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Vorwort

Die vorliegende Arbeit wurde am Lehrstuhl 2 fiir Mathematik an der Universitat
Wiirzburg erstellt. Ein Forschungsschwerpunkt dieses Lehrstuhls ist die Entwicklung
von Optimierungsalgorithmen auf Mannigfaltigkeiten. Passend dazu war der Ursprung
dieser Arbeit, namlich das Studium von Verfahren zur Bestimmung von orthogonalen
Matrizen, welche vorgegebene symmetrische Matrizen diagonalisieren. Die besondere
Schwierigkeit lag hierbei in der Tatsache, dass man sich nicht auf konstante Matrizen
beschrankte, sondern symmetrische Matrizen betrachtete, die stetig differenzierbar von
einem Parameter (der Zeit) abhingen. Fiir diese Problemstellung konnte man ein Ver-
fahren zur zeitvarianten Berechnung (”Tracking”) der gesuchten orthogonalen Trans-
formation durch einen rein euklidischen Ansatz herleiten. Es stellte sich jedoch schnell
heraus, dass der zugrunde liegende Trackingalgorithmus noch Verbesserungspotential
besitzt. Zunachst sollte das Verfahren fiir Mannigfaltigkeiten verallgemeinert werden
um strukturierte Trackingprobleme intrinsisch, d.h. direkt auf der Mannigfaltigkeit,
behandeln zu konnen. Weitere Motive fiir Erweiterungen und Modifikationen der
Trackingtheoreme waren die betrachteten Anwendungen. Dies waren zumeist Opti-
mierungsprobleme auf Mannigfaltigkeiten, die bereits am Lehrstuhl behandelt wurden
und welche man dartiber hinaus in einem zeitvarianten Kontext untersuchen wollte.
Die Ausarbeitung dieser Ideen fiihrte zu einigen Publikationen, die ich zusammen mit
Herrn Prof. Dr. Uwe Helmke verfasste. An dieser Stelle mochte ich mich bei ihm
ausdriicklich fiir seine Unterstiitzung bedanken. Ohne seine Erfahrung, sein Gespiir fiir
viel versprechende Untersuchungen, seine (mit-) anpackende und im positiven Sinne
fordernde Art, wéare diese Arbeit nicht moglich gewesen. Weiteren Dank verdienen
meine Kollegen und Freunde vom Lehrstuhl, bei denen man sich stets Unterstiitzung
einholen konnte: Gunther Dirr, Jens Jordan, Martin Kleinsteuber und Christian Lage-
man sind hier in jedem Fall zu nennen. Besonderer Dank gilt auch Herrn Prof. Dr.
Malte Messmann vom Juliusspital Wiirzburg, der mich in den ersten drei Promo-
tionsjahren finanziell komfortabel ausgestattet hat. Leider konnten wir nicht wie ur-
spriinglich geplant, ein interdisziplindres medizinisch-mathematisches Thema zu einer
Dissertation ausarbeiten. Trotzdem bekam ich geniigend Freiheit, um dann ein rein
mathematisches Thema zu behandeln. Und schliellich bedanke ich mich bei meinen
Eltern, fiir ihre weit iiber das normale Mafl hinausgehende Unterstiitzung wahrend
meiner Studienzeit.
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Chapter 1

Introduction

1.1 Motivation

Many optimization problems for a smooth cost function f : M — R on a manifold
M can be solved by determining the zeros x, of a vector field F' : M — TM on M,
such as e.g. the gradient F' of the cost function f. If F' does not depend on addi-
tional parameters, numerous zero-finding techniques are available for this purpose. It
is a natural generalization however, to consider time-dependent optimization problems
that require the computation of time-varying zeros . (t) of time-dependent vector fields
F(z,t). Such parametric optimization problems arise in many fields of applied mathe-
matics, in particular path-following problems in robotics [49], recursive eigenvalue and
singular value estimation in signal processing, cf. [58], [59], [72], as well as numerical
linear algebra and inverse eigenvalue problems in control theory cf. [53], [57] and [60].
In the literature, there are already some tracking algorithms for these tasks, but these
do not always adequately respect the manifold structure. Hence, available tracking
results can often be improved by implementing methods working directly on the mani-
fold. For this reason, we develop in this thesis zero-finding techniques for time-varying
vector fields on Riemannian manifolds M. Thus we consider a smooth parameterized
vector field

F:MxR—-TM, (z,t)— F(z,t) € T, M, (1.1)

on a Riemannian manifold M. Hence F' can be regarded as a time-depending family
of vector fields and the task is to determine a continuous curve z, : R — M such that

F(z.(t),t) =0 (1.2)

holds for all t € R. This will be achieved by studying an extension of the Newton flow
on manifolds. The discretization of the resulting ODE, which we will call time-varying
Newton flow, then leads to concrete zero-tracking algorithms.
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1.2 Previous work

Any numerical implementation of zero finding methods solving (1.2) requires discrete
update schemes to compute estimates zj, of the exact zero z.(ty), where t;, = kh for
step size h > 0 and k € N. In Euclidean space, a simple choice for a zero tracking
algorithm is obtained from the standard Newton method. The new estimate xj,; of
2. (tgs1) is thus determined by a Newton update step for F(zy,try1), i.€. via

Thar = Tp — DF (@, togr) F (@, trsr). (1.3)

Thus, this method proceeds exactly as for time-invariant problems and therefore treat
the time-dependency effects of the map only implicitly. This procedure obviously works
as long as xy, is in the domain of attraction of the zero of F'(-, 1), which may not be
the case for all £ € N.

Continuation methods, cf. Allgower and Georg [4], [5], Garcia and Gould [26], Huitfeld
and Ruhe [37], are natural tools for computing parameter-depending zeros of nonlinear
maps. In the literature on continuation methods, the task of zero finding is mainly
addressed in Euclidean space, i.e. for maps

F:R"x[0,1] = R", (x,\) — F(x,\),

where the task is to find z.(\) such that F'(x.(\), A) = 0. This is achieved by studying
the differential equation

DF(x,t) - &+ %F(z,t) =0, (1.4)

where DF denotes the Fréchet derivative of F. Therefore, this approach may be
suitable to solve the problem (1.2), but the main difference is, that we consider an
unbounded interval for the second variable. Thus, known homotopy-type results can
not be directly applied to our zero-finding task on [0, 00).

This is in contrast to the work of Davidenko [16], where the same differential equation
(1.4) is considered on an unbounded time-interval for maps F' : R® x R — R™. Under
suitable full-rank conditions on DF', solutions z(t) of this differential equation exist
and are equal to the zero z,(t) of F, provided z(0) = z,(0). However, this algorithm
only works under perfect initial conditions and does not perform any error correction.
Thus, if one uses an Euler-step discretization of this algorithm to estimate the zero of
F' at discrete times ¢, & € N, the integration error may accumulate at each step.
This leads us to the predictor/corrector methods, cf. [4], which calculate the zero z,(t)
of F' at discrete times t; via two basic steps. The new iterate xp,, which approximates
T4 (try1) is obtained by

1. Compute a rough approximation Z; of the zero of F(+,tx11) using xy (predictor
step).

2. Apply a zero-finding technique and the initial guess Tp,; to get an improved
estimate 1 & . (tgy1) (corrector step).
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A valid choice for the first step is e.g. the Euler-discretization of (1.4), which is given
as

_ .0
Tpp1 = x, — hDF (xy, ty) 1aF($k,tk)-

Hence, the evolution of x,(t) is linearly approximated to ”predict” the new zero of F.
The corrector step then consists of one or more iterates of the conventional Newton
method:

Tpy1 = Thg1 — DF<i’k+1, tk+1)71F<i’k+1; tk+1)-

The local quadratic convergence of Newton’s algorithm guarantees that the resulting
sequence has a reasonable accuracy, i.e. x; is a good approximation of the exact zero
x4 (ty) for all k € N.

