries of data
to be stored for the first-order state transition tensor, an additional 2™!(2n)?
entries for the second-order sensitivity of the performance metric J, and optionally
2™*H1(2n)? entries for WY where n is the dimension of the state variables and 2n
is the dimensions of the combined states and costates. Note that in order to use
second-order terms to find an improved set of initial costates, U3 is all that
is required for Eq. 4.23. However, unlike the ST'T associated with energy J, an
STT associated with the states over a given time interval ‘Il;y(tg, to) depends on
the STT associated with costates along a smaller subinterval \If;y(tl,to) in the
generalized cocycle conditions from Eq. 1.16. Thus, the STTs for the states and

costates must be stored along intervals even if the STTs for costates do not need

to be known for their own sake. For a relatively fine discretization (m = 7 giving
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slightly less than single day precision on a six month Sun-Earth L2 Halo orbit),
and storage of all first and second-order variational information in double precision
format, storage requirements amount to approximately 4 megabytes which fits
manageably within the RAM of a modern desktop computer. Cutting second-
order variational information that does not pertain to fuel usage (since Eq. 4.22
only relies on portions of the second-order state transition tensor), leads to memory
usage on the order of hundreds of kilobytes. In the future, a method of storing
sparse directional variational data rather than the whole variational system could
cut storage requirements by orders of magnitude at some cost to accuracy [14]. A
Fourier representation of the variational data along a periodic orbit may also be
a possible way to reduce storage costs though we do not explore that further here

[50]. A cubic spline interpolation framework has also been suggested [31].

For the online stage of the algorithm, many optimal relative control problems
may be solved in succession. Given arbitrary ¢, t; in the time range corresponding
to the precomputed reference trajectory, ®(ts, o), ¥(ty,ty) are computed with the

cocycle conditions by piecing together precomputed state transition tensors.

Specifically, the lowest index * is found where there exists j* such that Az« ;« C
(to,tf). From here, the process is repeated on the left and right disconnected
portions of the original interval with the inner interval removed, (t,ts) \ A jx.
A running approximation of the state transition tensors is kept using the cocycle
conditions. This continues until i = m, at which point O(m) operations have taken
place and the state transition tensors approximations are ®(t,t;), W(t/,t;) where

0 < th—to,ty —t < (Ty — Tp)2~™

We approximate ®(t;, o), ¥(ty, to) as well as ®(ty, 1), U(ty, 1) and then use

the cocycle conditions to augment ®(t},1;), W(t},t;) and come up with our final
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approximation of ®(ts,ty), ¥(ts,t9). We may use the entrywise leading order

interpolation scheme from equations 4.5 and 4.8 where a = f —to
3]

A given that

(to,ty) C Ay j or a = ﬁ given that (7, tr) C A, ;.

With approximations for ®(t;,t9) and ®(t;,ty) obtained in O(mn?®) and
O(mn?) operations, respectively (due to matrix and tensor multiplication in the
cocycle equations), we may solve Eq. 4.18 with cost dominated by a single solution
of an n dimensional linear system with O(n3) complexity. Any future boundary
value problems with the same boundary times can be solved in O(n?) time as long
as the relevant LU factorization is stored from the first solution of Eq. 4.18. The

estimate of the performance metric in Eq. 4.20 also only requires O(n?) operations.

A relevant question is how to choose the level of discretization m. This choice
will vary based on the dynamical system, specific reference orbit, and the relative
tolerance for error. In order to tune m, one can examine each of the smallest
subintervals, approximating the STM and STT along one half of the subinterval
by entrywise leading order interpolation. These approximations can be compared
against the true value of the STM along the half subinterval. The norm of their
difference normalized by the norm of the true STM gives an approximation for
the relative error in forward computations involving the STM. The level of dis-
cretization, m, can be increased until this relative error approximation is at an
acceptable level. To check whether a given m satisfies specific absolute tolerances
for computations with bounded relative states over bounded control time horizons,
one can perform comparisons of full fidelity calculations against their approximate
counterparts when the control time windows are chosen to begin and end at mid-
points of the smallest subintervals. The largest distances within that region of

application, and the longest time horizons for control should be used as these will
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generate the highest absolute errors. See Fig. 4.5 and Fig. 4.6 as well as relevant

discussion for an example of this process.

It is worth emphasizing that the computation of the STM and STT ahead of
time could need to be repeated if for any reason the reference orbit of interest
changes over time. In this situation, the computation of the STM and STT along
each subinterval takes the same amount of time as it would to calculate one single
sweep of the STM and STT over the whole period of interest. In the case of a
periodic orbit, this would amount to around one to two orders of magnitude more
computation time than the very standard operation of numerically integrating the
STM to find the monodromy matrix of the original six-dimensional dynamical

system.

4.6 Applications

4.6.1 Controlled Circular Restricted Three Body Problem

The equations of motion for the circular restricted three-body problem are given

in the synodic frame as

T
Y
2
F(x) = - (4.25)
25+ 9 + u,

—2i& + G2+ u,

oUu
E-i-uz
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where the state vector is x = [z,, 2, 4, 9, 2], u = [ug, uy, u,]” denotes the control

J— 1 _ * *
acceleration, an over dot denotes time derivative, and U(z,y, z) = || /|‘| + HN || X
I‘1 I'2
2,2
Y is the effective potential given the reduced mass p* = — 2 for the
mi 4+ mg

two primary bodies with mass mq, my located along the x-axis at [—p*,0,0] and
[1 — p*,0,0] with respect to their common barycenter at the origin. ry,ry give
the position of the satellite of interest with respect to the two primary bodies

respectively [70].
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Figure 4.3: The reference Sun-Earth L2 Halo orbit in canonical distance units.

We present an example around a Sun-Earth L2 Halo orbit with initial out-of-
plane position of 986,000 km shown in canonical units in Fig. 4.3. Note that all
numerical integration from this point forward is performed with an Adams/BDF
adaptive step method with absolute local truncation error kept below 10~% in
canonical units, though fixed time step methods are typically recommended for
STM and STT computation [97]. We show the cost for a deputy satellite to ren-
dezvous with the reference orbit after two weeks when the deputy begins on a
10,000 km radius sphere centered at the reference orbit initial position with the

same rotating frame velocity as the reference satellite. While our methodology al-

67



lows for computation of transfers to and from arbitrary relative states, we chose the
rendezvous problem from a sphere to the origin in order to reduce the dimensions
of the space for visualization and demonstration purposes. A radius of 10,000 km
was chosen to stress the method, and because this value is on the order of distances
proposed in starshade mission design [70]. In that application, the starshade nom-
inally transfers between points on some baseline sphere around the telescope while
maintaining zero relative inertial velocity at the boundaries to enable observation
of exoplanets. However, the cost of transfers between arbitrary points on the sphere
in this application setting is difficult to visualize given the four-dimensional design
space. Figure 4.4 shows eight examples of energy optimal rendezvous trajectories
from points on the 10,000 km sphere to the reference trajectory at the origin. Ini-
tial costates for the rendezvous were solved with Newton iteration on Eq. 4.23,
and then the states and costates were propagated with the same equation. Note

that the out-of-plane rendezvous trajectory stays approximately rectilinear.

z(km) 0
-5000 -

-10000—""  _5000
~10000 x(km)

Figure 4.4: Eight examples of the two week rendezvous trajectories from the 10,000
km sphere around the reference orbit.

The control cost J from Eq. 4.12 is given in Fig. 4.5, where initial position on

the sphere is parameterized by the ecliptic longitude #, measured counterclockwise
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from the x-axis, and the ecliptic latitude ®, measured from the ecliptic. This
figure takes less than a second to generate using the second-order approximation
to the initial costate solution and the second-order approximation to the cost
J. We see that the optimal control cost varies by about 25% of its maximum
value depending on the initial location, with lowest cost starting relative positions
roughly orthogonal to the reference orbit to Sun vector. This feature was found
in almost no computation time at all; however, we are more interested in the

methodology and how it performs.

Figure 4.6 shows the error in the final position in kilometers of the deputy
satellite given the control derived in two different ways: first, by solving for a
second-order approximation in Eq. 4.23 using Newton’s method (with a 1078 tol-
erance), and second by the first-order approximation in Eq. 4.18. These errors
are calculated by direct numerical integration of the initial states and costates
calculated by the two approximation methods. FErrors in the final position are
on the order of 0.01% and 0.1% of the distance traversed for the second-order
and first-order approximations, respectively. In simulations below 1,000 km dis-
tances, negligible difference in the position error between the two approximations
is achieved, while the error from the linear approximation varies linearly with the
distance. As relative distances increase beyond 10,000 km and exceed 100,000
km, the final position error rapidly increases, as the approximated optimal con-
trol problem becomes increasingly far removed from the actual optimal control

problem.

Figure 4.5 also shows that errors in the estimated control cost from Eq. 4.20 are
on the order of 0.1% percent of the actual cost computed by numerical integration

along the approximately computed trajectory. This means that the second-order
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state transition tensor gives a reliable indicator of the performance metric of the
optimal control that we can calculate without online numerical integration. In-
terestingly, the error is zero seemingly along a great circle on the sphere of initial
locations of the deputy satellite. This great circle also happens to correspond to

the locations of minimal cost rendezvous.
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Figure 4.5: The rendezvous control cost approximated by second-order state tran-
sition tensor and the error in its approximation versus numerical integration.
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Figure 4.6: The error in final position due to the approximation of the rendezvous
optimal control by second-order and first-order methods respectively.

We examine the worst-case error when computing the energy cost J using STT's
at the m = 7 level of discretization (the finest level of granularity is a little over
a day) for 5,000 randomly generated transfers from the 10,000 km sphere around

the chief satellite to the chief satellite. This test is conducted over time spans
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from 1 to 30 days. Worst-case error is achieved by employing approximated STT's
at the end points of the transfer with exactly half the time span of the finest
discretization. We see in Fig. 4.7 that error in approximations of cost due to
interpolation for 1 to 30 day rendezvous remains below around 0.1 percent of the
actual value of the maneuver cost when leading order interpolation is used in the
approximation of the ST'Ts at the endpoints. There exists a small bias in the error,
such that energy cost of a maneuver tends to be slightly overestimated. On the
other hand, when linear interpolation is used for the STTs at the endpoints, we
witness up to 30 percent errors in the maneuever cost. In this case the bias in the
calculation dwarfs the support of the distribution of the 5000 points, so that each
distribution appears only as a point relative to the scale of the graphs. This serves
as evidence of the efficacy of leading order interpolation of linear interpolation

for our present problem. The nominal 0.1% effect of the error at the scale of
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Figure 4.7: Distribution plot of rendezvous cost error from leading order (left) and
linear (right) STT interpolation.

single-day transfers may be sufficient as it is on the same level of fidelity as the
use of the STT approximation in the first place as seen in Fig. 4.5. Fidelity may
be additionally tuned to desired levels by refining the discretization. Accuracy
needs will vary by application, but discretizations with minimum times around
one day or m = 7 are reasonable in the approximately 0.1 percent error created

during interpolation. Any reduction in this error will be balanced by increased
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memory costs and very small increases in online computational costs due to the
number of matrix multiplications required to form the state transition tensors from
precomputed components. Dynamical systems that are more sensitive to initial
conditions magnify the approximation error in short time STMs as they are used
to form a longer time STM. This means that finer discretizations may be required
when computing approximate models of relative motion and optimal control in the

vicinity of near rectilinear Halo orbits in the Earth-Moon system.

4.6.2 Sensitivity to Earth’s Eccentricity

We have presented an application of the STT indirect optimal control interpolation
methodology in the circular restricted three-body problem approximation of the
Sun-Earth system, but the question remains whether results yielded from this
approach on a low fidelity model are valid in higher fidelity models of this system.
To answer this question, we examine the sensitivity of our results to the eccentricity
in the equations of motion for the elliptical restricted three-body problem (ER3BP)
[120].

F(x) = (4.26)

where the state vector in pulsating coordinates is x = [z,y,2,%,9,2]T, u =

[ty uy, u,]" denotes the control acceleration, an overdot denotes time derivative,
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and the effective potential is given by

—x 1—p* w 2+ y? + 22 1 22
g _ _Z 4.7
(@9, 2) ( ol Tl 5 I tecosy 2 (4.27)

where v is the true anomaly of the secondary in its elliptical orbit around the
common barycenter. ry, ry give the position of the satellite of interest with respect

to the two primary bodies respectively in pulsating coordinates.

For optimal control in the ER3BP, it is important to scale the cost function so
that acceleration in a non-pulsating coordinate frame is considered, leading to the

energy integral.

% (14 ecos(v))?
J = Tudt 4.28
[0 2<1 - 62)2 ar ( )
The differential equation for the costates remains the same as in Eq. 4.14, but the

control law is given in pulsating coordinates by

e (1——62)2 (s Ao Ag)” (4.29)
1+ ecos(v) Y '
We may examine sensitivity to eccentricity by including the parameter in our
augmented state vector and describing the parameter as evolving with a zero time
derivative. As noted before, this is not the most efficient method for computing the
sensitivities, but is easy to implement in the current STM and STT computational

framework with the cost being unnecessary multiplications with the value zero

during numerical integration.

z'=[x" AT J ]! (4.30)
b [ o ) (22 Sz
(4.31)

When taking the Jacobian and Hessian of the vector field given in Eq. 4.31, the

first and second partial derivatives of v with respect to e evaluated at e = 0 are
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required. These may be obtained from the series expansion for the equation of
center [114]. They are
ov

o 25sin(t) (4.32)
0*v ,
S| = 5/2sin(2t) (4.33)

In the second-order Taylor expansion of z* with respect to initial states, costates,
and the eccentricity of the system, a change in the eccentricity parameter manifests
itself in energy cost changes through the mixed partial derivative with respect to
e and y. As a result, the second-order approximation of relative position becomes
dependent on the STM and STT associated with G* integrated around the original

trajectory with e = 0 as the nominal value of the parameter.

1
oxy ~ (B + U7 e)dyo + 5‘11;3,5}’05}’0 (4.34)

while Eq. 4.20 for the performance cost remains the same up to second-order.
Given an eccentricity value of 0.01671 for the Earth, we quantify the effects of
modeling eccentricity on energy costs by comparing the second-order approxima-
tion of energy cost from solving Eq. 4.34 and employing Eq. 4.20 versus solving
Eq. 4.23 instead. Figure 4.8 shows that the energy cost calculated using Eq. 4.34
and Eq. 4.20 is indistinguishable to the eye when compared with Fig. 4.5 ex-
cept for a nearly constant increase in the value. The relative changes (neglecting
the constant increase) in the energy cost from eccentricity effects are on the or-
der of less than one part in one hundred with respect to the cost anticipated by
the CR3BP model. This suggests that the CR3BP model is useful for comparing
the cost of relative motion optimal control between different relative states in the
vicinity of Halo orbits in the Sun-Earth system. In this simulation, the Earth was

assumed to be at perihelion at the initial epoch.

The sensitivity approach taken above to incorporating eccentricity effects allows
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Figure 4.8: The ER3BP rendezvous control cost approximated by second-order
state transition tensor and its difference with that calculated using the CR3BP.

one to avoid the problem of finding a corresponding reference orbit in the ER3BP.
We present in Fig. 4.9 and Fig. 4.10, the calculation of optimal control costs and
errors around an explicit orbit in the ER3BP system. The corresponding orbit
we chose was found by taking the initial conditions for the previous Halo orbit,
scaling to pulsating coordinates, and performing differential correction to find an
orbit which kept the same original out-of-plane amplitude that would intersect the
x, z-plane with velocity perpendicular to the plane. With these initial conditions,
we used Eq. 4.31 (without the tracking the last zero term corresponding to the
eccentricity parameter in this case) with Earth’s eccentricity value of e = 0.01671
to generate Fig. 4.9 and Fig. 4.10 in exactly the same manner that Eq. 4.17 was
used to generate 4.5 and Fig. 4.6. This shows that the approximation error from
using the STM and STT in the ER3BP is almost identical to the CR3BP case,
though the energy cost is larger by a constant shift than either the CR3BP or
the CR3BP with eccentricity sensitivity calculations predicted. The larger, almost
constant, shift in the energy cost in this calculation versus the calculation using
Eq. 4.34 could come from the specific choice of orbit corresponding to the original

Halo, or also from the fact that by not examining sensitivities up to 3rd order
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in z*, the sensitivity of energy cost to eccentricity showed up only indirectly in
the Eq. 4.34, and not explicitly in a correction to Eq. 4.20. Note that in both
simulations, we considered the same 10,000 km sphere of initial conditions, and
needed to scale the distances to pulsating coordinates so that the true distances

would match between the CR3BP test case and the ER3BP test cases.
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Figure 4.9: The rendezvous control cost approximated by second-order state tran-

sition tensor and the error in its approximation versus numerical integration in the
ER3BP.
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Figure 4.10: The error in final position due to the approximation of the rendezvous
optimal control by second-order and first-order methods respectively in the ER3BP.
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4.7 Conclusion

We have presented an algorithm for solving any continuous-thrust energy-optimal
relative transfer sufficiently close to a given reference trajectory regardless of
boundary times or values. Our treatment is agnostic of the specific dynamical
system, and the choice of reference orbit; however, ‘sufficiently close’ amounts to
deviations approximately 1 percent of the extent of the reference orbit in the Sun-
Earth L2 Halo orbit cases tested. This algorithms consists of a precomputation
phase, in which the state transition matrix and second-order state transition ten-
sor associated with energy optimal control of the dynamical system are stored over
subintervals of the reference orbit at various levels of discretization size. During
the online portions of the algorithm, state transition matrices and state transition
tensors are composed using cocycle conditions and are interpolated at the end
points of the time interval of interest using a novel interpolation method that ex-
ploits the structure of variational equations over short time periods. This leading
order interpolation method takes as many operations as linear interpolation but
with higher-order accuracy in some terms of the matrices and tensors, depending
on the placement of zeros in the Jacobian of the dynamical system. The algo-
rithm requires on the order of megabytes of memory for precomputed variational
data in nominal Sun-Earth L2 Halo orbit cases tested, and requires only a small
number of matrix/tensor multiplications and solutions of linear systems during the
online segment of the algorithm. Importantly, there are no numerical solutions of
either ordinary or partial differential equations during the online segment of the
algorithm. This leads to fast approximation of solutions which may enable the
solution of future problems involving bilevel optimizations. Starshade observation
schedule optimization for exoplanet direct imaging missions is one such applica-

tion in which a bilevel optimization could be necessary. For this application or
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others, it is important to validate that solutions to the unconstrained optimal con-
trol problem do not violate operational constraints on thrust magnitude. Error
analysis dependent on the extent of the relative motion in the given system is
also important to assure that this algorithm can reasonably be applied in a given

situation with either linear or second-order approximations.

A drawback in this method is that only control that is locally optimal about
the reference trajectory is considered and the globally optimal control may not
be described by the variational equations. Some of this methodology will also
fail when the sensitivity of states to costates is singular along a given reference
trajectory.  Another fundamental limit of this method is its inability to be ap-
plied to fuel optimal control problems which lack the requisite smoothness and
under which uncontrolled trajectories are singular in some variational sense. Our
precomputation method excels when a periodic orbit is known ahead of time, as a
finite amount of data can be used to represent the trajectory for all time. However,
this methodology can be applied as is to non-periodic orbits over finite horizons.
STTs must be recomputed and stored again once that finite time horizon has
been passed. While keeping these limitations in mind, the precomputation and
interpolation approach taken in this paper is a valuable tool to speed up trajec-
tory optimization and optimal control cost estimation in the vicinity of a known

reference orbit.
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CHAPTER 5
APPROXIMATE SOLUTION OF THE PASSIVE ANGLES-ONLY
ORBIT DETERMINATION PROBLEM

5.1 Introduction

It is a well-known problem that the range between two satellites is unobservable in
passive (without maneuvers from the observer or observed satellite), angles-only,
relative orbit determination when using a linearization of the dynamics about a sin-
gle sensor [135]. On the other hand, recent works have determined the scale of rel-
ative motion from angles-only measurement by employing nonlinear models of the
dynamics. A few works solve polynomial equations arising from second and third-
order approximations of the nonlinear dynamics. Some of these methods employ
homotopy continuation methods from algebraic geometry or successive approxima-
tions to solve the multivariate systems of polynomial equations [85, 132, 133], while
another performs approximations to obtain an up to 15th order polynomial in a
single variable that can be solved by standard methods for polynomial root finding
[98]. Another recent work determines the minimum rate of change of the observa-
tion angle over time to determine the scale of certain relative orbits in the 2-body
problem, using this technique to perform orbit determination when high frequency
arc-second-level accuracy measurements are available [137]. Other methods rely
on solving a nonlinear least squares problem. In order for nonlinear least squares
algorithms to converge consistently, the initial guess of the scale of the orbit must
be close to the true scale. Current algorithms employ bisection methods over the

initial scale guess as a means to guarantee convergence at the cost of inefficiency in

A previous version of this work was presented at the January 2023 Spaceflight Mechanics
Conference in Austin, TX as AAS paper 23-161.
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the nested optimization [6, 5]. Other approaches use an iterative method to solve
the problem on an observable subspace, while using a sampling method to solve
the problem in the orthogonal subspace [64]. Additionally, much work has been
performed in solving for the scale of a relative orbit when the camera is offset from
the center of mass of a satellite [42, 44, 47, 48], or when multiple cameras are used

with a known relative positioning [77].

In this work, we will fuse the approach of solving a nonlinear least squares
problem with the use of quadratic models of the relative motion to solve the pas-
sive, angles-only, relative orbit determination problem without camera offsets or
multiple cameras. Rather than performing nested optimization to make the solu-
tion of the nonlinear least squares problem feasible, we provide a fast method for
approximating the scale of the relative orbit, which allows a standard, nonlinear
least squares solving algorithm such as Gauss-Newton to successfully converge to
a solution. Our initial guess generation involves solving an overdetermined eigen-
value problem and relies on state transition tensors as a theoretical underpinning,
but can be implemented with only state transition matrix calculations. We will
begin by briefly reviewing the theory behind state transition matrices and higher-
order state transition tensors. From there, we will present the nonlinear least
squares problem associated with passive, angles-only, relative orbit determination
as well as the range-ambiguous linear least squares solution for the relative state.
Since the direction of the initial relative state vector is known approximately, we
will demonstrate that an overdetermined eigenvalue problem naturally arises to
determine the unknown scale. The main contributions of this paper lie in devel-
oping two algorithms for approximating the scale of the relative of orbit. The
first method approximately minimizes a least squares problem associated with

the overdetermined eigenvalue problem in a novel manner involving the Moore-
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Penrose pseudo-inverse. The second method also gives a novel means of solving
the overdetermined eigenvalue problem in a least squares sense, but performs the
minimization exactly by constructing an equivalent quadratic eigenvalue problem
and solving this by forming the equivalent linear eigenvalue problem in twice as
many dimensions. We assess the performance of this method for a Geostationary
observer orbit, as well as the proposed NASA Gateway Earth-Moon Near Recti-
linear Halo Orbit. Finally, we present an error covariance study of solutions as
a function of number of observations, observation window duration, and relative

orbit geometry.

5.2 Methodology

5.2.1 Problem Statement

We pose the following nonlinear least squares problem to find the six-dimensional
inertial state xo = [rj v{ ]’ consisting of position and velocity for the observed

satellite at the initial time ¢g:
min 1; x dr;||? 5.1
i 3 o (5.1
where 1; is the unit vector in the direction of the observation at t¢;, and dr; is the
position of the observed satellite relative to the sensor at the time ¢; as a function

of xg. The measurement unit vectors 1; throughout this paper will be modeled with

additive measurement error w; modeled with the QUEST measurement model:

2

B(w)=0.  BE(ww!)=" (L-L1) == (5.2)

given a sensor noise standard deviation o and the 3 by 3 identity matrix denoted

as I3 [110].
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5.2.2 Initial Guess Generation

The main novelty of this work lies in the method to generate an approximate solu-
tion to the nonlinear least squares problem from Eq. 5.1. We begin by examining

the solution to the linearization of Eq. 5.1:
min Y [|[L]« ®" (Xo; i, £0) 5% 3 (5.3)

where ®(xo;t;, to) is the submatrix consisting of the upper three rows of the STM
®(x0;t;,to) associated with the sensor orbit, dx is the initial state of the observed

satellite relative to the observer satellite, and

0 —l3 I
[l]x = |1 0 —h (5-4)
-, L 0

is the skew-symmetric, cross-product equivalent 3 by 3 matrix. Due to well-known
linear observability issues, the solution to the linear least squares problem in Eq. 5.3
is not unique [135]. However, by definition of the singular value decomposition and
its connection to constrained optimization of a linear function, the unique solution
up to a sign with unit norm is given by the right singular vector corresponding to
the smallest (sixth largest) singular value of the following 3n by 6 matrix:
[11]x @" (%05 1, o)
A = : (5.5)
(L]« ®F (x0; tn, to)
We denote this range ambiguous (unit-normed) linear solution to the relative orbit
determination problem x,. With this linear approximation in hand, we move on to
considering a second-order approximation of the nonlinear least squares problem

in Eq. 5.1:
2

(5.6)

1
[Li] x ((I)r(XOS tisto)0xo + §‘I’r(X0; ti, to)éxg)

2
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where we define the 3 by 6 by 6 rank (1,2)-tensor that gives second-order sensitiv-
ities of the final position to the initial full state (a block of the full second-order
state transition tensor)

82rt

\I’r(Xo;tf,t()) = (57)

o3
The problem defined in Eq. 5.6 is not a linear least squares problem, and is generally
difficult to solve. However, given that §xq is small relative to the sensor orbit state
X in a relative motion context (on the order of 1/100th or less the scale of the
reference orbit), the quadratic term should be much smaller than the linear term
for any such small 0x¢. With this information, the solution to the quadratic least
squares problem is in approximately the same direction as the solution to the linear

least squares problem Xg, so

2

1
L]« (‘I’r(xo; ti, to)0xo + é‘I’r(Xo; t;, tg)éxg)

2
5.8
|60 ]2 ? 58)

[lz] % (@r(XO; ti, t0)5X0 + \Ilr(X(); ti, t0>X05X0>

2
Treating —||dX¢l|2/2 as an unknown constant A, we obtain an overdetermined eigen-
value problem in 0x [30]. To find an approximation for the vector dxg, we solve

the overdetermined eigenvalue problem:

min ||Adxy — ABdxg||2 (5.9)
0%0,A

where B € R3*¢ is given by:
L] ®™ (xo0; t1, t0)Xo
B = : (5.10)
(L) x ¥ (%05t to) X0
given matrices (W' (Xo;ts,t0)0x); = (¥)i.(Xo;ty,t0)0x" and A defined as in
Eq. 5.5. We call this linear approximation of the (1,2)-tensor W a quasi-

linearization about the vector Xy. By performing a single contraction, ¥'X, yields
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a matrix that gives an approximation of W' as it acts on vectors in the vicinity
of Xo. In general, when A and B have more rows than columns, there are no
generalized eigenvectors [30]. Instead, as justified in the section A.1, we approxi-
mately solve the problem in a least squares sense by solving the standard eigenvalue
problem with a Moore-Penrose pseudo-inverse term A'. We choose to apply the
pseudo-inverse to the A matrix rather than B, as B is only a linear approximation
of a quadratic term, while A contains no approximations. Numerical experiments
show that the formulation with the pseudo-inverse of A tends to decrease error
over performing the pseudo-inverse on B in the orbit fit arising from the solution
of the eigenvalue problem. In the subsequent examples, inversions of the B matrix
exhibited worse error in the orbit fit in all cases tested and have been omitted.

Our approximate reformulation of Eq. 5.9 becomes
ATBéx, = \*6xg (5.11)

where A\* = 1/A. The quadratic approximation for 0xg becomes the eigenvector of
AB closest to the original vector X (up to a sign), multiplied by —2/A*. Note that
care should be taken to ensure the sign of the solution agrees with the direction of
the line of sight vector observations and not their opposites. Additionally, there
are no guarantees that the computed eigenvectors will be real-valued, since the
matrices are not strictly real symmetric or positive definite. As a result, numerical
error may manifest itself in the form of complex values. The imaginary components
of these solutions should be ignored by considering the real part of vectors denoted
by Re(-) since the orbit fit must be real and these imaginary components are small
in practice. Finally, note that AT can be computed easily from the singular value
decomposition of A that was performed in an earlier stage of the algorithm [46].
A summary of the details of the algorithm solving Eq. 5.11 and addressing sign

and complex value concerns can be found in Alg. 1. While an approximation is
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made to go from the overdetermined eigenvalue problem in Eq. 5.9 to the standard
eigenvalue problem in Eq. 5.11, we can also solve the original problem exactly.
The least squares problem in Eq. 5.9 can be reframed as a generalized eigenvalue
problem in twice as many dimensions by the linearization of an associated quadratic
eigenvalue problem as outlined in Sec. A.2. Alg. 2 provides details on using the
quadratic eigenvalue problem approach to the overdetermined eigenvalue problem
to solve Eq. 5.9 directly. Note the multiplication rather than division by the

eigenvalue in the final solution as compared to Alg. 1

Note that Eq. 5.9 depends on the second-order state transition tensor. Com-
putation of the second-order state transition tensor is nowhere near as commonly
implemented as computation of state transition matrices in astrodynamics soft-
ware. We demonstrate that the second-order state transition tensor need not be
directly computed, and only some information from the tensor is required. Rather
than directly computing the second-order state transition tensor and then perform-
ing the contraction with X, we can employ a forward finite difference to compute
the directional derivative of the STM:

D" (x0 + hXo; ti, to) — ®*(X0; ti, to)

W (x0; t, t0)Xo ~ 5

(5.12)

for small hA. This can speed up computation and save programming time, since
state transition tensor computations are implemented much less commonly than
state transition matrix computations. Also, extraneous information in the state
transition tensor is not computed when using this approach as the second-order

sensitivity is only required along the single direction Xj.

Both Alg. 1 and Alg. 2 rely only on standard methods from numerical linear
algebra to approximate the relative orbit initial state. Average timing results run

on a standard laptop computer for both algorithms applied to data with varying
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Algorithm 1: The pseudo-inverse eigenvalue algorithm to obtain an ini-
tial guess for the passive angles-only relative orbit determination problem.

10:
11:
12:
13:
14:

Input: 1;, xq

1
2: Compute ®*(x;;,t0)

3: Compute A from Eq. 5.5
4: Compute the SVD of A
5:
6
7
8
9

Xg < Vg(A) the sixth right singular vector (unit vector)
o +— Ko * sign(1] @ (xo; 11, 0)X0)

: Compute W*(x; t;, to)Xo > directly, or with Eq. 5.12
: Compute B from Eq. 5.10
. Compute A'B > where A can be computed from the known SVD of A

Compute the eigenvectors of ATB.