As it will turn out, our derived discrete tracking algorithms combine these two steps
into one. This shows that our path-following method is closely related to such pre-
dictor /corrector algorithms. Moreover, our approach can be easily extended to a real
predictor /corrector method, since the required additional Riemannian Newton step can
be computed by a slight modification of our formulas.

Notably, our algorithms are derived for general problems on Riemannian manifolds and
are therefore path-following methods on Riemannian manifolds. An other difference to
the classical predictor/corrector methods is, that our tracking theorems are formulated
such that they work with fixed step sizes instead of requiring intermediate step size
adaptions.

The starting point of our work is the modified time-varying Newton flow

DF(z,t) - &+ %F(az,t) = —F(z,t), (1.5)
which has been introduced in the PhD thesis of Getz [28], where the differential equation
was derived by using the concept of the so-called ”dynamic inverse”. Solutions of this
differential equation converge to the zero z,(t), where in particular, no perfect initial
conditions are required. This is the benefit of inserting the additional feedback term
into (1.4), which stabilizes the dynamics around x.(t). Hence, it is possible to introduce
discrete versions of the above ODE such that the accuracy of the resulting sequence
remains at a fixed level, cf. Section 2.3.1. An open question remained in how far one
can extend Getz’s method to a Riemannian manifold setting. This is exactly what will
be studied in this thesis.

In order to develop Newton-type algorithms on manifolds, one can profit from recent
publications about Riemannian optimization methods. For general information see
e.g. Udistre [68] and Smith [63], where the latter studies Riemannian Newton meth-
ods, which are of particular interest for this thesis. Further results about Newton’s
algorithms on Riemannian manifolds can be found in Adler et al. [3], Dedieu and
Priouret [17], Gabay [25], Ferreira and Svaiter [24] and in Mahony and Manton [46].

Since performing Newton-type methods on manifolds can be an expensive task, it
is useful to provide ways to reconsider the problems in Euclidean spaces, which can
sometimes be easier handled. The most popular way to do this, is to embed the
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intrinsic problem into the ambient Euclidean space by using Lagrange multipliers, see
e.g. Geiger and Kanzow [27] and Tanabe [65]. Note however, that such embeddings
are not always easily available, and even if they are, Lagrange multiplier techniques
may not work as defining equations for the manifolds are not always available.

An alternative to implement intrinsic Newton-type algorithms is to execute the zero-
finding method on the tangent space and using parameterizations to get the corre-
sponding updated point on the manifold, c¢f. Shub [61], Hiiper and Trumpf [38] and
Manton [47]. This idea will be discussed and extended further in this thesis, in order
to obtain efficient implementations of the zero tracking algorithm. This allows even
for the possibility of designing root finding techniques on arbitrary manifolds without
referring to any Riemannian metric.

1.3 Results

As mentioned above, zero finding methods in the numerical literature have been mainly
developed in an Euclidean space setting. Thus the methods start on a Riemannian
submanifold M C R™ of Euclidean space and perform the computation steps in R".
In order to stay on a submanifold M C R"™ such algorithms have to be combined
with projection operations that map intermediate solutions in R"™ onto the constraint
set. This can be very cumbersome, technically involved and moreover, depends on an
artificial choice of a suitable embedding of M. Thus, intrinsic methods are of interest
that evolve during the entire computation on the manifold. It is the task of this thesis,
to develop such intrinsic zero finding methods. The main results of this thesis are as
follows:

e A new class of continuous and discrete tracking algorithms is proposed for com-
puting zeros of time-varying vector fields on Riemannian manifolds.

e Convergence analysis is performed on arbitrary Riemannian manifolds.

e Concretization of these results on submanifolds, including for a new class of
algorithms via local parameterizations.

e More specific results in Euclidean space are obtained by considering inexact and
underdetermined time-varying Newton Flows.

e [llustration of these newly introduced algorithms by examining time-varying
tracking tasks in three application areas.

The motivation of our studies is to provide continuous and discrete algorithms for
tracking the smooth zero x,(t) of a time-varying vector field F' : M x R — TM. We
introduce the Riemannian time-varying Newton flow

ViF(x,t) + %F(l‘,t) = M(z)F(x,t), (1.6)
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defined by the covariant derivative V;F of F' along x(t) with respect to the first vari-
able. Here M denotes a stable bundle map, cf. Chapter 2 for details. Thus the setup is
a generalization of equation (1.5) and we are able to extend and generalize the results
and methods of Getz [28].

In Main Theorem 2.1, we derive sufficient conditions on F' such that the solution x(t)
of (1.6) asymptotically converges towards the zero z.(t) of F, i.e.

dist(z(t), z.(t)) < ae™®,

for some a,b > 0 and all £ > 0. In particular, one does not need perfect initial con-
ditions, since the zero of F' locally attracts solutions of the differential equation. This
implies the local robustness of solutions of the dynamical system under perturbations.
The discretization of the time-varying Newton flow leads to an update scheme produc-
ing approximations xy, for z,(t) at times t;, = kh for step size h > 0 and k € N. Hence,
the time-varying Newton algorithm is given for M(z) = —%I by

Tt = expy, (VF(2r, 1)) (= F (@, te) — hEF (21, 1))) | (1.7)

where exp,, is the exponential map of M at x, € M, (VF (g, t)) " : Ty, M — T, M
denotes the inverse of the covariant derivative of I at (xy,t) and F(z,t) is a step
size-dependent approximation for %F (x,t), cf. Chapter 2 for details.

The second major result is formulated in Main Theorem 2.2, showing that the sequence
(zk)ken of (1.7) has a guaranteed uniform accuracy holding in terms of the stepsize h.
L.e. there exists a ¢ > 0 such that for h > 0 holds that

dist(zg, z.(tx)) < ch,

for all £ € N, provided that dist(z(0),z.(0)) < ch. This interesting feature is inherited
from the local stability of the zero of F', together with a suitable choice of the feedback
term MF in (1.6), and implies that the proposed algorithm has a convergence of order
hin t.

From these general results, more explicit versions of the continuous and discrete al-
gorithms are derived for specific constraint sets: submanifolds, Lie groups and the
Euclidean space. Even in the Euclidean case, it is useful to consider modifications of
the Newton method, such as e.g. inexact or quasi-Newton methods, since a major diffi-
culty of the tracking algorithms based on the time-varying Newton flow is the necessity
of inverting the (covariant) derivative of F. If F': R™*" x R — R™*" is a matrix-valued
map, one usually needs to invert a matrix representation of DF(z,t), which has di-
mension n? x n?. To reduce computational effort, we consider inexact Newton flows,
which are well studied in the time-invariant case, cf. [19]. We prove for time-varying
maps F': R" x R — R", that it suffices to approximatively invert the derivative of F
in order to achieve the tracking task. Thus we obtain a tracking algorithm

T+l = T — G(l’k,tk) (F(.’Bk,tk) + th($k,tk)) 5

where G(z,t) : R* — R" is a suitable approximation for the inverse DF(z,t)"! :
R™ — R™. Again, the resulting sequence has a guaranteed uniform accuracy < ch, cf.
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Chapter 2 for details. Since such approximations can be computed with significantly
less effort, this improves the applicability of the proposed algorithms. In particular,
the need of computing the matrix representation of DF may be dropped.