Select the eigenpair (X;, A7) s.t. i = argmax;|X; - Xo
Let dxo < Re(—2x;/A})

dxg < 0xq * sign (17 ®T (xq; 11, t)0%0)

Return dx

Algorithm 2: The quadratic eigenvalue algorithm to obtain an initial
guess for the passive angles-only relative orbit determination problem.

1

10:

11:
12:
13:
14:

Input: 1,,x
Compute ®*(xg; t;,to);
Compute A from Eq. 5.5;
Compute the SVD of A;

Xo < Vg(A) the sixth right singular vector (unit vector);

Xo ¢ Xo * sign (1] @ (xo; t1, 10)Xo);
Compute W (xg; t;,t9)Xo > directly, or with Eq. 5.12
Compute B from Eq. 5.10;
Compute the eigenvectors and eigenvalues (y;, A;) of the generalized linear
eigenvalue problem in Eq. A.10;
Calculate the normalized eigenvalues of the quadratic eigenvalue problem
(x4, A;) from Eq. A.11 and A.12;
Select the eigenpair (X;, A;) s.t. ¢ = argmax;|X; - Xol;
Let dxg = Re(—2\;X;);
dxg < 0xq * sign(1F ®% (xg; 11, 19)0%0);
Return dx
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numbers of observations are presented in Fig. 5.1. Both algorithms take on the
order of milliseconds to compute. The two algorithms take roughly the same time
to compute, though Alg. 2 based on the quadratic eigenvalue problem approach
requires a few more tenths of milliseconds to compute. The time complexity of
both algorithms is linear in the number of observations since the singular value
decomposition used in both has computational complexity O(MN? + N3) for a
matrix with M rows and N columns, and because N = 6 is fixed for the matrix
A regardless of the number of observations [46]. The computational complexity of
the eigenvalue computations are independent of the number of observations, since
the matrices whose eigenvalues are being found maintain the same dimensions
regardless of the number of observations. The constant shift of the two timing
curves comes from the fact that Alg. 2 solves an eigenvalue problem that is twice
the dimension of the eigenvalue problem solved in Alg. 1.

Computation Time (ms)

25}
[ ]
[ ]
2.0t o "
[ ]
[ ]
L J
1.5} o °
[ ]
[
[ ]
1.0} o
' Alg. 2 o
[ ]
Alg.
05l g.1
‘ . . .
5 10 15 20

Figure 5.1: Timing results as a function of number of observations.
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5.2.3 Solving the Nonlinear Least Squares Problem

With the initial guess for a solution in hand, we employ optimal linear orbit de-
termination (OLOD) to find the final solution [111]. This method can be phrased
as Gauss-Newton applied to the problem from Eq. 5.1, and could be extended to

a Levenberg-Marquardt algorithm [79, 91], but we make no such attempt here.

5.3 Results

We conducted randomized numerical experiments to test the two scale approxi-
mation algorithms presented here. In order to capture a wide variety of relative
motion behavior in the vicinity of the chief satellite, we selected initial and termi-
nal points uniformly at random from a cube centered about the chief satellite and
solved for the initial velocity to achieve that transfer. This initial state was then
propagated forward in time with observations made uniformly spaced in the time
interval. The QUEST measurement error model from Eq. 5.2 was then used to
perturb the exact observations [110]. Then, two predictions of the scale were made
based on Alg. 1 and Alg. 2. We conducted 1000 trials with 10 observations equally
spaced over the observation period for each of the following scenarios: no measure-
ment error, o = 10731074, and 107° radian level measurement error. Note that
o = 107* rad corresponds to an approximate 1 arc minute 3o level of error (the

capability of a modern commercially available star-tracker) [96].
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5.3.1 Geostationary Orbit

In Fig. 5.2, we present test cases with a Geostationary reference orbit propagated
with Keplerian dynamics over a 2.3 day time period (chosen to avoid cross-track
motion transfer singularities when constructing the test relative orbit). The cube
that the deputy satellites end and begin within is centered at the chief satellite
with 200km side lengths. The performance of both algorithms is roughly the same
for cases with low sensor noise. However, in the o = 1073 rad case, Alg. 2, which
solves the true overdetermined eigenvalue problem in a least squares sense, has
around half as much scale error as the pseudo-inverse approach, and maintains
much lower maximum errors, staying below the actual scale of the relative orbit.
With o < 107* rad, the error in the scale of the predicted orbit is, on average,
within about one percent of the true value in all cases tested and always below ten

percent.

Further, in the case from Fig. 5.2 with no observation error, optimal linear
orbit determination converges in a few iterations to the true solution for all 1000
randomized relative orbits when provided with guesses from either algorithm. In
the case where uninformed guesses of the scale were provided to OLOD rather
than using either initial guess generating algorithm developed here, guesses below
10 km never converged to the true solution. We examine a stressing case for the
relative orbit determination problem with a short observation arc and few mea-
surements. Specifically, test cases are generated in the same manner as Fig. 5.2
but with o = 107° rad and only three observations over one quarter of an orbit.
This corresponds to availability of a sensor with an order of magnitude higher
accuracy than modern, commercially available star-trackers, but in a case with

minimal observations over a small time window. We use Alg. 1 in red and Alg. 2
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Figure 5.2: Relative error in scale for 1000 initial relative orbits in a 200km cube
centered about the Geostationary reference orbit. Alg. 1 in Red, Alg 2. in Blue.

in blue to provide an initial guess for OLOD. The error in solutions estimated by
three iterations of OLOD to convergence under the above circumstances is given
in Fig. 5.3. In this case, OLOD improves on the initial estimates from both al-
gorithms below some error threshold, but sends estimates with high error to the
trivial or divergent solutions as can be seen from the gap between around 10 per-
cent and 100 percent error. Note that OLOD applied to estimates from Alg. 1
diverged or converged to the trivial solution in around 5 percent of cases tested.
The error in solutions converging near the true solution is large in some cases even
going above ten percent; however, this likely stems from the observability of the
problem and not poor performance of the nonlinear least squares solution proce-
dure as increasing the number of iterations of OLOD does not change the results
substantially, indicating convergence to local minima of the nonlinear least squares

problem. We will study the covariance of state estimates expected from solving the
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relative orbit determination problem as a function of observation time and number
of observations in Sec. 5.4. However, in the case of OLOD applied to the estimate
from Alg. 2, around half of cases tested converged to the trivial solution rather
than the true solution. The underperformance of Alg. 2 as compared to Alg. 1
occurs only in cases with very few observations, and the opposite trend is seen in
the case of poor quality measurements when many observations are taken as in
Fig. 5.2. This seems to point to ill-conditioning of Eq. A.10 in the case where
only around three observations are taken. In these cases with low numbers of ob-
servations, Alg. 1 is preferable to use. It is also worth noting that without initial
guess generation from either algorithm developed here, OLOD will not converge
to the true solution in any of the 1000 cases above when an uninformed scale guess
of 10 km or lower is provided. This means that the approach of starting OLOD
with uninformed guesses of the scale will not ever lead to convergence unless that
uninformed guess of the scale is within around an order of magnitude of the true
scale. One could perform trials of many magnitudes of the scale guess, and this
may be a good fall back in the small number of cases where OLOD converges to
the trivial solution given our initial guess algorithms. This approach would fall
into a very similar category as an existing method using bisection on scale guesses
6].
Frequency per 1000
acol
ao0]

200

100r

0 Relative Error in Scale

107° 1074 0.001 0.010 0.100 1 10

Figure 5.3: Relative error in scale for OLOD applied to relative orbits in the short
arc Geostationary case.
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5.3.2 Near Rectilinear Halo Orbit

In Fig. 5.4, we present test cases with a Near Rectilinear Halo Orbit (NRHO)
reference propagated with Earth-Moon Circular Restricted Three Body Problem
dynamics over 0.8 of one orbital period. The cube that the deputy satellites end and
begin within is centered at the chief satellite with side lengths that are 2/1000th
the scale of the out-of-plane component of the NRHO at apolune (approximately
140 km). The reference orbit used comes from the proposed NASA Gateway
orbit [1, 31]. Initial conditions for the orbit are y = 1.0/(81.30059 + 1.0), ¢ =
1.022022, zp = —0.182097,99 = —0.103256 with other initial coordinates equal
to zero. The period of the orbit is 1.511111 nondimensional time units where
27 time units is equivalent to the revolution period of the Earth-Moon system.
Again, Alg. 2 demonstrates half the error, on average, in the high sensor noise
case, though the two methods are indistinguishable in the lower noise cases. For
the 0 < 107 rad cases, the scale error is, on average, below two percent and
almost always below ten percent. The high sensor noise case (¢ = 107 rad) in
this NRHO scenario exhibits much higher scale error with either algorithm than for
the two-body example presented in Fig. 5.2. This may stem from the sensitivity

of dynamics in the three-body system as compared with two-body dynamics.

We examine a stressing case for the NRHO relative orbit determination prob-
lem with a short observation arc and few measurements. Again, test cases are
generated in the same manner as in Fig. 5.2, but with ¢ = 107° rad and only three
observations over one quarter of an orbit. We use Alg. 1 to provide an initial guess
for OLOD. The error in solutions estimated by three iterations of OLOD under
the above circumstances is given in Fig. 5.5. Note that OLOD converges to the

trivial solution in about 10 percent of cases, and diverges in less than one percent
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(a) Algorithm 1, 2 estimates 0 = 1072 rad (b) Algorithm 1, 2 estimates o = 10~ rad
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Figure 5.4: Relative error in scale for 1000 initial relative orbits in a 140 km unit
cube centered about the NRHO reference orbit. Alg. 1 in Red, Alg 2. in Blue.

of cases. The cases converging to the trivial solution are represented by the peak
at relative error of 1, while divergence is indicated by relative error greater than
1. The performance of OLOD in combination with Alg. 1 for initial guess genera-
tion developed here is inferior to that observed in the Geostationary case, but still
exhibits convergence to solutions around the true solution in around 90 percent
of cases. In general, at shorter distances and with longer observation periods and
numbers of observations, convergence around the true solution is more common.
The same poor performance of Alg. 2 due to the low number of observations takes

place as in the case of Fig. 5.3.
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Figure 5.5: Relative error in scale for OLOD applied to relative orbits in the short
arc NRHO case.

5.3.3 Choosing an Algorithm

Performance differences in Figs. 5.2, 5.4 indicate that Alg. 2 performs better
in terms of error than Alg. 1 in cases where there are many more than three
observations and high sensor noise. However, Figs. 5.3, 5.5 indicate that Alg. 2
may be solving an ill-conditioned problem when the number of observations is
close to three. This means that for low numbers of observations, Alg. 1 should
be preferred. It is also worth noting that for these small numbers of observations,
Alg. 1 is about twice as fast to compute as Alg. 2, making it perform overall

better in cases with low numbers of observations.

5.4 Covariance Analysis

Covariance studies have been performed before using cylindrical coordinates to
assess the error covariance of solutions to relative orbit determination in the two-
body problem [43]. To build on this, we offer a formulation in terms of cartesian
coordinates, and perform covariance analysis on three-body problem relative orbit
determination. Sinclair and Lovell’s paper on optimal linear orbit determination

provides covariance analysis that applies trivially to our application [111]. To
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summarize, once OLOD converges to a solution, the solution is unbiased up to
first-order, with a covariance described by the position vectors of the observed
satellite relative to the observer satellite at the observation times, dr;, as well as
the measurement covariance 3;, and the STM blocks ®*(xq + 0xo; t;, to) associated

with the solution orbit. Let
M = Z — (D (x0 + 0%0; i, t0)) T L] [11] « B (%0 + 605 t4, Lo) (5.13)
Then, the error covariance for the solution is
P=M"! (Z [[075] |2 (" (30 + 0%0; L3, o)) T P (% + I%0; ti,to)) M1 (5.14)

We can perform studies of the solution covariance of the least squares problem
from Eq. 5.1 using Eq. 5.14. By setting up a scenario including the reference
orbit for the sensor xg, the initial relative state of the observed satellite dxg, the
number of observations n, and the duration of the observations window At, we can
evaluate the error covariance in Eq. 5.14. The induced 2-norm of the upper left
3 by 3 block P, of the covariance matrix P provides a good metric for the level
of uncertainty in the final solution. In particular, ||P.||2 provides the maximal
variance of the solution distribution when marginalized to any one dimensional
subspace. Given that the weakly observable part of dxq is its scale, ||P.||2 is
approximately the variance in the estimated initial distance ||drg||. We assess the
variance in estimated initial distance for various circumstances in a Geostationary

orbit and the proposed NASA Gateway Near Rectilinear Halo Orbit.

5.4.1 Geostationary Orbit

The position covariance 2-norm or approximate variance in distance is plotted for

a number of different scenarios with a Geostationary observer orbit in Figs. 5.6-5.7,
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given a o = 10~* rad sensor noise level for all of the following scenarios. In Fig. 5.6,
the relationship between number of observations and error covariance is studied
with an e = 0.001 eccentricity satellite orbit being observed as it circumnavigates
the observer orbit over the course of a single period. Observations are equally
distributed across the one period observation window. The error variance of the
final distance appears to vary inversely with the number of observations, though
some nonmonotonicity is observed for small numbers of observations where the
times of the uniformly spaced observations change dramatically from each scenario
to the next. Also in Fig. 5.6, the number of observations n is fixed at 10, while
the observation window is varied from 0 to 3 periods. Large decreases in the error
covariance are observed as the observation period increases between 0 and 0.25
periods, as well as around one half of one period. The error covariance varies
much less dramatically in the region between 0.25 orbits and 0.4 orbit as well as
following 0.6 orbits. In Fig. 5.7 the relative motion geometry is studied. A single
period with 10 observations is employed with relative motion geometries of varying
size. Each observed satellite is circumnavigating the Geostationary orbit observer
(which is assumed to be perfectly circular) with a nonzero eccentricity, but the
scale of that eccentricity is varied. The error covariance stays nearly constant
though slightly decreases as a function of increasing differences in the eccentricity
of the observer and observed satellites. This approximately constant level of range
error in the estimated orbit indicates that the range error of a circumnavigating
satellite in practically independent of the size of the relative motion geometry.
Also in Fig. 5.7, the same number of observations and observing time are used,
but with a leader-follower formation geometry with varying offsets in the mean
anomaly difference of the two Geostationary satellites. The covariance significantly

increases as a function of the spacing of the leader-follower formation. In particular,
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the increase appears to follow a quadratic curve, indicating that the range error
standard deviation increases linearly with the distance from the observer satellite.
Between these two trends we can say that the character of the relative motion
(being oscillatory as a result of differences in the eccentricity of the two satellites
or being static in a leader-follower geometry) has a bearing on the behavior of the
error in the estimated range as a function of the true range/size of the relative
motion. Non-oscillatory motion leads to linear increases in the range error as
the offset between the two satellites increases, while oscillatory motion leads to a

largely constant level of error regardless of the actual size of that relative geometry.
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Figure 5.6: The variance in estimated distance as a function of number of obser-
vations and observation time in the Geostationary orbit.
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Figure 5.7: The solution covariance norm as a function of the relative eccentricity
of the two orbits and the leader-follower mean anomaly difference respectively in
the Geostationary orbit.
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5.4.2 Near Rectilinear Halo Orbit

We experimented with the error covariance of solutions in the same manner as
before with the Geostationary orbit but with the Gateway NRHO as an observer
orbit instead. Just as for the Geostationary analysis, sensor noise is set to o =
10~ rad. For the initial conditions of the relative motion, a unit vector given in
canonical units as (—0.361,0,—0.136,0,0.922,0) in the center eigenspace of the
monodromy matrix associated with the sensor orbit NRHO is used. We choose
a relative orbit approximately in the center manifold of the reference orbit as
an example of a meaningful relative motion that ensures boundedness over the
observation window. This initial relative state vector is scaled so that the initial
relative distance is one kilometer. In Fig. 5.8, a quarter period of the NRHO is
used for the observation window, and the number of observations is varied. The
resulting trend is a decrease in the error covariance as the number of observations
increases. However, this decrease in the error covariance is slower than in the
Geostationary case for high values of n. In the study of the observing duration,
the same relative orbit geometry is used. Ten observations are employed while
the observation window duration is varied. A very similar structure is revealed as
in the Geostationary case from Fig. 5.6, where diminishing returns are observed
over time, with flat areas between one tenth of an orbit to around a quarter of
an orbit, as well as past a little over half an orbit. Finally, Fig. 5.9 takes the
same ten observations over a quarter period of observation of the same relative
motion geometry scaled between 1 km and 10 km initial distance. Increasing the
separation between the observer and the observed satellites increases the error
covariance. Similar to the case of a leader-follower orbit in the two-body problem,
this scenario also exhibits what appears to be linear growth of the error standard

deviation as the range of the orbit increases. To summarize, in the case of the
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NRHO and the Geostationary orbit, the variance in scale tends to increase with
distance of the relative orbit, decrease steadily but with diminishing returns as the
number of observations increases, and decrease very quickly as overall observation

time increases within the first half period, but exhibits diminishing returns after

that point.
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Figure 5.8: The variance in estimated distance as a function of number of obser-
vations and observation time in the NRHO.
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Figure 5.9: The solution covariance norm as a function of the initial relative dis-
tance of the two orbits in the NRHO.

5.5 Conclusion

We have presented two algorithms for solving the passive angles-only relative orbit
determination problem using an eigenvalue problem approach. Throughout this
whole process we have only employed standard linear algebraic operations that

are fast and widely implemented. By framing the solution with the state tran-
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sition tensor model of dynamics, we have abstracted to the point where we may
employ any dynamics model as long as we can numerically calculate the state
transition tensors associated with those dynamics. In particular, this yields the
first algorithm, to our knowledge, for solving the passive angles-only relative or-
bit determination problem under three-body dynamics without camera offsets or
multiple cameras. An open question is how performance is degraded when state
transition tensors from a lower fidelity model are used to fit observations com-
ing from an underlying higher fidelity model of the dynamics, or when the state
transition tensors of a nearby reference orbit are used due to estimation error of
the reference orbit state. Additionally, the use of state transition tensors gives
rise to an inherently local approximation of the dynamics, making this method
unsuitable for large distance scales between satellites over which the third and
higher-order dynamics play a significant role in the relative dynamics. However,
we have shown that this methodology is appropriate at least as far out as 200km
separation distances for satellites near Geosynchronous orbit for example. Even
with these limitations and remaining questions, the algorithms presented here offer
promising accuracy, robustness to noise, flexibility in the number of measurements,
high computational efficiency, and easy implementation. This methodology may
enable future onboard angles-only relative navigation for satellites with limited
sensing, maneuvering, and computational capabilities within Earth orbit and ad-
ditionally opens the door to angles-only relative orbit determination for cislunar

applications such as the proposed NASA Gateway program.
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CHAPTER 6
ERROR QUANTIFICATION OF LINEAR AND HIGHER-ORDER
GUIDANCE, NAVIGATION, AND CONTROL METHODS

6.1 Introduction

Methods relying on linearization are widespread in the fields of control and es-
timation due to their efficiency as well as ease of implementation and analysis.
In particular, resource constrained embedded systems such as those on satellites
often necessitate the efficiency of linear algorithms for onboard guidance and nav-
igation tasks. In this work, we focus on two applications: calculating rendezvous
or stationkeeping guidance using state transition matrices[24, 93|, as well as the
measurement, update of the extended Kalman filter with an optical measurement
[106]. We present a method for approximating the maximum possible error when
using some of these linear algorithms when the true function or dynamical system
is nonlinear. Error estimates are expressed as a function of the scale of deviations

from some nominal or reference values used in the linearization.

In relation to this idea about the error performance of linear algorithms, there
has been much interest in the last few decades in quantifying the level of nonlinear-
ity of a function such as the flow of a dynamical system. Measuring the nonlinearity
of the flow of a dynamical system makes it possible to compare coordinate sys-
tems and choose the coordinate system with the best linear approximation before
applying a linear control or estimation algorithm [57, 58, 54]. Similarly, measures
of nonlinearity and other related information about directions of maximal nonlin-
earity can aid development of semi-analytical algorithms that split the domain or

employ Gaussian mixtures to improve linearization behavior for each split [84, 124].
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We present a number of nonlinearity indices that can be computed in terms of ten-
sor norms, including a scale-free generalization of the original nonlinearity index
that is easy to compute using the induced 2-norm of a matrix. Additionally, we
develop an easier to implement approach for computing the recently developed
nonlinearity index Tensor Eigenpair Measure of Nonlinearity (TEMoN) [54] that
requires lower-order tensors as compared with the existing approach and only a
very simple power iteration like algorithm. Finally, we develop a novel measure of

nonlinearity that we call D-Eigenvalue Measure of Nonlinearity (DEMoN).

We approach the problems described above by extending the formalism of in-
duced or operator norms from matrices to multilinear operators or tensors. This
allows us to treat a number of existing algorithms in the literature as well as other
possible algorithms in terms of a single unified framework. In particular, this in-
cludes the tensor eigenvalue approach [54, 55], the polynomial bounding scheme on
a hypercube [84], and the maximum change in the Frobenius norm of the first-order
derivative approach [124]. We define an induced tensor norm and present a num-
ber of examples in addition to these three. Much of the focus of this paper is on
the induced tensor 2-norm, which relies on tensor Z-eigenvalues for computation,
as well as the induced tensor (2, D)-norm which relies on a generalization known
as a tensor D-eigenvalue [100]. We began by summarizing a number of tensors
that arise in guidance, navigation, and control in Sec. 1.2. Now, we build up from
vector to tensor norms, describing their computation in Sec. 6.2, and finally apply
tensor norms to the bounding of error in guidance (Sec. 6.3.1) and estimation (Sec.

6.3.2) contexts, as well as in nonlinearity index computations (Sec. 6.3.3).
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6.2 Norms of Tensors

A norm || - || on a vector space X is defined as a function from the vector space to
the real numbers that satisfies three properties: the triangle inequality [|x + y|| <
x|l + ||y]| for all x,y € &, absolute homogeneity with scalars ||ax|| = |a|||x]| for
all scalars a and all vectors x € X', and finally positive definiteness ||x|| = 0 if and
only if x = 0 is the zero element of the vector space X. Note that tensors of a
given order and dimension along each index form a vector space. This includes
Euclidean vectors, matrices, as well as higher-order tensors. We present a variety
of norms of Euclidean vector spaces, as well as on the vector spaces associated with

matrices and higher-order tensors, building up from simpler to more complex.

6.2.1 Vector Norms

The norm of a vector quantifies some notion of the size of that vector. We review
a number of useful vector norms here. First, the p-norms of a vector v € R" are

defined for p > 1 as

n 1/1’
Vil = (Z!M”) (6.1)

i=1

and the co-norm is defined as
[Vlleo = max Ju;| (6.2)

The 2-norm is independent of the choice of coordinates for a vector unlike all of
the other p-norms. A vector norm can also be induced by a symmetric positive

definite matrix D using a quadratic form:
|v|lp = v Dv (6.3)

The 2-norm of a vector is one such norm where D = 1,,.
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6.2.2 Frobenius Norm

The Frobenius norm of a tensor is easily computable and is equivalent to any
other finite dimensional norm (bounded in both directions by potentially dimension
dependent constant multiples of the other norm) [46]. The Frobenius norm of an
(I,m)-tensor under the Euclidean metric is the square root of the sum of the

squared entries:

2 R J1dy sivdi gl

J1--Gm 1odhn
where 6% with superscripts denotes the Euclidean inverse metric tensor given again
by the Kronecker delta but expressed as a contravariant instead of covariant tensor.
In general, the Frobenius norm of any tensor is the 2-norm of the tensor flattened

into a vector in any order.

6.2.3 Induced/Operator Norms

These vector and Frobenius norms, among others, can be used to define other
norms. The induced or operator norm subordinate to the a and b norms, or (a, b)-

norm of a matrix A € R™" is defined as

Ax|,
|A[|¢ = max Ao o |AX|, (6.5)
x£0 ||x|[p  Ixllb=1

where the a-norm and b-norm conform to the dimensions of A and x € R" [46].
We may extend this definition of an operator norm to tensors. Let B be a (1,m)-
tensor such that the tensor is partially symmetric along the covariant indices. Let
the a-norm on the output space be defined for a (1, m,)-tensor, and the b-norm be

some vector norm on the input space. Then the induced norm of a tensor is:

||me—moHa a
Bl =max——— = m Bx" e 6.6
” Hb x;?())( ||X||7l;nfmo ||x||;ai(1 ” X ”a ( )
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where

(Bx" )’ = Bl . gimeti  gim (6.7)

T 1w
When a, b are both vector norms as is usually the case, m, = 0 and the induced

tensor norm is defined:

B m
IB||¢ = maxw = max |Bx"|, (6.8)
x#0 |||} I/l =1

An example where m, is not zero is the induced (Frobenius, 2)-norm, where the a

norm is the Frobenius norm on a (1, 1)-tensor. See Sec. 6.2.7 for details.

6.2.4 2-norm

The induced 2-norm of a (1, m)-tensor B is perhaps the most natural to consider
given that it relies only on a single basic vector norm for its definition and it is
unitarily invariant so the norm is invariant under rotations of the coordinates. We
can compute the 2-norm of a tensor by examining the eigenvalues of the ”square”
of the tensor. Again, given the metric tensor for Euclidean space g¢; ; = 0;; which

is the Kronecker delta, we define the (0,2m)-tensor "square,” B:

.. . _pBo B
B'Ll7--7lm7]17---7jm - Bi17._7im5a,ﬁBj1,,,7jm

(6.9)

This square of the tensor gives the squared 2-norm of the output of the original

tensor when applied to a vector (2m times):

Bx*" = || Bx™||2 (6.10)
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For every covariant tensor such as B, there exists a symmetric tensor B with
the same output under repeated contraction with a single vector. That is, B exists

such that for any x € R",

Bx*" = Bx*™ (6.11)

and

~

B’L'l,.n,im,jh.--,jm = Bo(i17"'7im’j17"'7jm) (612)

for any permutation o of the indices. The symmetrization is equal to the mean of
the tensor under all permutations:

~ 1 ~

By, imutyim = @m)l Y Botrrimiisim): (6.13)

oESam

where Sy, is the permutation group of order 2m. Another more computationally
efficient method for symmetrization appears in the MATLAB Tensor Toolbox [67],
though as we will demonstrate, explicit calculation of the symmetrized tensor
is rarely necessary or desirable. Finally, having obtained a symmetric positive
semi-definite tensor (Bx*" > 0 for all x € R"), the maximum of the following
constrained optimization problem can be obtained as the largest Z-eigenvalue of
the tensor [82]:

Amax(B) = max Bx*™ (6.14)

[Ixll2=1

where a Z-eigenvalue satisfies the equation
Bx ' = \x, |x|,=1 (6.15)

More generally, any of the Z-eigenvectors of B satisfy the Karush-Kuhn-Tucker
(KKT) conditions and are constrained stationary points for the objective function

Bx>" when x is constrained to the unit sphere [82]. Thus, the induced 2-norm
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of the tensor B is defined as the square root of the maximum Z-eigenvalue of the

corresponding symmetrized square tensor B

IBl2 = 1/ Amax(B). (6.16)

This is a generalization of the idea that the induced 2-norm of a matrix is given
by the largest singular value (square root of the largest eigenvalue of the square
of the matrix). The maximum eigenvalue of an even-order symmetric tensor that
is convex over the unit ball can be calculated by a higher-order generalization of
power iteration [32, 68, 66].

BXQm—l
Xn+1 = + (617)
[Bxzm=1[,

Having obtained the desired eigenvector, the corresponding eigenvalue is given by
the magnitude of the numerator of Eq. 6.17, or ||B||2 can be computed directly by
taking

IBll2 = B2 (6.18)

~

where x* is the Z-eigenvector that power iteration has converged to. Since B is
positive semi-definite, even order, and fully symmetric, the symmetric higher-order
power iteration method is globally convergent meaning it is guaranteed to converge
to some eigenvector regardless of the starting guess xq. Typically, the eigenvector
that is converged to corresponds to a large eigenvalue [66]. This means that gener-
ally, an educated guess must be supplied for the initial iterate (like the dominant
right singular vector of the state transition matrix in the case of a higher-order
state transition tensor [15]) or multiple random initial guesses should be employed
when trying to find the eigenvector associated with the largest eigenvalue. The
number of random guesses needed to find the global maximum depends on the gap
between the largest and second largest eigenvalue since the size of each basin of

convergence varies with the size of the eigenvalue. Thus, when two eigenvalues are
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close to being the dominant eigenvalue, one might need tens to hundreds instead
of a couple initial random guesses to reliably find the dominant eigenvector [68]
In other contexts for more general tensors, symmetric higher-order power iteration
does not have global convergence guarantees, and shifted symmetric higher-order
power iteration must be employed [68]. While symmetric higher-order power it-
eration requires a fully symmetric tensor such as B to converge properly to an
eigenvector, the partially symmetric structure of B and B enable us to perform
symmetric higher-order power iteration on B in Eq. 6.17 without ever needing to
perform the symmetrization to form B. Further performance optimizations are
also possible by directly using the B tensor directly in calculations rather than its

square. We refer to Appendix B.1 for further details.