Finally, tracking results in Euclidean space are derived for underdetermined maps F :
R" xR — R™, m < n. We call this the "underdetermined case”, as the task becomes
to track zero sets instead of single points. Analogously to the full rank map, we
give conditions that the solutions of the underdetermined Newton flow asymptotically
converge to the zero set of F, i.e. the distance of the solution of the time-varying
Newton flow to the zero set decreases exponentially. Convergence properties are stated
in Main Theorem 2.4, where also the inexact approach is included.

The algorithms defined in Euclidean space can also be used to solve intrinsic tracking
tasks. The motivation for this is to circumvent the computation of the exponential
map and geodesics, which may be quite complicated. Thus, it helps sometimes, to
reformulate intrinsic tracking tasks in Euclidean spaces, either by including penalty
terms for violating the constraints or by using Lagrange multipliers. Note however,
that this requires a certain embedding of the original problem in an ambient Euclidean
space, which causes other difficulties. In particular, the dimension of the occurring
vectors in the algorithm usually increases.

Another way to implement intrinsic tracking algorithms may be used in the case where
F' is the gradient of a cost function ® : M x R — R. Here we make use of suitable
families of parameterizations (v;)zen and (pg)zens of M with v, : V, — U, C M,
fe : Vy — UL C M and v,(0) = u,(0) = z, where V,, C RY™M_ Then, the update
scheme to track z,(ty) is given by

Th+1 = Hay, (_H‘I)O%k (07 tk)_l(V(CI) © 7’%)(07 tk‘) + hGZk (07 tk))) ) (18>

where 4(y,t) := (y(y),t), V(® 04,,) is the Euclidean gradient of ® o 4,, and G"(0,t)
denotes an approximation of %V(CD 04,)(0,t), cf. Chapter 2 for details.

We prove that under certain conditions for (V;)zenr, (fa)zenr and @, the accuracy of
the resulting sequence satisfies dist(z, z.(t;)) < ch for some fixed ¢ > 0 and all k € N,
if dist(xg, z.(0)) < ch, c¢f. Main Theorem 2.3. A special benefit of this approach is,
that although it is an intrinsic algorithm, all computations are done with objects from
Euclidean space and the dimension of these magnitudes does not exceed the dimension
of the manifold.

The performance of these newly introduced methods is then evaluated by examining
specific time-varying tracking problems.

In our first application in Chapter 3, we consider the task of Intrinsic Subspace
Tracking, i.e. the computation of the principal (minor) subspace of a symmetric
matrix, defined by the eigenspace corresponding to its largest (smallest) eigenvalues.
Here, the natural state space for our algorithms is the Grassmann manifold Grass(m,n)
of m-dimensional subspaces in R".

For constant, time-invariant matrices, Edelman, Arias and Smith [23], Absil, Mahony
and Sepulchre [2] proposed Riemannian optimization algorithms on Stiefel and Grass-
mann manifolds for principal subspace analysis. Their approach proceeds by applying
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the Riemannian Newton method [63] to the Rayleigh quotient function. The same
technique has been subsequently used by Lundstrom and Elden [44] for intrinsic sub-
space tracking of time-varying symmetric matrices. These approaches are equivalent
to discretizations of the ordinary Newton flow, cf. (1.3). But due to the inherent lack
of any tracking ability of this differential equation, no theoretical tracking bounds have
been derived in [44].

In our approach, we go beyond that earlier work, by developing subspace tracking
algorithms via the time-varying Newton algorithm (1.7) of the Rayleigh quotient func-
tion on a Grassmann manifold. Our algorithm achieves tracking with provable track-
ing bounds. By implementing particularly convenient parameterizations of the Grass-
mannian into the formulas, we obtain significantly simpler expressions of the discrete
update scheme than given by [23, 44, 63]. Numerical experiments demonstrate the ap-
plicability and robustness of the proposed methods and a comparison with the methods
of [44] is done.

In Chapter 4, we study the task of Tracking Matrix Decompositions. At first we
consider the task of determining the eigenvalue and singular value decomposition of
time-varying symmetric and non-square matrices, respectively. Eigenvalue decomposi-
tions of time-varying symmetric matrices A(t) € R™*" have been studied by e.g. Dieci
[20]. The authors derived matrix differential equations to track orthogonal transforma-
tions X, (t) € O(n) such that X, ()" A(t)X.(t) is diagonal. However, these differential
equations achieve asymptotic tracking of X, (¢) only if they are exactly initialized,
X(0) = X.(0). Moreover, concrete numerical implementations are missing, i.e. no
discrete update scheme to compute the desired orthogonal matrices at discrete times
is given. Since that approach bases on the homotopy method (1.4), a discrete version
of the differential equation would require intermediate corrector steps, since discretiza-
tion errors occur and accumulate at each step. In contrast to this, by using our tools
of Chapter 2, robust update schemes are derived to perform the time-varying EVD
of symmetic matrices in the cases of simple and multiple eigenvalues. Using a well
known relation between the singular value and the symmetric eigenvalue problem, the
developed diagonalizing method for symmetric matrices with multiple eigenvalues can
be used to derive new SVD tracking algorithms of time-varying matrices M (t) € R™*"
for m > n, t € R. Notably, we used an approach basing on the inexact time-varying
Newton flow to derive the EVD and SVD tracking methods. Therefore we did not need
to vectorize the occurring matrices to obtain explicit update schemes, which consider-
ably extends the use of these algorithms. Thus the maximal dimension of the matrices
in the SVD tracking algorithm is m x m, instead of mn x mn. Numerical simulations
at the end of the chapter confirm the theoretical robustness and good performance of
the derived methods.

The polar decomposition of a full rank square matrix M € R™" is the factorization
into an orthogonal and positive definite matrix. It is well-known, that a good method
to compute the polar decomposition works via the SVD. Thus we propose to use the
newly introduced SVD tracking algorithm for computing the polar factors. To assess
the quality of this method, we compare it with an algorithm for the time-varying
polar decomposition, which was introduced by Getz [28]. He derived a robust tracking
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method basing on the time-varying Newton flow. Since the author did not give a
concrete implementation, we applied our time-varying Newton algorithm to his setup.
This leads to relatively large matrices in the algorithms, whose dimension is up to
in(n+1) xin(n+ 1). Unlike these formulas, our SVD-basing algorithm works with
matrices of the same dimension as M, i.e. n X n. As expected, our method showed a
better performance in the numerical examples and is therefore preferable.

In certain situations, it is not necessary to compute the whole eigenvalue decomposition
of a symmetric matrix. Thus, there exists a number of methods, which determine
only a few principal or minor eigenvectors of the matrix, cf. [55], [56], [58], [59]. In
particular, a gradient based algorithm for the minor and principal eigenvector analysis
was introduced in [48], which will be modified such that the time-varying Newton flow is
applicable. Then we obtain algorithms tracking the time-varying minor and principal
eigenvectors of time-varying symmetric matrices. Again, numerical results illustrate
the good performance of the derived methods. Since principal eigenvector tracking
algorithms can be employed to determine the principal eigenspace, we also compared
these algorithms with the subspace tracking algorithms of Chapter 3. It turned out,
that the algorithms of Chapter 3 have computationally advantages for general subspace
tracking problems. This is due to the fact, that in contrast to the specific subspace
tracking methods, the eigenvector tracking algorithms compute more information than
required.