6.2.5 (2,D)-norm

The notion of a D-eigenvalue was introduced as a generalization to the normal-
ization in the definition of Z-eigenvalues for use in higher-order statistics [100]. A

D-eigenvalue of the tensor B satisfies the equation
Bx*"! = \Dx, |[x|p=1 (6.19)

where D is a symmetric positive definite matrix and the constraint enforces that
eigenvectors lie on the ellipsoid given by the quadratic form induced by D rather
than on the unit sphere as is the case with a Z-eigenvalue. All D-eigenvectors of
B satisfy the Karush-Kuhn-Tucker (KKT) conditions for the objective function
Bx2™ when x is constrained to the D-ellipsoid of points satisfying the constraint
in Eq. 6.19. Generalized eigenproblem adaptive power method (GEAP) may be

used to solve D-eigenvalue problems [69]. However, since we are only interested
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in the largest eigenpair, we propose another simple and fast extension of symmet-
ric higher-order power iteration which is usable because the tensors involved are
convex multilinear operators over the unit ball. We are interested in the largest

D-eigenpair in order to solve the problem

max Bx>" (6.20)

xTDx=1
This problem can be changed into a Z-eigenvalue problem with the change of

variables

y = DVx (6.21)

where D'/2 is a matrix square root of the matrix D such as the Cholesky factor.
That is
D = (D'/?)" D'/ (6.22)

Making this substitution, the optimization problem becomes

max B(D~/2y)?m (6.23)

yly=1
where D~1/2 denotes the inverse of the matrix square root of D. This constrained

optimization leads to the Z-eigenvalue problem associated with the tensor

i1 12m

(Bp). =B (D7) (D)2 (6.24)

If (vp, Ap) is a Z-eigenpair of Bp, then the D-eigenpair associated with (B, D)

from Eq. 6.19 is given by the inverse coordinate change

(v.A) = (D""*vp, \p) (6.25)
since
B 2m R
A=Ap=—— = Bv2" (6.26)
IvIiH

Note that this correspondence implies that the largest Z-eigenvalue corresponds

to the largest D-eienvalue, and to find the largest D-eigenvalue, one can find the

109



largest Z-eigenvalue of the associated problem. The (2, D)-norm of B is given in

terms of the D-eigenvalue of the square of the tensor B as

IBIZ = \/Aax(B. D) = 1/ Aen(Bp) (6.27)

where the superscript “[2]” in the above expression is not a square of the norm,
but indicates the type of norm (a (2,D)-norm). Rather than explicitly forming
the tensor Bp and finding the Z-eigenpairs using symmetric higher-order power
iteration, a similar procedure to that proposed in Sec. B.1 can be used after
precomputing the Cholesky decomposition of D a single time prior to iteration.
This algorithm takes only a few more operations than solving for the tensor 2-
norm, with one computation of the Cholesky decomposition of a matrix prior
to iteration (an O(n®) operation), and one additional forward substitution and
another backwards substitution to solve a lower and upper triangular linear system
at each iteration (each taking only O(n?) operations where n is the dimension of
the vector x). To put this in perspective, one iteration of higher order power
iteration on a covariant order (2m)-tensor naively takes O(n?™) or O(n™!) when
the tensor arises as the square of some partially symmetric (1, m)-tensor and the
calculation is performed according to Appendix B.1. This implies that computing
a D-eigenvalue is negligibly slower than computing a Z-eigenvalue. Details can be

found in Appendix Sec. B.2.

6.2.6 (0o, 2)-norm

In addition to the 2-norm, the induced (oo, 2)-norms of both the matrix A and the
(1, 2)-tensor B have analytical forms that are readily computable with standard

linear algebra tools. The intuition for this development comes from viewing a
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tensor that is partially symmetric in the covariant indices (such as the second-order
state transition tensor) as a vector of symmetric bilinear forms. The (oo, 2)-norm
of a matrix is well-known.

[A[l3" = max || Ax[o
Ixll2=1

= max Hgi?iil Alx (6.28)

= max || A’],
(2

To our knowledge, the computation of the (oo, 2)-norm for a (1,2)-tensor that is

symmetric along the covariant indices is a novel presentation:

IB]5* = max ||Bx’[|

lIxll2=
= max ”Hﬁax | B x/x"| (6.29)
7 X|l2=1 ’
= max 0, (B") (6.30)

where A’ denotes the ith row vector of the matrix A, and o;(B?) denotes the largest
singular value of the covariant matrix B’ with entries such that (B*);x = Bi,.
This appears as a result of the well-known identity that the maximum value of a
symmetric bilinear form on the 2-norm unit ball is the largest absolute eigenvalue
(also the largest singular value) of the matrix defining the bilinear form [46]. When
computing the (0o, 2)-norm, a solver should be used that is specifically designed
to take advantage of the structure of the symmetric eigenvalue problem. We note
that the (0o, 2)-norm, along with other popular induced norms for a matrix, can

be found throughout the linear algebra literature [34, 80].
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6.2.7 (Frobenius, 2)-norm

The induced (Frobenius, 2)-norm comes from interpreting the (1,2)-tensor as op-
erating on a vector to produce matrices. As we discuss in following sections about
nonlinearity indices, this norm can be employed to quantify the change in the Ja-
cobian as the reference point it is evaluated at changes. For example, this norm
applied to the second-order state transition tensor quantifies the changes to the
state transition matrix as the initial reference state varies. The (Frobenius, 2)-norm
is defined

IBll; = max [Bx]|r (6.31)

This norm may be computed by flattening the tensor to the n? by n matrix

—ni+j

B, =B, (6.32)

Then the desired norm is given by the induced 2-norm of the matrix resulting from
this unfolding;:

IBll; = [I1B]: (6.33)
This norm is also unitarily invariant like the 2-norm. Another equivalent method to
compute the (Frobenius, 2)-norm is through an eigendecomposition in the following

manner derived in the context of Gaussian mixture splitting [124]. Note that

IBx||3 = B} 2", 3,677 B2 |t (6.34)
= By, a2 (6.35)

where we define
By, jy = B} 4, 0i,i,02 B2 (6.36)

Ignoring covariance and contravariance of the indices of the matrix B’ we obtain

an expression more similar to that derived in [124] without the tensor formalism

B'=> (B)'B (6.37)

i
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where B? is the matrix given by fixing the contravariant index i and leaving the
two covariant indices free. Then we can express the (Frobenius, 2)-norm as the

maximum eigenvalue associated with B’:
1Bl = Amax(B) (6.38)

The eigenvectors associated with B’ and equivalently the right singular vectors
associated with B are all orthogonal with respect to one another. These offer
directions along which the Frobenius norm is at a constrained stationary point.
The (Frobenius, D)-norm generalizes the (Frobenius, 2)-norm along the same lines
in which the (2, D)-norm generalizes the 2-norm, though we do not present details

here for space.

6.2.8 Upper Bound on the 2-norm

By unfolding the tensor along another axis to preserve the first dimension instead
of the last dimension, we can arrive at an upper bound on the induced 2-norm of
a tensor [81]. This bound on the induced 2-norm may be computed by flattening
the tensor to an n by n™ ! matrix. For a (1, 2)-tensor, for example, the flattened
tensor becomes

By = Bjy, (6.39)
And tensor contraction becomes equivalent to multiplication with a flattened n?

dimensional vector coming from the outer product of x with itself
Bvec(xx”) = Bx? (6.40)

where

(vec(xxT))MIHh) — (xxT)Ik = iz (6.41)
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With this relationship, we can show that if the true unit vector satsifying the

constrained optimization for the induced 2-norm of a (1,2)-tensor is denoted

x" = arg ”rrﬁax |Bx? ||, (6.42)
X||2=1
then, the inequality
IBlz > | Bvec(x*(x")")]l2 = [B(x")*» (6.43)

follows from the definition of the induced 2-norm of a matrix (the norm of the
matrix is at least as large as the norm of the matrix operating on any single unit
vector) and the fact that the vector being operated on in the above inequality is a
unit vector

X[l =1 = [Jvec(xx")|] =1 (6.44)

The implication in Eq. 6.44 can be proved from the following observation

o7 = lvee(ex)3 = D D)) = (Z(f'f) (Z(xj>2> = [l
i=1 j=1 i=1 j=1
(6.45)
These arguments boil down to the observation that the unit ball/sphere for vectors
in n dimensions mapped into n? dimensions by x — vec(xx’) is a subset of the
unit ball/sphere in n? dimensions. This upper bound on the 2-norm is also a norm
itself. Each necessary property in the definition of a norm follows from the related

property of the matrix 2-norm of the flattened tensor.
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6.2.9 Upper Bound on the (Frobenius, co)-norm

Another induced norm that comes from interpreting a (1,2)-tensor as operating

on a vector to produce matrices is the (Frobenius, co)-norm.

IBll = max |[Bx|lr (6.46)

oo
[Ix[loo=

(6.47)

While a convenient method to calculate this norm is not immediately apparent,
an upper bound can be obtained very efficiently. A nonlinearity index using this
bound on the (Frobenius, co)-norm of the second-order state transition tensor was
introduced for automatic domain splitting using differential algebra [84]. Given a

(1,2)-tensor B, define the matrix B>
(B™); =) |Bjl (6.48)
K

Then the induced (Frobenius, oco)-norm of B is bounded above by the Frobenius

norm of the resulting matrix
1/2

ZZ (Z ‘Blkzl) = B[ > |B|L (6.49)

Note that the original reference uses the subscript 2 on a norm of a matrix to
indicate the Frobenius norm and not the induced 2-norm of the matrix [84]. While
this is an upper bound for the induced (Frobenius, oo)-norm, it also satisfies all
the properties to be a norm in its own right, though not an induced norm in
terms of any commonly used norms. The ease of calculating this norm makes it
attractive. However, neither norm discussed in this section is unitarily invariant,
making them dependent on the specific choice of coordinates. This coordinate
dependence is attractive in the context of automatic domain splitting along basis
vectors, but can be less attractive in other contexts where the physics or engineering

applications are less tied to a specific coordinate frame.
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6.3 Applications

6.3.1 Approximate Error Bounds for State Transition Ten-

sor Guidance and Control

Rendezvous and proximity operations as well as formation flight of satellites often
relies on linear or higher-order approximations of the dynamics in the vicinity of
some chief satellite or reference orbit to facilitate computations regarding guidance
and control. The state transition matrix and higher-order state transition tensors
can be used to approximately propagate the relative motion of some secondary
deputy satellite relative to the chief satellite or other reference orbit. In addition
to being useful for forward propagation of dynamics, state transition tensors can be
used to solve inverse problems. Calculating the initial velocity required to transfer
to some position relative to the original orbit or relative to another satellite is one
such boundary value problem that can be solved in the linear case by inversion of
some block of the state transition matrix, and in the higher-order case by using
series reversion methods. Calculating the initial velocity for a rendezvous with the

chief satellite falls into this class of inverse problems.

These linear and higher-order series reversions are attractive for onboard im-
plementation of autonomous guidance, navigation, and control systems due to the
efficiency of these methods. One drawback to solving linear or higher-order ap-
proximations of boundary value problems for guidance is that there is a loss of
accuracy as compared with solving the full nonlinear problem. For systems engi-
neering purposes, it is important to understand and bound the error in guidance

calculations that can be encountered under expected mission circumstances. We
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show here that the norm of tensors related to the order m + 1 state transition ten-
sor can be used to approximately bound the error associated with using an order
m state transition tensor model to perform one of the basic guidance and control
tasks described above. Though not outlined here, state transition tensors may be
used to describe evolution of the states and costates associated with the optimal
control of a satellite in the vicinity of some orbit [73]. Approximation error for
the thrust, control costs, and terminal states under that policy can be computed
in a very similar manner to the impulsive controls presented here. The use of a
differential algebra system such as DACE to compute the coefficients of forward
and inverse series associated with the flow of a dynamical system makes complex
operations to arbitrary order possible while eliminating the need to hand code the
complicated tensor expressions described above [101]. Restructuring these coeffi-
cients of the polynomials into a tensor form would then allow one to perform tensor

norm/eigenvalue analysis though we do not implement these calculations here.

Error Bounds for Propagation of Relative Motion

The m-th order Taylor series approximation of relative motion of a satellite around

some reference orbit is given by

oxf ~ Z 0 D(ts, to)0x) (6.50)

This m-th order approximation of relative motion has error

;
(m +1)!

where the notation -™ denotes the mth order Taylor approximation of the vector

lox; — ox{™|, < ([ @D | 630 574 + O] |52) (6.51)

in question. The expression above makes sense to consider when the position

and velocity are non-dimensionalized, allowing for them to be similarly scaled.
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In the case where position and velocity are not on similar scales, we can also
consider errors in position and velocity separately by slicing the relevant tensors.
For example, a first-order model position error based on some initial velocity alone

can be described:
1 r
lor; = or 2 < ST, lallavoll3 + O(lIdvoll3) (6.52)

where WY (t;,t9) denotes a block of the second-order state transition tensor-the
second-order partial derivative tensor for the final position with respect to the

initial velocity:
(921'f

Tovltrto) = o5 (6.53)
0

The inequality in Eq. 6.52 can be employed to approximately bound the error
between the linearly propagated and nonlinearly propagated position as depicted
in Fig. 6.1. To clarify the phrase “approximately bound,” we mean that this is a
true upper bound on the second-order contribution to the error, which is dominant
for small dvy making this a good approximation of the true upper bound on the
full nonlinear error when dv is sufficiently small. One potential heuristic to check
whether dvq is sufficiently small for the second-order term to well-approximate the
full nonlinear error is to find the norm of the third-order term and check that this
is small relative to the second-order term at the dvy scale of interest. The second-
order term is also likely to be a good approximation of the overall error when the
second-order error bound is much smaller than the linear quantity under study at
the dv scale of interest. We present two examples utilizing the above error bound
formulation. In both, we find the maximum error between nonlinear and linear
models of the position ||dr; — 5r§cl)\|2 given initial position at the reference orbit,
and initial velocity perturbed within some ball of radius R from the reference orbit
initial velocity. This situation where the initial position is at the reference orbit,

but the initial velocity perturbation is nonzero models the effects of an impulsive
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Figure 6.1: Notional depiction of a reference orbit, nonlinear propagation of relative
position, and linear propagation of relative position.

burn on a single satellite or the velocity imparted by an explosion on pieces of
debris from a satellite. We wish to answer the question: how well does a linear
model of the dynamics capture these behaviors for different scales of the velocity
perturbation? To do so, analysis is conducted as the maximum scale R of the ve-
locity perturbation dvq is varied from 0 to 200 meters per second. In the first case,
two-body dynamics are employed with an International Space Station-like reference
orbit having classical orbital elements semi-major axis, eccentricity, right-ascension
of the ascending node, argument of perigee, and initial mean anomaly respectively
are (a,e,i,Q,w, My) = (6738km, 0.000514, 51.6434°,0°,0°,0"). In the second case,
we study the restricted three-body dynamics with the initial conditions of the near-
rectilinear halo orbit (NRHO) proposed for NASA’s Gateway. We propagate each

satellite one tenth of it’s respective period in the below error approximations.

In order to validate the approximation in Eq. 6.52, we compare the results from
that tensor norm bound with three other methods of characterizing the lineariza-
tion error. First, to demonstrate a simple method to improve the estimate from
Eq. 6.52, we make an educated guess of the perturbation to cause the maximum
error between the linear and full nonlinear models. During the calculation of the
tensor 2-norm, we find the maximal eigenvector arising in the calculation of the
tensor 2-norm. This eigenvector is the unit-normed initial velocity perturbation

that produces the largest error between the linear and quadratic models of the
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dynamics. We then take this unit-normed initial velocity perturbation, scale it
by R, and propagate it under the full nonlinear dynamics and linear dynamics
to find the final position error. We perform this calculation for the eigenvector
calculated as well as the eigenvector in the opposite direction which also produces
the same maximum error between linear and quadratic dynamics. The maximum
of these two evaluations is taken. This tends to improve the approximation of the
maximum error between the linear and full nonlinear models, with only two more

evaluations of the nonlinear dynamics propagation.

Next, to determine the true maximum error between linear and nonlinear mod-
els, we employ a local numerical optimization using the sequential least squares
programming (SLSQP) method in SciPy [128] on the negative of the objective
function for maximization. Our objective function in this maximization is the
comparison of the propagated true and linear dynamics as a function of the pertur-
bation dvy. The constraint of this maximization is that the velocity perturbation
must lie on the sphere defined by the radius R. The initial guess is the eigenvec-
tor with the sign that leads to the maximum error between linear and nonlinear
evaluations. This method is the best approximation of the true upper bound of
the full nonlinear error on the surface of the sphere under the assumption that the

local optimization is finding the global maximum.

Finally, a sampling method is used to assure that a global maximum in the
error is being approximated in the locally optimized “true” maximum error above.
We sample an initial velocity perturbation uniformly at random from the sphere of
radius R. This perturbation is then propagated under the full nonlinear dynamics
and linear dynamics to find the final position error between the two models. We

repeat this sampling 5,000 times, reporting the norm of the largest error. This
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estimate will not be very precise, but has a good chance of finding a point near the
global maximum rather than a local maximum. This process gives the maximum
error via sampling, and we check that our maximum error from sampling is always
below the “true” maximum error we calculate above using local optimization to

validate that we did not locally optimize to a point other than the global maximum.

In Fig. 6.2, we present the maximum errors for propagation of relative motion
through the SLSQP method in SciPy. Results are presented in both the two- and
restricted three-body cases as discussed above. In the two-body case, we see the
magnitude of the maximum error reaches on the order of hundreds of meters with a
quadratic relationship between position error and the perturbation magnitude. In
the restricted three-body case, we see the magnitude of the maximum error is on
the order of tens of kilometers, again with a quadratic relationship. We expect a
larger error in the three-body case because this dynamical system is more sensitive

to variations in initial conditions. In Fig. 6.3, we present the percentage error
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Figure 6.2: Maximum error for propagation of relative motion in two-body and
restricted three-body dynamics through SciPy optimization.

between numerical optimization and the three other approaches for estimating the

error: sampling, tensor norm (Eq. 6.52), and nonlinear evaluation of the tensor
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eigenvector. Results are presented in both the two- and restricted three-body cases
discussed above. We see the error found by sampling to be on the scale of 1%, which
implies that our local SLSQP optimization is, in fact, finding the global maximum.
To answer our proposed question regarding the accuracy of a linear model, in the
two-body case, the difference between the tensor norm linear model and true upper
error bound increases from 0.1% to 10% over the range of velocity perturbations.
In the three body case, this error increases from 3% to 10%. Further, we find
the error in our eigenvector evaluation to be on the scale of one one thousandth of
one percent. This implies that the direction that maximizes the nonlinear error is
very close to the direction which maximizes the quadratic error even though the
quadratic and nonlinear errors may deviate by up to one tenth of the true nonlinear

error. In Fig. 6.4, we examine the tensor norm defined in Eq. (6.52). Using the
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Figure 6.3: Relative inaccuracy between methods of calculating maximum error
and true upper bound for propagation of relative motion in two-body and restricted
three-body dynamics.

same ISS and Gateway NRHO examples, we instead propagate each satellite up
to a single period. The tensor 2-norm associated with this flight is plotted against
the time of flight, note that the NRHO example has a logarithmic y-scale. We

see the tensor norm in the ISS example exhibits sub-exponential growth, while the
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tensor norm in the NRHO example exhibits exponential growth. The differences in
growth can be attributed to each system’s sensitivity to initial conditions and level
of nonlinearity. We also can see a spikes in the growth of the tensor norm associated
with the NRHO example at around half a period. This spike corresponds to the
perilune of the NRHO orbit where the final position is particularly sensitive to
initial conditions. The value of the tensor norm is not approaching infinity at this

time, but reaching a high finite value.
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Figure 6.4: Plots of velocity to position propagation tensor norm as time-of-flight
varies.

Final Position Error from an Impulsive Transfer

The impulsive relative transfer problem is a basic building block for station-keeping
as well as rendezvous. In its simplest form, a satellite at the reference orbit incurs
some Av at the time ¢y in order to reach a desired final relative position dr} with
respect to the reference orbit at some time ¢;. A linear approximation is often

used to solve for the required initial relative velocity [53]

ovy) = (@ (ts,t0)) " or] (6.54)
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where ®% is the upper right three by three block of ®, and the superscript (1)
indicates that the solution for the initial velocity is a first-order approximation.
We might want to understand the accuracy of the linear approximation of the
initial velocity 6v(()1). A natural question is what level of error does implementing
the linear guidance solution lead to in the final relative position achieved by the
5V(()1) versus the desired or} when propagated by the true nonlinear dynamics? We
are trying to find the maximum miss distance when implementing a linear guidance
solution in a truly nonlinear dynamical system. To answer this question, we begin
by substituting the linear solution for the initial impulse into a Taylor expansion

for the final position

1 2 3
orp = @5 (ts, to)ov) + 5 Uty 10) <5v§’> +0 ((6\751)) ) (6.55)

If we define the position error tensor associated with the second-order order term

from the above Taylor expansion

: , yi 1 O o\ orp )"
(‘Ilvv(tf7 tO)(q)v(tf7 t0>> )j,k - 2 81}681}8 @VO ) aVO &
J
(6.56)

(E(1)>;’,k -

N —

then, when a linear approximation is used to determine the initial Av for a transfer,

the error in the final position is

Jov5 — aglls < [BO, 6513 + O (v 12) (6.57)

where the 2-norm of the (1-2) tensor above can be calculated by the Z-eigenvector

approach as described in Sec. 6.2.4.

Multivariate series reversion methods can be used to find higher-order approx-
imations to inverse problems such as relative motion impulsive transfers and ren-

dezvous [49, 125, 59]. For example, the second-order approximation of the initial
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Figure 6.5: Notional depiction of transfer miss distance for linearized initial velocity
calculation to reach orj.

relative velocity for the simple case of a transfer is
1
6vy) = (Y (t5.10) 7 0r] — S (@Yt 10)) " Wy (b, 10) (B (87, 80)) 72 (617)° (6.58)

The tensor associated with the position error from the second-order initial velocity

solution is

(B = (= (80 ()7 (L (W) ) (570 (80
(6.59)

and the error in final position from a second-order approximation of the initial

velocity is

v = 8l < IR, x5 13 + O (v 1) (6.60)

This process can be generalized to find the position error from using an mth-order
approximation of the correct initial Av, but we only specify the exact form of the

error tensor up to second-order due to the complexity of higher-order terms.
lor; — b4l < [, flori]l5t + O (Jlorg]l5+?) (6.61)

A notional depiction comparing the linearized guidance trajectory and showing
the miss distance from the desired final is presented in Fig. 6.5. We again present
two examples utilizing the above error bound formulation. In both, we find the
maximum error between nonlinear and linear models of the position ||dr} — dry||,
given an initial position at the reference orbit, and some desired final position

sampled from within a ball of radius R from the reference orbit final position.
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We use a linear approximation to find the impulsive burn at ¢y that results in
the satellite reaching this desired final position or}. To find the maximum miss
distance associated with implementing the linear guidance solution, analysis is
conducted as the maximum scale R of the final position dr} is varied from 0 to 200
kilometers in the two-body orbit case and between 0 and 2,000 kilometers in the
NRHO example. We use the same example cases as in the previous application.
Further, we use the same methods of calculating the maximum error, with the

adjustment of sampling R as the magnitude of the final desired position deviation.

In Fig. 6.6 we present the maximum errors for propagation of an impulsive
transfer through the SLSQP method in SciPy. Similarly to the previous applica-
tion, the results are presented in both the two- and restricted three-body cases.
In the two-body case, we see the magnitude of the maximum error reaches on the
order of hundreds of meters. For the order of magnitude larger distance traveled in
the NRHO case, the magnitude of error is still on the order of hundreds of meters.
This difference in error can be attributed to the restricted three-body system’s sen-
sitivity to initial conditions. In the opposite manner of propagation, this results
in reduced error, as a given final position corresponds to a smaller initial velocity
to reach the desired final position. Thus, a linear approximation performs better
in terms of error for solving a transfer in the NRHO case when compared to the
two-body case. In Fig. 6.7, we present the percentage error between numerical
optimization and the three other approaches for estimating error. Although more
erratic, we again find the sampling method-based error on the scale of tenths of
a percent to just under ten percent of the true maximum nonlinear error. This
again implies that our local SLSQP optimization is finding the global minimum.
To answer our proposed question regarding the accuracy of this first-order linear

model, we find the difference between the tensor norm linear model and true upper
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Figure 6.6: Maximum error for propagation of an impulsive transfer in two-body
and restricted three-body dynamics through SciPy optimization.

error bound increases from 0.1% to 10% over the range of final positions. In the
three body case, this error increases from 0.1% to 1%. The sampling method
giving around 0.1% error relative to the optimized linearization error indicates that
the global maximum is being found correctly by the local optimization method in
this guidance problem as well. Further, we find the absolute relative error in our
eigenvector evaluation (not shown) to be on the scale of less than 10~7 in both
cases indicating very high accuracy in the agreement of the direction of maximal

second-order error and nonlinear error.

In Fig. 6.8, we examine the norm of the tensor defined in Eq. 6.56. We perform
the same analysis as the previous application, propagating each satellite one period.
In this case, both the ISS and NRHO examples are plotted using a logarithmic
y-scale. The norm of the tensor spikes at around half and full periods. These
represent relative transfer singularities and are times when the block of the STM
®* becomes singular [76, 93, 37]. At these points the tensor norm is approaching
infinity unlike in the earlier previous propagation example where a high, but finite

value is achieved. The same approach to infinity is true of spikes in subsequent
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Figure 6.8: Plots of norm associated with miss distance calculation for linearized
guidance over varying transfer durations.

Initial Velocity Error from an Impulsive Transfer

In Sec. 6.3.1, we calculated bounds for the miss distance of a linear or higher-order

series reversion-based transfer as a function of the desired distance of the transfer.
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Here we calculate bounds on the inaccuracy of the initial velocity calculated to
reach the final target. The correction term to improve the approximation of the
initial velocity of a transfer to one order higher is given in terms of the error tensor

from the previous section, so that the (m + 1)-th order solution is

vy = v — (@5) B (or5)m (6.62)
where
r\— m)\* ry—1\% m)\!
(@B, = (@7 (™), (6.63)

Eq. 6.62 can be viewed as Newton’s method applied to gain one more order of
accuracy in the series reversion per iteration [49, 83, 139]. The resulting final
term in the inverse series for initial velocity in terms of final position affords the
following observation about the error in the m-th order solution to the relative

transfer problem:
[5vg — avi™ |2 < [[(®5)LEM [yl ork]|™ Tt + O(l|ors ™) (6.64)

Thus, we can approximately bound the error in the order m series reversion solution
for the initial velocity to achieve some desired transfer. In particular, this yields
an approximate error bound for the initial velocity computed by linear guidance
methods versus the true initial velocity that solves the full nonlinear boundary
value problem. A notional depiction of the transfer trajectory is presented in
Fig. 6.9. The boundary conditions are the same for both the linear and nonlinear
versions of the guidance problem, and in each self-consistent model of the dynamics,
the solution leads to the final desired position, though the two initial velocity
solutions are clearly different (and the linearized solution does not reach the desired

position under the nonlinear dynamics as discussed above).

We present a set of examples under the same circumstances as in the miss-

distance scenario for a linearized transfer. The true maximum errors for one tenth
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Figure 6.9: Notional depiction of error in linearized initial velocity calculation to
reach or7.

of a period transfer can be found in Fig. 6.10. In the two-body case, hundred
kilometer transfers calculated with linearized guidance can lead to nearly meter
per second errors in the initial velocity, while thousand kilometer transfers in the
three-body problem lead to errors on the order of centimeters per second. In some
sense, this combined with the previous evidence on miss distance shows that while
linear propagation has its limits, linear guidance can actually be quite accurate in
the three-body problem. While this might be surprising from the perspective that
the three-body problem is a chaotic dynamical system and control would seem
more difficult, the large distance scales in this system come into play as well to
make thousands of kilometers a relatively small distance as compared with the scale
of the NRHO. The error of the tensor norm, sampling, and eigenvector evaluation
based methods as compared relative to the numerical optimization around the
eigenvector are on the same scale and exhibit the same trends as Fig. 6.7 and
are omitted. In Fig. 6.11, we examine the norm of the tensor defined in Eq.
6.63 over the course of an orbital period. Similar spikes can be seen at relative
transfer singularity times. Using this tensor norm from this plot and Eq. 6.64,
the initial velocity error from linearized guidance calculations can be bounded for

small transfer distances.
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Figure 6.10: Maximum error for linear guidance calculation of initial velocity as a
function of transfer distance.
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Figure 6.11: Plots of the norm of the tensor that describes initial velocity error as
a function of the desired transfer distance while varying time of flight.

Final Position Error During Rendezvous

Before, we were considering the simplified transfer problem, where a satellite begins
at the reference orbit and attempts to transfer to another position at a later time.
Another related problem is the impulsive rendezvous problem. A satellite begins

at some position dry relative to the reference orbit and attempts to reach the origin
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Figure 6.12: Notional depiction of miss distance in a rendezvous calculated with
linearized dynamics.

(reference orbit) at some time later. The linear solution to this problem is given:
svi) = —(®%) "' @6, (6.65)

The final position error when the first-order solution for the initial velocity is used
is

152 5la < [[FD ][8wo[I3 + O(llorol13) (6.66)
where the tensor comes from substituting the first-order transformation from dr

to 0vg (Eq. 6.65) into any part of the second-order Taylor expansion that takes

initial velocity as input

(FO)5 =5 (Th)5x — (Wh)5((BY) "1 — (B0, ((BY) @D + (W4,)1,((2Y) 7 @D)5(@Y)°

(6.67)

DO | —

What we have in this case is an approximate bound for the error in the final
position during a rendezvous as a function of the initial distance from the chief
satellite being targeted for rendezvous. A notional depiction of miss distance in
a rendezvous using linear guidance is presented in Fig. 6.12. Examples of the
miss distance from using a linearized guidance solution for rendezvous under the
same circumstances as previously described are presented in Fig. 6.13 with the
modification that the distance being varied is the initial distance from the reference
orbit rather than the final distance. The miss distance is on the order of two
to three times that of the transfer that begins at the reference orbit (between

one and two kilometers in this particular case). This is because there are more
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coupled second-order terms coming into play in this scenario than there are in the
simple transfer guidance miss distance scenario presented earlier. Again, the error
performance of the three methods for approximating the maximum error exhibit

the same trends and scales as in the previous two examples and are omitted. In Fig.
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Figure 6.13: Maximum miss distance of an impulsive rendezvous implemented
using linear guidance.

6.14, we examine the norm of the tensor defined in Eq. 6.67, which can be used
to bound the error of rendezvous miss distance using Eq. 6.66. Unsurprisingly,
relative transfer singularities manifest as spikes at certain transfer times in this
example as well since each tensor examined in the guidance problems described
here has relied on the invertibility of the relevant block of the state transition
matrix which is known to become singular at these times. Interestingly, even
between these spikes, the tensor norm is not a smooth function of time. Just as is
the case with matrix eigenvalues, tensor eigenvalues, upon which this tensor norm
is based, do not always vary in a differentiable fashion as a parameter is varied

and the eigenvalues pass by one another.