In Chapter 5, we consider an optimization problem, which arises in the area of computer
vision: Pose Estimation. The task is to reconstruct the motion parameters ©(t)
(rotation) and €(¢) (translation) of a rigid object, by evaluating time-varying image
data. Our approach minimizes a suitable cost function on the manifold of so-called
essential matrices, in analogy to [32] in the time-invariant case. Here, the extrinsic
and intrinsic approaches as well as the parameterization method are applicable for the
tracking task. We compare the different tracking methods and examine their specific
difficulties and advantages while deriving the explicit update schemes. It turns out
that the task of motion reconstruction can be achieved by all the derived algorithms,
since all showed robust tracking results.
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1.4 Notations

DF

M

T.M

M

Vi F(x(s),t)

VF(z,t): ToM — T M

grad f

He(x,t) : T,M — T, M

dist(x, y)

exp, : 1o M — M
i.(M)

i*(M)

diag (dy, ..., d,)
rk(A)

tr (A)

A®B

VEC(A)

adp - RXn _y RXN

Fréchet derivative of a map F': R” x R — R"
Riemannian manifold

Tangent space of M at x € M

Tangent bundle of M

Covariant derivative of a vector field F' : M x R —
TM at (z(s),t) € M x R along a curve z : [ — M
with respect to the first variable.

Covariant derivative of a vector field F' : M x R —
TM at (z,t) € M xR with respect to the first variable
Intrinsic Riemannian gradient of a function f : M x
R — R with respect to the first variable

Intrinsic Riemannian Hesse operator of f: M xR —
R with respect to the first variable

Neighborhood of 0 in the tangent space with radius
r,ie. B.(0):={veT,M:|v|]|<r}

Intrinsic Riemannian neighborhood of x € M with
radius r, i.e. B,(x) :={p € M : dist(x,p) < r}
Intrinsic Riemannian distance of z,y € M
Riemannian exponential map at x € M

Injectivity radius of the exponential map at x € M
Supremum of all » > 0 such that exp, : B,(0) — M
is a diffeomorphism for all x € M

Diagonal matrix in R™*"™ with entries dy, ..., d,

Rank of a matrix A € R™*"

Trace of a matrix A € R™*™

Kronecker product of matrices A € R™*" and B €
RP*4

Vectorizing operation of A € R™*" by stacking the
columns of A under each other

Orthogonal group in R™*"

The @Q-factor of the QR-factorization A = (A)gR
Grassmann manifold

Isospectral representation of the Grassmann manifold
(Grassmannian)

Normalized essential manifold

Vector space of all symmetric matrices of dimension
nxn

Lie algebra of skew-symmetric matrices of size n x n
Lie bracket, defined for matrices A, B € R™" by
[A,B] .= AB— BA

Adjoint representation at P, i.e. ad p(X) = [P, X]



Chapter 2

Time-varying Newton flow

In this section we introduce the time-varying Newton flow, which is the mathematical
basis of the zero tracking techniques considered in this work. At first, we study the
dynamical system in the general case of working on a Riemannian manifold (M, g).
This leads to a continuous and a discrete version of the abstract tracking algorithm.
Then we consider the special cases of M being a Riemannian submanifold of R™ and
a Lie group, leading to more concrete ODEs and update schemes. Thus, by using
additional assumptions on M, we try to find better implementations of the considered
tracking algorithms.

In the case of M being a Riemannian submanifold, techniques to reformulate the track-
ing task in Euclidean space are studied. This extends the applicability of our approach,
since one can use the Euclidean methods to solve the intrinsic tracking tasks then.
Finally, we also formulate the time-varying Newton flow in Euclidean space, leading
to the most expressive versions of the algorithms. In order to improve the use of the
studied methods, we show how to deal with inexact and underdetermined systems.
Hence, practical modifications of the standard algorithm are derived, which are needed
to implement the considered applications in the subsequent chapters.

2.1 Riemannian time-varying Newton flow

We now formulate the time-varying Newton flow on a Riemannian manifold. This
requires an extension of standard tools from Riemannian geometry to an analysis of
time-varying vector fields. Specifically, we discuss the Taylor formula for vector fields
along curves on a Riemannian manifold. Although this can be done in a straightforward
way, we summarize the required results in the next, preparatory section. For further
references and details we refer to standard textbooks on Riemannian geometry, such
as e.g. do Carmo [21].

2.1.1 Preliminaries on Riemannian manifolds

Let M be a k-dimensional smooth manifold, endowed with a Riemannian metric g.
A smooth vector field X on M then defines a smooth map from M into the tangent

10
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bundle 7'M that associates to each p € M a vector X (p) € T,M. We denote the set
of all smooth vector fields on M by V(M) and the set of all smooth functions on
M by C>*(M). If f: M — N denotes a smooth map between manifolds, then for
each point p € M the associated tangent map is denoted as Tp,f : T,M — Ty, N.
Let ¢ : U — V C RF denote a smooth coordinate chart on an open subset U C M.
Given any smooth vector field Y on V| the pull back vector field ¢*Y : U — TU is the
smooth vector field on U defined by

(@ Y)(p) = (Tr) " (Y (0(p))),

where T, : T,M — T,;)R* denotes the tangent map of . Let {i 0 } denote

Oy1? """ Oy

the standard basis vectors of R*. Then a basis {8%1 -~ % } of the tangent space
p p
T,M, p € U, is defined by
0 0
= (Tp) ™" =1,..,k 2.1
8%0@ p ( pgp) ayz7 ¢ ) ) ( )

Using this basis of T,M for p € M, any vector field X € V(M) is locally uniquely

expressed as
k

X(p) = ailp)

=1

0
i

p?
for p € U and smooth functions a; : U - R, 1 =1, ..., k.

The Lie derivative Lx : C*°(M) — C*°(M) of a vector field X € V(M) is an R-linear
operator acting on smooth functions f € C*°(M) by Lx f := X f, defined by

(Xf)p) =T, f(X(p), pe M.

Recall, that the Lie bracket product [X,Y] of two vector fields X,Y is the uniquely
determined vector field satisfying

(X Y]f = X(Yf) = Y(X[)
for all f € C*°(M).

Levi-Civita connection In order to define derivatives of vector fields on M, we
further need the concept of affine connections. We use the following notation. If X, Y €
V(M) are smooth vector fields on a Riemannian manifold (M, g), then (X,Y) : M —
R is the smooth function defined by

(X,Y) (p) == g(p)(X(p),Y(p), peM.

Definition 2.1. Let f : M — R be a smooth function on a Riemannian manifold
(M, g) and let df : M — T*M denote the associated differential one—form. The Levi-
Civita connection ¥V : V(M) x V(M) — V(M) on M assigns to each pair of
smooth vector fields X,Y on M a smooth vector field V xY with the properties:
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~

. (X)Y) = VY is R-bilinear in X,Y.

2. VixY = fVxY for all smooth functions f on M.

3. Vx(fY) = fVxY + (df X)Y for all smooth functions f on M.

4. VxY = Vy X = [X,Y] (torsion freeness).

5. d{(Y, Z2) X =(VxY, Z)+ (Y,VxZ) (compatibility with the metric).

Note that a general affine connection does not require (4) and (5) of the previous defin-
ition. However, by including these additional assumptions, the Levi-Civita connection
is uniquely defined and satisfies the Koszul formula.

2<VXYa Z> = X<Ya Z> +Y<X’ Z> _Z<X’Y> - <Ya [Xa Z]> o <X’ [Y> Z]) + <Z> [X>Y]>'

Any affine connection defines in a unique way the associated notion of a covariant
derivative of differentiating a vector field along a smooth curve. Before turning to this
crucial concept we recall that the affine connection VY is asymmetrically defined
with respect to X,Y. In fact, for any smooth vector fields X,Y and p € M, the
value of VxY(p) depends only on the tangent vector X (p) and the values of Y on a
neighborhood of p. Thus, for any tangent vector v € T, M and any smooth vector field
X € V(M) with X(p) = v, the notation

V.Y (p) = VxY(p)

is well defined and independent of the choice of such X. Let ¢ : I — M denote a

smooth curve. A smooth vector field X (¢) denote along c is defined as a smooth map
X : I — TM, such that X(t) € T )M holds for all t € I. We denote the infinite—
dimensional vector space of all smooth vector fields along ¢ by V*>°(c).

Proposition 2.1. Let M be a smooth manifold with an affine connection V. Let
c¢: 1 — M a smooth curve and X,Y € V*(c). Then there exists an unique R-linear
map 2 : V>°(c) — V>(c), called the covariant derivative along c, such that

1L B(X+Y)=8%+ 2
2. B(rx) = Z—J;X + fE2X where f: I — R is a smooth function.
3. If X is induced by a vector field X € V®(M), i.e. X(t) = X(c(t)) holds for all
tel, then
DX -
W(t) = Ve X (c(t)).
Moreover, for alln € N andt € 1
DX
dtm

(t) = V?(t)X(C(t))-
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Let X,Y € V*(c¢) be smooth vector fields along a smooth curve ¢ : I — M, ex-
pressed by using coordinate frames for some ¢ > 0 and t € [0,¢), i.e. X(c(t)) =

Yo Xile(t)) 52 o and Y (c(t)) = S8, E(c(t))%’ o Then we get the local expres-
le(t le(t

sion of the covariant derivative

VrX () =3 (ZX (DT (c(t)) + dX,<c<t>>Y<c<t>>> 2

(2.2)

Dy ler)’

where Fl denote the Christoffel symbols of V for ¢, 5,1 € {1,..., k}.
Moreover the covariant derivative of time-varying vector ﬁelds satisfies the following
chain rule

Lemma 2.1. Let X : M xR — TM, (p,t) — X(p,t), be a smooth time-varying vector
field and let ¢ : I — M a smooth curve. Thus X (p,t) € T,M forp € M and all t € R.
Then for X (t) := X(c(t),t) and X;(p) := X(p,t)

D 0
th( ) = VeXi(c(t)) + 315X< c(t),1).

Proof. Let ¢ : U C M —V CR* pws o(p) achart of M. Let ¢: I — U be a smooth
curve. Then locally X can be written as

k
0
X(p,t)=> ai(p,t)z—

i 'D

for some suitable smooth functions a;(p,t), i = 1,..., k, cf. (2.1).
Thus for fixed ¢

VeX(e(t) = X (), ) = 5 D arlels), 1)

S (9(,01 c(s i1
d ) D 9
; (Eai(c(s)’t)) AP SO v Wi
k
) D 9
da: t . =
; a;(c(s), )C(S)a% " +ai(c(s), ) - 9o,
Therefore we get
D - D& 0 "D 0
ZX(t) = = . = | a =
X0 =G> ate057] =33 (ater5] )

D 0
i t at 7.
c(t) +aile(t) >dt Op; le(t)

3 (i) &
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k
o 0 0 0 D 9
; dag(c(t), t)c(t) A + gpai(c(t). 1) A + ai(c(t), ) S e =
9
— aX(C(t), t) + VcXt(C(t>>

]

Parallel translation Let Y be a smooth vector field along a smooth curve c¢ :
l[a,b] = M, t+ c(t). Then Y is called parallel along c¢(t) if

D
—Y(t)=0, WVt bl.

V(1) =0, Vi€ b
Proposition 2.2. Let M and c be as above. Let € T )M be a tangent vector of M
at c(a). Then there exists a unique parallel vector field V- € V>°(c) such that V(a) = &.

With the notation of above and p = ¢(a), ¢ = ¢(s) for an arbitrary, but fixed s € [a, b],
the parallel transport along ¢ induces a vector space isomorphism 7,, : T, M — T, M,
called the parallel translation, such that 7,,{ = Ve(s) for all £ € T,M. Here V¢ is the
parallel vector field along ¢ with Ve(a) = €.

Since the Levi-Civita connection is compatible with the metric, one has the following
equation for vector fields X, Y along curves ¢: I — M:

d DX DY
E<X7 Y>c(t) == <W’ Y>C(t) + <X, W>C(t), t S ] (23)

In particular for the Levi-Civita connection, one has (X(t),Y (t))qr) = const for any
smooth curve ¢ : I — M and any pair of parallel vector fields X, Y along c.

Geodesics; complete manifold Let ¢: I — M be a smooth, regular and injective
curve. Here regularity means that ¢(t) # 0 for all ¢ € R. It is easily seen that there
exists then a smooth vector field X : M — T'M such that é(t) = X (c(t)) for all t € I.
Thus,

Ve = (VxX) (c(t))

and c is a geodesic, if V:¢ = 0 for all t € I. Then ||¢(t)||cw) = ||¢(0)]], for all 0 < ¢ < 1,
which can be easily seen by using (2.3).

We always require that M is a geodesically complete manifold, i.e. for all p € M, any
geodesic ¢(t) starting from p is defined for all ¢ € R. Hence, the exponential map at
p € M is defined for any v € T,M by

exp,(v) = ¢(1),

where ¢ : R — M is a geodesic with ¢(0) = p and ¢(0) = v. Note that every compact
Riemannian manifold is geodesically complete. The injectivity radius i,(M) at a point
p € M is the supremum of r > 0 such that exp, ‘B © is injective. Here, B,.(0) = {v €

T,M| ||v][, < r}. We further use the notation i;(M) at a point p € M, which denotes
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the supremum of > 0 such that exp, is a diffeomorphism. Since i,(M) can vary

}BT(O)
with the base point p, we need to define as well the global injectivity radius ¢(M) of

M by
i(M) = inf{i,(M)| p € M},

as well as

i*(M) = int{i*(M)| p € M}

for the largest radius of the ball, where exp,, is a local diffeomorphism for all p € M.
Note that for a compact Riemannian manifold M, the global numbers i(M) and i*(M)
are always positive.

We denote the intrinsic distance of p,q € M by

1
dist(p, ¢) := inf {/ ||c'(t)||c(t)dt’ c: R — M piecewise C! curve, c(0) =p, ¢(1) = q}
0

Let p,q € M and let ¢: R — M be a geodesic form p to ¢ with ¢(0) = p and ¢(1) = q.
If [|¢(0) ||, < i5(M), then exp,'(q) is defined with
exp, ' (q) = ¢(0).
Moreover, c¢ is the unique length minimizing geodesic from p to ¢ and
dist(p, ¢) = [|¢(0) -

We define the intrinsic neighborhood of p € M by Bgr(p) := {q| dist(p,q) < R} for
R > 0. If M is geodesically complete and 0 < R <7 (M), then Br(p) = {exp,v| v €
T,M, lvll, < R}

Riemannian Hesse operator Let f : M — R be a smooth function on a Rie-
mannian manifold (M, g). The gradient vector field of f is the uniquely defined smooth
vector field grad f on M, characterized by

df (p) - § = (grad f(p), &),

for all £ € T,M and p € M. On a Riemannian manifold one also has the intrinsic
analogue of the second derivative, the Hessian. The Hesse operator of f is defined as
follows, cf. [34].