We have demonstrated that the error associated with linear propagation of

motion around some reference orbit as well as linear guidance in the vicinity of
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Figure 6.14: Plots of tensor norm associated with rendezvous miss distance as
transfer duration is varied.

that orbit can be quantified using a tensor norm approach. In the cases examined,
the tensor norm approach for bounding error was very accurate at small distances
(off by fractions of a percent of the actual error), but degrades as the distances
from the reference orbit increase. The advantage of the tensor norm approach is
that it can be used to predict the error as a function of the distance scale using
a polynomial expression, and does not need to be recomputed for difference scale
values. Additionally, the calculation is dominated by calculation of the second-
order state transition tensor which requires on the order of 36 times as many
equations to be integrated as a single integration of the original dynamical system.
Compare this cost with sampling methods which rely on propagating thousands of
trajectories to yield similar levels of accuracy and it is evident that the tensor norm
method is one to two orders of magnitude faster than sampling, and even faster
if the second-order state-transition tensor is already being calculated for another

purpose.
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6.3.2 Measurement Nonlinearity

To quantify the nonlinearity of a measurement function, it is possible to directly
study the norm of a coefficient tensor from the Taylor series approximation. How-
ever, another related metric can offer more insight into the error introduced by
employing linearization of the measurement function in estimation problems. Sup-
pose we have an initial estimate x~ for some state vector x*, and we want to update
that estimate given a single measurement h(x*) = z that is completely certain (i.e.
no sensor noise) but potentially underdetermined so that the dimension of z may
be less than the dimension of the state x). Under an additional assumption on
the homoscedasticity of the prior state covariance, the extended Kalman update
reduces to the estimate

Xt = x4 (%)T (z— h(x")) (6.68)

where (-)T is the Moore-Penrose pseudoinverse. Expanding h(x*) = z about x~ up

to second order where we define dx = x* — x~, we obtain

on\' oh 1 /9%h
T on - oh i/0o°n 2 - 3
xT=x" + (8){) - <h(x )+ <8X>X:x— OxX + 5 (8X2>xzx— ox* —h(x )) + O(0x”)

X

(6.69)
B 1 /6h\’ &’h ) ,
=X HH5X + 5 (&)x:x_ (@)xzx- 0x + O((SX ) (670)
s (OB (oh * 4 0@
=x" — IIxox + 2\ox ) \oxe ) 0x” 4+ O(6x°) (6.71)

where Iy is the projection of the state into the linearly observable subspace under
h—a projection into the row space of the Jacobian of the measurement function

_oh

H=5%

(6.72)

and ITg is the projection onto the unobservable subspace of the state given by the

right null space of H. Thus, the error in the observable subspace of the state using
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the linearization for the update is determined up to second-order by the tensor

_ (9h\' &h

2, = ((g_)) @); 674

It is possible to compute another tensor generalizing Eq. 6.74 that depends specif-

with components

ically on some prior state covariance and sensor noise, but the approach we take
above allows us to compare measurement functions without getting into specifics
of the sensor noise covariance or prior covariance. Under the homoscedasticity and
noise-free sensor assumption above, the 2-norm of h evaluated at some estimate of
the state gives the maximum level of error in the observable subspace of the state
when using the linear update as a function of how far off that estimate is from the
truth

* L=
T (x™ = xT) > < SI[Hl5[|0x][3 + O(9x7) (6.75)

Using the norm of H, we can examine how well differing measurement models
perform in terms of linearization error in the context of a linear estimation algo-
rithm such as an extended Kalman filter. Note that the error in the unobservable
subspace is the same no matter the choice of coordinates for an observation, be-
cause the unobservable subspace is the same regardless of the particular coordinate

choice for the measurement model.

For example, two common models of an optical measurement are given by

T
_ oy e (F
h,(r) = [0,¢] = {tan 1 (5) sin”! (m)} (6.76)
_r 1 2,1, 2
Il ~ 2+ s 2

where r = [z,y, 2|7, § is the azimuthal angle, and ¢ is the elevation angle. We can

h, (r) d (6.77)

evaluate the angle and unit vector models for their error performance in a linear
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Figure 6.15: ||H,||» associated with angle measurements as a function of the esti-
mate latitude ¢

estimation algorithm by evaluating ||H||, at various estimates for r. We use posi-
tion vectors confined to the unit sphere for comparison. The angle measurement
function should exhibit the same error behavior at any point with the same value
of ¢ due to symmetry. In Fig. 6.15, we plot the value of ||H]||; associated with
the measurement function h, as a function of ¢ for an estimate on the unit sphere
with that given latitude angle. The value of ||H,l||; varies from 1 to oo, with a
minimum at ¢ = 0 and singularity at ¢ = +90deg. On the other hand, the unit
vector measurement model possesses spherical symmetry, and so it can be expected
that the value of ||H,||s is constant when evaluated at estimates anywhere along
the unit sphere. For an estimate at r = [1,0, 0], the value of the norm of H,dr? is
plotted in Fig. 6.16 for r = [cos # cos ¢, sin @ cos ¢, sin ¢]7. One can show that the

value is given by the expression
[H,,6r%(|> = 4 cos*(6) cos®(¢) (sin®(6) cos®(¢) + sin®(¢)) (6.78)

which has a maximum of 1 along a 1-dimensional subspace including the point
or = +/2/2[1,1,0]". Thus, ||H,|2 is 1 everywhere on the unit ball. At zero
degree latitudes, both models perform equally well in terms of linearization error.
However, at latitudes greater than around 80 deg, the effects of linearization error
on an extended Kalman update are around an order of magnitude greater for

the angle measurement model as compared to the unit vector model which has
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uniformly superior linearization error performance. This, of course, comes at the
cost of an increase in the dimension of the measurement model for the unit vector
model and a minor additional computational burden when dealing with larger
matrices. When minor increases in computational cost are not important, the
unit vector approach provides superior linearization error performance for linear

estimation algorithms. While, in practice no measurement is perfectly certain,
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Figure 6.16: The value of |[H,dr?||; from Eq. 6.78 is plotted for initial estimate
errors on the unit sphere.

this stylized problem bears a close resemblance to the stressing situation of an
extended Kalman filter in which the measurement noise covariance is very low
when compared with the state error covariance and a filter can become smug. In
fact, a principled method for underweighting measurements in an extended Kalman
filter makes use of the bounds on the two norm (as presented in Sec. 6.2.8) of the
second-order measurement partial derivative tensor [138]. While this bound could
likely be made tighter using the 2-norm of the measurement partial derivatives, it
is unlikely that the actual 2-norm would be as easy and quick to compute in closed
form for general measurement models as the bound on the 2-norm tends to be.
As such, this approach is not pursued further here, and this method is highlighted

mostly as a means to compare the efficacy of different measurement models for an
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estimation problem in much the same way the nonlinearity index is employed to

compare different state representations for a given dynamical system.

6.3.3 Nonlinearity Index

The nonlinearity index was initially introduced to quantify the level of nonlinearity
of a dynamical system as described in various coordinates [57, 58]. It has also been
employed in the study of distribution propagation under nonlinear dynamics [95].
Additionally, it has been used to justify the use of calibration and decalibration
processes to improve accuracy in settings that employ linearized dynamics [112].
To name a few other applications, the nonlinearity index has been calculated to
compare coordinate system choices for optimal control [61], relative motion [4], and
aerodynamics [2, 121]. Originally, the nonlinearity index was defined in a manner
that depends on the scale of the perturbation to the reference trajectory, and also
relies on numerical integration of a large number of randomly sampled perturbed

trajectories.

The nonlinearity index v(ts,ty) associated with a trajectory was originally pre-
sented in terms of the Frobenius norm (|| - ||¢) of the difference between the STM
about some reference orbit and the STM about IV other nearby orbits each with an
initial deviation of their state vector dx(to); from the reference initial state x(ty)
[57, 58]. That is, it was defined as

<||<I>(x(to> + 0x(to)iits. to) — ®(x(to); Ly, to>||F)
1®(x(to); s, to)|l

v(ty, tg) = sup (6.79)

i=1.N
Typically, the chosen initial deviations lie uniformly at random on a sphere centered
at zero, but the choice of size for the sphere and the sampling are ad hoc. We

present a similar alternative formulation that is scale-free and does not rely on
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sampling trajectories with initial deviations from the reference. First, we introduce
new notation to clarify the dependence of the nonlinearity index on the scale of

perturbation 7 and the choice of output norm a and input norm b. We define

<H‘I’(X(t0) + 6x(to); ty, to) — ®(x(to); tr.to) |,
| (x(to): s, to)lly [10%(to) s

To excise the scale parameter r from equation (6.80), we can take the limit as r

Vl?,r@fv tO) - sup
llox(to)ll,=r

) (6.80)

approaches zero. Then

M (x(to); tr, to) [l
1@ (x(to); s, to)ll5

A scale-free version of the original nonlinearity index due to Junkins[57] does not

Vl?(tf’to) = }}L% Vg,r(tfato) (6'81)

match this form where the two norms in the quotient are the same as one another,

but takes the similar form

_ e (x(to)sty to)lls
[P (x(to); ts,to)l

As was discussed in Sec. 6.2.9, a similar nonlinearity index was presented in terms

vi(ty, to) (6.82)

of an easily computed upper bound on the (Frobenius, oo)-norm of the second-

order state transition tensor [84]

o _ = x(to)ity to)llr 1 (x(to); ty, to) 1
Ut = Tttty iy, )le — @)ty i)l )

was defined in Eq. 6.48. This nonlinearity index is not

where the matrix (.)*

unitarily invariant and varies based on rotations of the coordinate system. We
denote this index with a superscript box because of its relation to the infinity
norm and the need to disambiguate from a norm/index induced by the infinity
norm. Note that while the expression above is identical to that presented in [84],
the language of differential algebra was used and the connection to the induced

norm bound, while implied in the original work, is our own formalized observation.

In any of the above cases, by taking a quotient of a tensor norm and a matrix

norm, we have split up two quantities that are each obtained as the solutions to
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constrained optimization problems. Alternatively, Jenson and Scheeres presented
a formulation of the nonlinearity index called Tensor Eigenpair Measure of Non-
linearity (TEMoN) in which the nonlinearity index is framed in terms of a single
constrained optimization problem, rather than two independent optimizations [54].
This innovative work was the first to introduce the study of tensor eigenvalues to
the astrodynamics as well as guidance, navigation, and control communities. In
their paper, two optimization problems appear. One nonlinearity measure of in-

terest is given by the optimization

CO5x3(tg) + ... + CMx™ (1))
N, r = 6.84
R 6xg(1)jaé{BR C(2)5X2(t0> ( )
On the other hand, TEMoN is given by the optimization
C(m)éxm(to)
R = - 6.85
m, R 5xg?f)lé<BR C2)5x2 (t()) ( )

and the previous measure of nonlinearity from Eq. 6.84 is upper bounded by the

sum of individual TEMoN optimizations for each order up to m

Nm,R S Z Tm,R (686)
=3

Jenson and Scheeres proposed a method to calculate TEMoN involving finding
Z-eigenvalues of an m + 2 order tensor derived from the method of Lagrange mul-
tipliers. However, this method requires finding more than just the eigenvector
associated with the largest eigenvalue. Instead, the algorithm relies on methods
other than symmetric higher-order power iteration to find as many eigenvectors
as possible, checking each to find which yields the largest TEMoN. In general,
finding all eigenvectors, especially those that are not associated with the largest
eigenvalues, is a difficult task that has no guarantees of finding all eigenpairs and
can be computationally intensive [9]. We propose another nonlinearity index in

a similar spirit called the D-Eigenvalue Measure of Nonlinearity (DEMoN). The
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development of this index also motivates a simpler method for computing TEMoN
using the largest eigenvalue of some tensor computable by shifted symmetric higher

order power iteration. DEMoN-m is given as

[ @) (x(t); 7, to)ox™ (fo) |,
1@ (x(to); t, to)x(to) |l

™ (ty,t) = sup (6.87)

l[6x(to)lly=1
If the optimization were conducted over a ball of radius R rather than the unit
ball, the result would be scaled by a factor of R™~! given the homogeneity of
multilinear operators. This makes the index scale-free in a sense unlike any index

that involves a nonhomogeneous polynomial or full nonlinear function.

All of the indices presented so far besides the original sampling-based index are
scale-free in a similar fashion. The most significant order to calculate is the m = 2
case since this accounts for the deviations from linearity of dynamics closest to the
reference orbit. The index ;® quantifies how large the norm of the quadratic term
in the Taylor series can become relative to the norm of the linear term given the
same input vector. In order to calculate DEMoN, a D-eigenvalue problem, and a
rescaling of the resulting eigenvector can be substituted back into Eq. 6.87. This
nonlinearity index can be calculated using only the largest D-eigenpair, avoiding
the difficult task of computing all eigenpairs encountered by the original implemen-
tation of TEMoN. The vector dx(to) that maximizes the expression in Eq. 6.87 is

parallel to the maximizer of the related optimization

sup || WO (x(t): £, to)5X™ (t0)] 2 (6.88)

5xT BT ®ox0=1
where the arguments of the shorthand ® and dx, are understood to match the
arguments in the rest of the expression. Refer to Sec. 6.2.5 to compute the
vector 0xj maximizing the above expression using the theory of D-eigenvalues
where D = ®7® and the square root of D need not be calculated using the

Cholesky factorization, but instead is given by ®. With this vector dxj; computed,
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DEMOoN is the expression in Eq. 6.87 evaluated at a normalized (to the unit ball)
0x;. A disadvantage of this approach is that the sum of the squares of DEMoN for
various orders plus unity (to account for the second-order CGT term) gives a more
relaxed bound on the nonlinearity index N,,, r than the sum of TEMoN terms. On

the other hand, a sum of DEMoN terms provides a bound on the nonlinearity

index
|2 T @ox%(to) + ... + L@ ax™ (L)
_ 2! ml 2
:m,R - ng})?‘é{BR ||C(2)(5X2 (to) ||2 (689)
m Rm—l
Tnn <Y ™ (6.90)

1=2
While R,, p gives the error of the norm of the m-th order approximation of the

final deviation vector relative to the norm of the linear approximation, this index
denoted 3,, g (Beth from the Hebrew alphabet) gives the norm of the error of
the m-th order approximation of the final deviation vector relative to the norm of
the linear approximation. Both TEMoN and DEMoN as well as X and 3 are valid
indices to compute with differing meanings: an error of a norm or a norm of an er-
ror. The nature of TEMoN and the index N implies that they may miss/understate
strong nonlinearities with contributions in different directions than the linear con-
tribution. Orthogonal contributions like these do not change the norm of the final
deviation vector up to a linear approximation. For concreteness, we present the
following extreme stylized example. Consider two dynamical systems in R? and
reference trajectories (one is the primed dynamical system and the other is the un-
primed dynamical system) such that the state transition matrix and second-order

state transition tensor for either system have all zero entries except for

dr=1, U, =1 (6.91)
(@) =1 (¥),=1 (6.92)
(6.93)
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In this situation, the values of DEMoN and 3 are identical for the two systems
(DEMoN has a value of 1). On the other hand, 735 = 0 and 74 , = 3R, while
Tar = 1R? = Ti, so that N, p = TR? and X/, = 2R + 1 R? for any m higher
than 4. While these two systems seem equally nonlinear, TEMoN and N index one
of these systems as being substantially more nonlinear than the other. The fact
that TEMoN characterizes an error of a norm rather than a norm of an error and
can underestimate the nonlinearity of some functions gives a potential advantage
for considering 3 over X and DEMoN over TEMoN. However, the error in the norm
interpretation of TEMoN may be of interest still. Having derived DEMoN, we see
that a slight modification of this D-eigenvalue methodology allows for computation
of TEMoN. The main issue is that the higher-order CGT tensors are not necessarily
even order or convex on the unit ball, so symmetric higher-order power iteration
may not be convergent as is the case in calculating DEMoN which deals only in
squares of tensors and not products of different tensors. As a result, TEMoN must
be calculated using a shifted symmetric higher-order power iteration. For details,

see Sec. B.3.