Definition 2.2.  a) The Hesse form of a smooth function f: M — R at a critical
point p € M is the symmetric bilinear form on the tangent space

H;(p) : T,M x T,M — R,

1
(&m) = 5 (Hs )€+, €+ ) = Hy(p)(,€) = Hy(p)(1,)
defined for tangent vectors &, m € T, M via the quadratic form

H(p)(€:€) := (f 0 )"(0).
Here a: I — M is an arbitrary curve with a(0) = p and &(0) = £.
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b) The Riemannian Hesse form of a smooth function f : M — R at an arbitrary
point p € M is the symmetric bilinear form on the tangent space

H(p) : T,M x T,M — R,

1
(&m) = 5 (Hs )€+, €+ ) = Hy(p)(€,€) = Hyp)(,)
defined for tangent vectors &, m € T, M via the quadratic form

Hy(p)(£,€) == (f 0 )"(0).

Here ¢ : I — M denotes the (locally) unique geodesic, with ¢(0) = p and ¢(0) = €.
The Riemannian Hesse operator then is the uniquely determined selfadjoint map

H¢(p) : T,M — T,M

satisfying
Hy(p)(&m) = (Hi(p)E,m),
for all tangent vectors §,m € T,M.

Remark 2.1. Note that the first part of the above definition applies only at critical
points. To define the Hessian at an arbitrary point, we need the additional structure
of a Riemannian metric to define geodesics, as done in the second part.

Note further that the above two definitions of the Hesse form coincide at a critical
point. In particular, the Riemannian Hesse form at a critical point is independent of
the choice of the Riemannian metric.

Instead of defining the Hessian in this way by using geodesics, one can also give an
equivalent definition in terms of the Levi-Civita connection.

Proposition 2.3. Let p € M, {,n € T,M be tangent vectors and X,Y be smooth
vectors fields on M with X(p) = &, Y (p) = n. Then the Riemannian Hesse form and
Hesse operator, respectively, are given as

Hy)(&n) = XYV f)(p) = (VxY)[)(p) (2.4)

and
H(p)¢ = (Vxgrad f)(p). (2.5)

In particularly, for any smooth curve ¢ : I — M

Vegrad f(e(t) = Hy(e(t))é().
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Taylor’s formula on Riemannian manifolds In the sequel we will need to esti-
mate the difference of a vector field X at two different points p,q € M. In order to do
so we use Taylor expansions on a manifold. The proof of the following characterization
of the covariant derivative in terms of parallel transport can be found in the book of
Helgason [31].

Theorem 2.1. Let M be a manifold with an affine connection V. Let p € M and let
X, Y € V*(M). Lett— c(t) be an integral curve of X through p = c(0) and Tpew) the
parallel translation from p to c(t) with respect to the curve c. Then

VY (p) = lim (o, Y(e(t)) — Y ().

t—0 ¢t

The following lemma uses this result to derive formulas for higher order covariant
derivatives.

Lemma 2.2. Letc: [a,b] — M be a smooth regular curve, i.e. é(t) # 0 for allt € [a,b).
Let further X € V>°(c). Then
., D! d’

Tty i X () = ol X (4 5)

5=0
where p = c(a).

Proof. Let ¢ = c(t), r = ¢(t + s). We prove the claim inductively for i: For i = 1, we
have

d D

ng_rlX(t + s) = diququr X(t+s) . qulj IX(t+ s) T Tp_ql%X( ).

Note that the last equality follows from the previous theorem.

Thus let the claim be true for some ¢ € N. Then

it1 it1 it1
e T X(t+s) o= T Toa Tor X (t + 5) - Tz;fd T X(t+5) =
i i+l
Tp_ql% (%TCI_TIX(t + S)) T Toa f;f;l (t) =7, ziJrlX(t)’
which completes the proof. O

Using this lemma, we derive Taylor’s formula for vector fields.

Theorem 2.2. Let X € V(M) and let ¢ : [0,7] — M a smooth regular curve from
p=1c¢(0) to qg=c(r). Let X(t) :== X(c(t)). Then for allt € [0,r] and n € N

1 X() = Ztl D o)+ /1(1 it 2| ds
T —— — — T :
pe(t) il dt’ (n—1)"!J, pe(ts) qyn

In particular, we obtain Taylor’s formula for smooth vector fields

n—1

T X(@) = D Vi X <p>+(n%nl)! /0 (1— syt Vo X(c(rs))ds.  (2.6)
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Proof. Let Y : [0,7] — V be a smooth curve in a finite dimensional R-vector space V.
The Taylor Theorem implies

Y(t) = YO+t Ly ()t Ty g /1(1—s)n1d—nY(u) ds
B dt o (n=1D)ldnt (n—1)"J, du™ u=ts

Hence for Y(t) := 7, %t)X(t) € T,M and p = ¢(0) we obtain from Lemma 2.2

d' Di -

and therefore

Toely X (1)

n—1 n—1 n 1 n
X(O)+t%X(O)+...+h%X(O)+ 0 t_ o /0 (1—3)"—1¢I;§t5)%)((u) _ds.
Thus we get for t =r )

T X(r) =
20+ 2%0)+ P g+ / Aot Pl as
dt (n—1)ldtr—1 (n—1"!J, pe(rs) dyn u=rs
The result follows from claim 3) of Proposition 2.1. [

Remark 2.2. (Estimate for 2 variables)

By using Taylor’s formula once more, we obtain an approximation formula for vector
fields, which depends on an additional variable ¢.

Thus let X : M xR — T'M be a time-varying vector field, defined by (p,t) — X(p,t) €
T,M, and consider for ¢ € M

0 ! 0?
X(q,t1) = X(q,t0) + ey —X(q,t |t 0 h+/0 (1-— 8)8152 q,t)|t:t0+shh2ds,

where h = t; — tg.
Let ¢ : [0,7] — M a smooth regular curve from p = ¢(0) to ¢ = ¢(r). Equation (2.6)
reads for n =2 and X = X(p, 1)

1
Toa X (g to) = X(p, to) + Ve X (p, to) + 7’2/ (1—s9)T c(m)vi )X (c(rs), to)ds.
0
Hence

1
Toa X(q,t1) = X (p, t0) + V) X (p. o) + 7’2/ (1—s)7 pc(rs Vz 1 X (c(rs), to)ds+
0

h+

t=to

0 b
—|—§ <X(p, t) +T/O Tpcbs)vé(m)X(c(rs),t)ds)
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1 92 )
qu /0 (1_8)8t2 q’t)|t:to+shh ds,

where we used the Taylor formula for n =1, i.e.

1
Tp—qu(q,t) = X(p,t) + 7"/ Tp_C%m)Vé(m)X(c(rs),t)ds.
0

Therefore, we get

Tz;ng(qa tl) = X(pa tO) + 7avc'(O)AXV(pa tO) + h%X(pv tO) +R (27)

where the remainder term is

1 a 1 -
R=r /0 (1= 8)7 TS)Vi X(e(rs), to)ds + rhg /0 Tpcbs)vé(rs)X(C(?"S), t)ds +

t=to

82
2 _—1
h Tpq /0 (1 - S) o2 q’t)‘t:to+shd8

Inspecting the second order covariant derivative
In order to apply Theorem 2.2 to get estimates for the covariant derivatives, we need

some further examinations. Thus let p € M, R < i;(M) and ¢ = <epr ‘BR(0)> 1
a chart of M. Let ¢ € Bg(p) and v := exp,'¢. Thus, [v], = dist(p,q) and c(t) :=
exp,(tv) is a geodesic joining p and ¢ for ¢ € [0, 1].

For any fixed w € T, M we define a smooth vector field Y,, on Br(p) by

Yw (p/) = TPP/T;;qlwa

where 7,,, denotes the parallel transport along the unique geodesic joining p and p’ €
Br(p). Thus, along geodesics ¢ : [0,1] — M with ¢(0) = p, we have Y,(c(t)) =
Tpe(t) Tpq W, Which is a parallel vector field along ¢, i.e. 2V, (c(t)) = 0.

To get an approximation formula for V:Vy, X(c(t)) we locally express the occur-
ring vector fields by the coordinate frames associated with ¢. Hence consider the

smooth function X;(p'), Yi(p') and C;(p ’) (1t = 1,...,k) on Bgr(p) such that X(p') =
S X% | Yal) = S Y0 gh | and é(0) = T Gle)

Pi C(t)‘
Then we have

VrX(el) =3 (ZX ()T (el0) + dXz(C(t))Yw(C(t))) =

where T; denote the Christoffel symbols of V on Bg(p) for i, 5,1 € {1,...,k}, cf. (2.2).
Analogously, for a vector field Z(p') := Zle Zi(p )%
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oft)

VeZ(e(t) = (Z Cole(t) Z, (et (e(t)) + dzl<c<t>>c‘) %

Combining these formulas shows that

VeVy, X(c(t) =) dl(c(t))('?—gpl

where

difc(t)) = Y Cile(t)) X (e(t) Ya(e() T (c(t)TY (e(t)+

17.77’,“78

Z Cile(t))dX; (c(t))Yu(e(t)T;(c(t)+

Xr<c<t))Ys(c(t>>%(Fis(c@)))) + = (dXi(c(t)) Y (c(t))).
We use the following abbreviations
1. |C| := max{|Ci(c(t))| : t € [0,1],i = 1,..., k},
2. |X| == max{|X;(c(t))| : t € [0,1],5 =1, ..., k},
3. |dX| == max{|dX;(c(t))v]| : t € [0,1],v € ToyM, |[0]lcy = 1,0 = 1, ..., k},
4. Y] = max{|Yi(c(t))| : t € [0,1],5 =1, ..., k},
5. || := max{|T%(c(t))| : t € [0,1],4,5,0 = 1,..., k},
6. |dI| := max{]dfﬁj(c(t))%] te0,1),i,5,0=1,....k},

7. |d*X] = max{|Hx,(c(t))(v,w)] : t € [0,1],v,w € ToyM, ||[vllcy = [[wlleqr)
1,i=1,.. Kk}

o|._ s
8. ‘%‘ = max{ o 0

We use the following estimates

L te0,1, i=1, k}
c(t)

) dX;(c(t)Yu(c(t) = (grad X;(c(t)), Yu(ct))ew < (12X [E(0)]l, + [dX]wllq
This can be seen by noting that

20
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) 4 (AX(clt))Vale(t))) = (i, (e(6))é, Yl elt)) o + arad Xifelr)), 2 Yale(t))tt
< X 1e() el
i) 4 (Va(e(t)) = — 32, G Vil since

dt
0= Vit = 3 GOHe(0) 5

0
oft) zl: T o,

c(t)

s

Then we get
i < KCIXIY]ITP? + £2|CIT|(|aX | + [ X [|e(0)][)[[wlly + &*[Y]IT]|dX][[(0)]|,+
KIX|YICIITP + B2 XY T [[|e(0), + @ X [ &(0) ], ]wllq,

forl=1,.. k.
Thus we can estimate the covariant derivative of the vector field Vy, X (c(t)) w.r.t. ¢
as follows

9 .
IVeVy, X (c(t)llery < K ‘%‘ (KCNXYITP + B*ICITI(|dX ] + [d* X [[[e0) ) [wllg+

FYITdX[le(0), + & XY ICIT + K2 XY ][d]|e(0)], + X[ [[e(0)pllwllq) -
Let Ai(t), ..., \x(t) denote the eigenvalues of the gramian

) 0 g
G(t) = ,—
) <<890i oty Op; c<t>>mzl>
and define
m :=min{\;(t): t €[0,1],i =1,....,k}.

Then we get _

] < [e@llery _ 11€(0)lp

m m

and

which shows that there exists a constant £ > 0, depending on m, |T'|, |T'|?, |dT], |X]|,
|dX| and |d?>X]|, such that

IVeVy, X(c(®)llewy < Klle0)pllwlly-
Here,
0 E*
<k|—/| | —=|X|IT]?
K_k‘asf?‘ (m2| I \+

k2 , 2 e , K2 ,
E 10001+ LX) + S rax] + S+ Sxar + e

m
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Corollary 2.1. Let M be a connected and complete Riemannian manifold and let
X : M — TM a smooth vector field. Then for 0 < R < iy(M), there exists a chart ¢
such that the vector field X‘BR(p) can be expressed by

k
0
X ! = ;X; ! s
) ; g1,
where 8%1 s % is the coordinate frame associated with ¢ and X; : Br(p) — R is
P’ i

a smooth function fori=1,... k.
Assume that the following suprema are finite

(A1) | X]:= sup{|Xi(p')] : ' € Br(p),i = 1,.... K},
(A2) |dX| = sup{|dX;(p')v| : p' € Br(p),v € TyM,||v|y =1,i=1,...k},

(A8) |d?X| := sup{|Hx,(p')(v,w)| : p' € Br(p),v,w € TyM,||v[ly = [wly = 1,i =
1, k),

(A4) || :=sup{|TL(p')| : ' € Br(p),i,j,l =1,....k},
(A5) |dT| := sup{|dTy;(p)vl}| : p' € Br(p),v € Ty M, ||v]ly =1, i,j,l =1,...,k},

)
Op;

(A6) ‘%‘ = Sup{ . p € Bgr(p),i= 1,...,k},
p/

p/
(A7) m = min{\;(t) : t € [0,1],4 = 1,....,k}, where A\i(t), ..., \(t) denote the eigen-

k
values of the gramian G(t) = <<8Z- ( )> >
’ /=1

1. There exists a constant k > 0 such that for g € Br(p) and w € T,M

0
’ Bp;

c(t)

Then the following statements hold:

IVeVy, X(e(O)llewy < # [[E(0)[[pllwllg, (2.8)

where Y, : Bp(p) — TM is defined by Y, () = Ty (7, 0).

2. If M is compact and connected, then there exists r > 0 and k > 0 such that (2.8)
holds uniformly for all p € M, q € B.(p) and w € T,M.

This shows that one is able to bound higher order covariant derivatives by local expres-
sions of the vector field X via coordinate frames and the Christoffel symbols. From
now on, we assume the existence of such a bound on the covariant derivatives in order
to estimate the norm of the vector field.
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Lemma 2.3. Let M be a complete Riemannian manifold, X € V*(M), p € M and
R = i3(M) and let (cq)geBrp) denote the family of geodesic curves from p to q with
¢q: [0,Ry] = M and R, = dist(p,q) < R for all ¢ € Br(p).

Assume the existence of constants ¢y, ca, c3 > 0 such that

1. ¢ < ||V, X(p)|, < e, for all v e T,M with ||v||, = 1.