Since each of the nonlinearity indices above results from some constrained opti-
mization problem, each of them has some corresponding argument or input vector
that leads to the nonlinearity index. These vectors which solve the constrained
optimization problem can be used to identify possible direction for splitting of a
Gaussian mixture model. " was used for just this purpose in the context of split-
ting Gaussian mixtures in a coordinate axis aligned fashion [84]. Using vectors
associated with other nonlinearity indices such as v2 or u® can give a single opti-
mal non-axis-aligned splitting direction. The former focuses on reducing absolute
error from second-order nonlinearities, while the latter focuses on reducing per-

centage error from second-order nonlinearities. Similar constrained optimizations
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associated with D-eigenvalues can be posed where D = P~! is the inverse of the
covariance matrix for the Gaussian distribution being split. These problems can be
interpreted as finding the direction in which nonlinearity is greatest given inputs
that are equally likely. Though not phrased in the tensor norm formalism we have
presented, the vector that solves the constrained maximization problem associ-
ated with the (Frobenius, P~!)-norm of the second-order partial derivative tensor
of a flow or measurement function has been employed for choosing a maximally

nonlinear Gaussian mixture splitting direction [124].

With the nonlinearity indices derived and presented above, we show two ex-
amples with a selection of the nonlinearity indices. First, we present the nonlin-
earity index associated with nondimensional circular two-body motion. Two-body
dynamics were defined in Eq. 1.1. To further simplify the problem and make
interpretation of the nonlinearity index simpler, we nondimensionalize the two-
body problem using a reference circular orbit with semimajor axis a to form the

T T

nondimensional state vector x' = [r'"| v

/

L : (6.94)
X = / .
dr -t

13

where [|r'||3 denotes the cube of the 2-norm. The states and times are related by

the following coordinate changes

' =r/a (6.95)
r=wt (6.96)
v =v/(aw) (6.97)

where w is the mean motion of the circular orbit with semimajor axis a. The
initial conditions we employ for the generic planar nondimensional circular orbit

are xo = [1,0,0,0,1,0]7. A number of nonlinearity indices are presented on the
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left in Fig. 6.17. These include DEMoN-2 on its own due to scale considerations,
TEMOoN-3, and the nonlinearity indices associated with the 2-, (Frobenius, 2)-,
and (oo, 2)-norms as well as the flattening based 2-norm bound of the second-
order state transition tensor. For the 2-norm bound based nonlinearity index, we
take the quotient of the 2-norm bound in Sec. 6.2.8 applied to the second-order
state transition tensor with the 2-norm of the state transition matrix. Since the
values of the 2-norm, (Frobenius, 2)-norm, and 2-norm bound are very similar,
we break out the difference between the 2-norm nonlinearity index and these two
other indices on their own. In addition to the two-body example, we also use
the Gateway NRHO beginning at apolune to demonstrate how these nonlinearity
indices grow in the circular restricted three body problem on the right hand side
of Fig. 6.17. The sensitivity to initial conditions exhibited by the three-body
problem manifests itself in a much higher growth rate of the nonlinearity indices
than in the two-body case. We also see a peak in nonlinearity near perilune which
is consistent with previous analysis with TEMoN [54]. Note that the 2-norm bound
does in-fact give an upper bound on the 2-norm based nonlinearity index in both
cases for all times, and quite a tight one at that. One of the main takeaways is that
in the case of two- and three-body motion, these nonlinearity indices exhibit very
similar patterns of growth over time and may be quite interchangeable-especially
in the case of the 2-norm, (Frobenius, 2)-norm, and 2-norm upper bound based
nonlinearity indices. The main exception is that the overall magnitudes differ
between TEMoN, DEMoN, and the nonlinearity indices associated with various
norms of the second-order state transition tensor. This implies that the simpler to
compute nonlinearity indices such as the (Frobenius, 2)-norm or the (oo, 2)-norm
might be the best to use, though the (oo, 2)-norm may be advised against due to

its non-smoothness.
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Figure 6.17: The nonlinearity indices associated with nondimensional circular two-
body motion on the left and the Earth-Moon circular restricted three-body problem
Gateway NRHO on the right.

6.4 Conclusion

In this paper, we have developed and synthesized a number of existing approaches
to quantifying nonlinearity of a function or flow of a dynamical system into a sin-
gle framework based on tensor operator norms. This led to an easy-to-compute

and easy-to-interpret scale-free nonlinearity index that most closely parallels the
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original nonlinearity index presented over two decades ago, as well as two easier-
to-compute versions of the modern tensor-eigenvalue-based nonlinearity index
(TEMoN and DEMoN). One of these tensor eigenvalue based measures of non-
linearity (DEMoN) quantifies the norm of a deviation from linearity rather than
a deviation of norm predicted by linear and nonlinear models as has been done
previously. In addition to presenting nonlinearity indices as a means to quantify
nonlinearity of a dynamical system and compare different formulations of a sys-
tem, we have shown that the same tools for defining a nonlinearity index can be
employed to estimate the error resulting from commonly used linear algorithms
applied to a nonlinear system. In particular, we demonstrated the use of tensor
norms to approximately bound the error in linearized guidance methods for sta-
tionkeeping or rendezvous. Additionally, we presented a method for analyzing the
maximum error in the extended Kalman filter update step when a measurement
is much more precise than the current state estimate. This error approximation
methodology can be applied with some modifications to many linear algorithms
in guidance, navigation, and control. The methodology is more efficient than
sampling-based methods for quantifying error and gives an analytical grasp on er-
ror performance for varying distance scales from the point at which linearization
was applied. Though we do not pursue it here, future work could involve using
this same methodology in a statistical context for quantifying non-Gaussianity by

examining norms of tensors related to higher-order moments of a distribution.
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CHAPTER 7
CONCLUSION

This thesis began by summarizing the calculation of coefficients tensors arising
from the Taylor series expansion of the flow of a dynamical system along with series
reversion methods for inverting these series. We proceeded with two chapters that
presented contributions involving linear analysis of dynamical systems. The first
provided linear analysis for the stationkeeping of a starshade satellite relative to a
space telescope during formation flying operations to observe an exoplanet. The
second chapter explored the relationship between guidance methods for rendezvous
and proximity operations, the debris pinch point phenomena, and bifurcations in
parameterized boundary value problems. The contributions of this thesis that
employ multilinear methods and higher-order tensors are twofold. In the following
two chapters, we solved an optimal control problem and an optimal estimation
problem that both required second-order terms to resolve an inherently second-
order energy quantity as well as a linear observability issue. These are algorithms
that don’t simply use higher-order terms to increase accuracy of a linear algorithm,
but instead rely necessarily on the nonlinear aspects of a guidance, navigation,
and control problem to render it tractable. In the final chapter, we used higher-
order terms in a Taylor series as well as the notion of a tensor operator norm to
quantify the degree of nonlinearity of a system along with the accuracy of guidance,
navigation, and control algorithms relying on linearization. With these metrics for
accuracy of an algorithm, systems engineers or algorithm designers can rigorously
and efficiently assess the error performance of a guidance, navigation, and control

algorithm under proscribed operating conditions.
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APPENDIX A
ANGLES-ONLY ORBIT DETERMINATION AND THE
OVERDETERMINED EIGENVALUE PROBLEM

A.1 Pseudo-Inverse Approximation for Overdetermined

Eigenvalue Problem

The generalized eigenvalue problem with m by n matrices A, B with m > n is not

guaranteed to have any solutions:
Ax = \Bx (A1)

In order to address this, the problem can be reformulated in a least squares

sense [30]:
arg r)\nin |Ax — ABx]||2 (A.2)
We present a new approximation ;)f the solution to this problem in the form of the
following standard eigevalue problem:
BiAx = \x (A.3)

To demonstrate the accuracy of this method, consider expanding the square of the

2-norm from Eq. A.2 and setting the derivative to 0:

=(MB'B-)'B-AB'A+ATA)x (A.4)
= (NI-AB'B)'ATB-AB'B)'B'A+(B'B) 'ATA)x (A.5)
= (NI-AB'B)'ATB-)B'A+(B'B)"'ATA)x (A.6)
= (NI-AB'A)x+ ((B'B)'ATA—-XB'B)'A'B) x (A7)
= (NI-AB'A)x+(B'B)'AT(A — AB)x (A.8)

-
~0
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Where we get A.5 from multiplying through on the left by (B'B)~! and A.8 by
the fact that (B"B)"'AT(A — AB)x ~ 0 as (A — AB)x is being minimized. From
Eq. A.8 we obtain justification for using the pseudo-inverse approximate solution

given in Eq. A.3.

A.2 Quadratic Eigenvalue for Overdetermined Eigenvalue

Problem

We note that Eq. A.4 is a quadratic eigenvalue problem. While solution methods
based on the generalized Schur decomposition for the overdetermined eigenvalue
problem have been presented [30], to our knowledge the formulation of an overde-
termined eigenvalue problem as a quadratic eigenvalue problem has not been given
before in the numerical linear algebra literature. This reformulation makes it easy
to apply a standard generalized eigenvalue problem solver to the overdetermined
eigenvalue problem. The quadratic eigenvalue problem is well-studied, and ad-
mits reformulation as a linear eigenvalue problem in twice as many dimensions
by a process called linearization [122]. Unlike linearization in the context of the
first-order truncation of a Taylor series, the linearization of a quadratic eigenvalue
problem is not an approximation, and solutions of the linearized problem are exact
(up to errors in the numerical calculation) solutions of the original quadratic prob-
lem and thus the overdetermined eigenvalue problem. However, even though the
quadratic eigenvalue problem in Eq. A.4 has symmetric matrices in each of the ma-
trix coefficients of the constant, linear, and quadratic terms in A\, and a symmetric
linearization exists, the generalized eigenvalue problem with symmetric matrices

for both terms does not necessarily have the same properties of the symmetric
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standard eigenvalue problem with all real eigenvalues. In fact, the eigenvalues
arising from solving the overdetermined eigenvalue problem in this way are often
complex even though the original matrices have real entries and the intermediate

quadratic and linearized problems deal strictly in symmetric matrices.

Letting Q = B’TB, L = -BTA - ATB, C = ATA, Eq. A.4 becomes the

quadratic eigenvalue problem
MQ+ AL +C=0 (A.9)

The symmetric linearization of the quadratic eigenvalue problem is

C c o
y=2A y (A.10)
C L 0 —Q

Then eigenpairs (y;, A;) of the generalized eigenvector problem in Eq. A.10 take

the form
Z;
/\izi
The unit eigenvectors are given by
Z.
1|

This yields eigenvector and eigenvalue pairs (X;, A;) to the original quadratic eigen-
value problem in Eq. A.9 and thus the overdetermined eigenvalue problem from

Eq. A.2.
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APPENDIX B
TENSOR NORM AND NONLINEARITY INDEX CALCULATION
DETAILS

B.1 Sufficiency of Partial Symmetry for Higher-Order

Power Iteration

We begin by showing an alternative expression for Eq. 6.17 that references B rather
than B. The contraction of the symmetrized tensor B with 2m — 1 copies of the
vector x can be computed instead as the average of all 2m different ways we could
perform the 2m — 1 contractions with the non-symmetric tensor B. Each of the
2m ways of performing the contraction can be described by which dimension is not

contracted with:

. 1 & o
(BX?m*l) = Bi,. im0 H '™ (B.1)
I

j=1 k£

where 6;5 is the Kronecker delta given by contracting an index from then Euclidean
metric tensor with the Euclidean inverse metric tensor. The expression in Eq. B.1 is
true regardless of any partial symmetry of B. However, we note a few special prop-
erties of the tensors under consideration: B is partially symmetric under any per-
mutation of the m covariant indices, leading B to be symmetric under permutations
of iy..1,, amongst themselves and 4,,1..72,, amongst themselves. Additionally, B
is also symmetric under the permutation (ij...0,, tmr1--G2m) = (Tmr1--lom, 11--0m)

as well as any permutations generated by the two mentioned above. As a result,

for all k£ € {1...2m}, there exists a permutation o such that the first element of

O'((lem, im+1..i2m)> is Zk
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An example with a 4-dimensional tensor B is most instructive:

Bil,i2,i3,i4 = Bi2,i17i37i4 = Bi37i4711,i2 = Bi47i3,i1,i2 (B2>

The first equality comes from partial symmetry of the covariant indices of B, the
second equality comes from the partial symmetry of the square of a tensor, and
the fourth equality is generated by both types of permutations. As a result, for all
7, the vectors below are equal:
Bi. i | [ 2" (B.3)
k#j
and thus

Bx?" ! = Bx?"! (B.4)

This means we could perform symmetric higher-order power iteration successfully,
only using our partially symmetric B rather than the fully symmetric B and yield
the exact same steps at each iteration. In fact, this opens up the avenue to an even

simpler and more efficient version of power iteration that directly relies on B:
(B 1), = (B 1), = (Bx™ )76, 1, (Bx") (B.5)

The rightmost expression can be obtained by first calculating the matrix Bx™ !,
then calculating the vector Bx™ = (Bx™ !)x by a single matrix vector product.

Then, a final matrix vector product between the two gives the result from Eq. B.5.

B.2 Implementation of the (2,D)-Norm Computation

The tensor BD is a supersymmetric tensor since B is a supersymmetric tensor.
Thus, symmetric higher-order power iteration could be applied directly to cal-

culate the Z-eigenpair of Bp. In order to save on operations, if the Cholesky
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decomposition is performed to compute a lower triangular D'/2, then one iteration
of symmetric higher-order power iteration can be taken more efficiently with the

following steps. First, given the current iterate x, compute
z =Dk (B.6)
by forward substitution. Next, compute the vector
B(D/2x)?m~1 = Bz?" ! (B.7)

This can be performed efficiently as in Eq. B.5. Finally, the new iterate is given

by back substitution to solve an upper triangular linear system to find
BDXQm—l _ (DI/Q)—T(BZQm—l) (B8)

which is the numerator of the next iterate of symmetric higher-order power itera-
tion. Above, Bz2™ ! is reinterpreted as a column vector to make the linear algebra
operations to be performed more clear. The above sequence of operations can be

derived in index notation:

A

(BDX2m_1>k =B

J1---J2m

(D21 (DY) (D2t gt (BLO)

i1 12m—1

= (Bz"""),,, (D2)n (B.10)

J2m

In this argument, the result is a row vector (covariant vector) while the input x is

assumed to be a column vector (contravariant vector).
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B.3 Calculating TEMoN Using Shifted Symmetric Higher-

Order Power Iteration

In order to find TEMoN, we solve two optimization problems over the unit ball,

one for a positive case and one for a negative case:

£CO) X (t))

T = N Ep Ty (B.11)
Tm.r = R™ 2 max(7}, 7.) (B.12)
In either case, we reformulate the problem with a change of coordinates
y = ®&x (B.13)
and calculate the maximum Z-eigenpair of each of the two tensors given by
+ (cﬁ;@)hmim == (@) (@) (B.14)

We can do so by performing shifted symmetric higher-order power iteration on the

symmetrized tensor [68]. Let égn ) be the symmetrization of CEIZ” ), and define

a=(m-1) Z ’(Cgﬂ))il...im

U15eslm

(B.15)

Then, symmetric shifted higher-order power iteration is guaranteed to converge to

(a typically large) eigenvector of Cg,n ). The iteration is given:

ié(m) +ym—1 +
P

YH+1 = A~ )
|£C8 i + ayi

2

Using the inverse coordinate change on the converged to Z-eigenvector y* we arrive
at

xt =@yt (B.17)
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Finally, our optimization is given by

+ +C) (Xit>m
2

T = COE) (B.18)

The CGTs have fewer symmetries than the STTs and their squares. As a result,
we do not present a method leveraging partial symmetry for computing TEMoN

without performing symmetrization as we do in the case of DEMoN.
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