2. Ve, Vy, X(cg()|leyry < e for all g € Br(p), t € [0,Ry] and w € T,M with
|wll, = 1. Here Y, is a smooth vector field on Bgr(p) defined by Y, (p') =

Tpp/qulw.
Then we get for r < min{R, 3=} that
€. _ :
Laist(p.a) < [ X(a) ~ X()l, < (1/2 + st (p. ) (29)

for all q € B,.(p). Moreover, the covariant derivative of X at q € B,.(p) with respect to
w e T,M with ||w||, =1 satisfies

(&1
9 < VX @I, (2.10)
Proof. Let d(p,q) < r and let © € T,M such that ¢ = exp,?. Then the geodesic

curve ¢, : [0, R;] — M from p to ¢ with R, = dist(p, q) and ||¢,|c,) = 1 is given by
cq(t) == exp, (t0/||0]/,). According to (2.6), we have for n = 2

1
FIX(q) = X(0) + RyVe0)X(p) + B2 /0 (1= )7 V2 ey X (cq(Rys))ds. (211)

Note that for w := ¢(R,) and 0 < s < 1 we have Yy, (¢g(RgS)) = Tpe,(Rys)Tpg Ca(Rq) =
Tpeq(Rys)Cq(0) = ¢q(Rgs). Thus, the right side of (2.9) gets obvious by noting that

<
P

1
Hquéq@X(p) LR / (1= )7 o T oy X (o Bys))ds

dist(p, q)(c2 + dist(p, ¢)c3) < dist(p, q)(c2 + ¢1/2),

where we used ||ng(RqS)X(cq(Rqs))||cq(Rqs) = IVéy(Rys) VY X (cq(Rg5)) ey (rys) < €3 for
w = ¢,(R,), due to assumption (2).
On the other hand, (2.11) implies that

1
1754 X (@) =X (D)l > HRquq(mX(P)Hp—‘ Rﬁ/o (1= 8) Ty (as) Vg (y) X (Cq( Bys))ds

p

Since dist(p, q) = R, < r < 2=, we get

2c3?

17,4 X (q) = X (p)ll, > dist(p, q)(cx — res).
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And therefore
1700 X (@) — X (p)|l, > dist(p, q)c1/2.

Equation 2.10 can be seen by applying Taylor’s formula to the vector field Vy, X,
where Yy, (p') == 7w, p' € B,(p). Thus,

1
T;;]lvwX(Q) = Vy, X(p) + Rq/ Tp_ci(Rqs)vé(Rqs)vaX(Cq(RqS>>dS7
0
which shows that

Ve X (@)llg = Vv, X (D)llp = Rycs = 1 — 1 /2.

2.1.2 The tracking algorithms

We now have the necessary tools to analyze the time-varying Newton flow on Rie-
mannian manifolds. This general approach is the basis of the subsequent chapters.
Let M be a connected and complete Riemannian manifold. We consider a smooth
time-varying vector field

F:-MxR—TM,

defined by
(x,t) — F(x,t) € T, M.

The object of interest is a smooth zero of F', which is a smooth curve z, : R — M,
satisfying F'(x.(t),t) = 0 for all t. This smooth zero is called isolated, if there exists
a r > 0 such that for all t € R and = € B,(z.(t)) holds: F(z,t) = 0 if and only if
r = x,(1).

In order to determine x,(t), we consider derivatives of the vector field F. As usual,
we use the notation V;F(z,t) representing the covariant derivative of F' on M with
respect to @ € T, M and the affine connection V for (z,t) € M x R.

To derive a differential equation on M, whose solution asymptotically tracks the smooth
zero of I, we further need the following concept.

Definition 2.3. Let M : TM — TM a smooth bundle map, defined by linear maps
M(z) : T,M — T, M forx e M. M is called stable, if there exists b > 0 such that

(M(z) -v,v), < —b,
for allz € M and v € T,M with ||v], = 1.

Examples for stable bundle maps are given by M(x) = —oI for o > 0.
Now consider the ODE

ViF(z,t) + 2F(2,t) = M(z)F(z,1), (2.12)
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and note that the left hand side of (2.12) equals 2F(z(t),t), cf. Lemma 2.1. We
call the differential equation (2.12) time-varying Newton flow, as the Newton flow is
a special case of this equation in the time-invariant case, where I’ does not depend
explicitly on ¢.
It will be shown in the proof of the following theorem, that solutions x(t) of (2.12)
satisfy

IF (2 (t), )]|aq) < ae™

for some a,b > 0 and all ¢ > 0. However, this alone does not imply that z(¢) converges
to the zero x,(t) of F', which can be easily seen by considering the example F(x,t) :=
ze t for M = R.

A further problem is, that the differential equation (2.12) is in an implicit form.
To overcome this, we need conditions which guarantee, that the covariant derivative
VE(z,t) : T,M — T,M is invertible in a neighborhood of z.(t), i.e. there exists a
r > 0 such that for t € R

tk(VF(z,t)) =dim M, Vz € B.(z.(t)).

Then (2.12) can be rewritten in explicit form

= (VF(z,t))7 ! (M(x)F(x,t) — %F(m,t)) ) (2.13)

These examinations motivate the use of additional assumptions on F'in our first main
result.

Main Theorem 2.1. Let M be a complete Riemannian manifold and R > 0 any real
number with 1*(M) > R. Let F : M x R — TM be a smooth time-varying vector field
on M and let t — x.(t) be a smooth isolated zero of F, i.e. F(x.(t),t) = 0 for all
t € R. Assume further the existence of constants cy,co,c3 > 0 such that the following
conditions are satisfied for all t € R

(1) ¢1 < |VoF(2.(t),1)
(i) Ve, () Vv Fcz(5),t)|lcos) < €3 for all x € Br(x.(t)), s € [0, Ry] and w € T,M
with Hwa =1.
Here R, := dist(z.(t),x) and ¢, : [0, R;] — M is a geodesic from x.(t) to x with
1é2(5)|leas) = 1 for s € [0, R,], defined by c,(s) = exXP,. (1 ( M) and

H exp ®) ('I)Hz*(t)

Y, is a smooth vector field on Br(x.(t)) defined by Y, (x') := To (1) T,

vty < €2 for v € Tp (yM with ||vo.) = 1.

(t)

Then for r < min{R, 3=}, the linear map VF (x,t) : T,M — T, M is an isomorphism
for all x € B,(z.(1)), t ER. Moreover, for all x € B,(z.(t)) andt € R

%dist(x,x*(t)) < |[F(z,t)||l. < (c1/2 4 co)dist(x, z4(1)). (2.14)
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Thus, if x(0) € M is sufficiently close to x.(0) and M is a stable bundle map, the
solution x(t) € M of (2.13) converges exponentially to x.(t), i.e. for some a,b > 0
holds for allt € R

dist(x(t), z.(t)) < ae™.

Proof. Note that for ¢ € R equation (2.14) already has been shown in Lemma 2.3.
We moreover get, that the smallest singular value of the covariant derivative is lower
bounded by ¢;/2 on B, (z.(t)).

Thus, solutions x(t) of (2.13) exist for x(0) € B,(x.(0)) at least locally for ¢t € [0,1,,]
and the norm estimate of F'(z(t),t) holds:

d 2
ZIF @), ))llz =

0
2(VaF(a(0),0) + 5 F(a(0), 0, Fla(0) t>>w) _

2 (M(@)F((t),t), F(x(t), )0 < —201F(x(), )13
for some b > 0, cf. Definition 2.3. This implies that

||F<x(t)’t)||a: < e_bt“F(x(O)’O)Hx(O)-

To guarantee the global existence of such a solution z(t), we have to show that z(t)
remains close to z,(t): Assume, that there exists a t,,, > 0 such that dist(x(t,,), z.(tm))
>,

If we choose xq such that dist(z(0),z.(0)) <

< 7“—2(61/021+62), then

. rc

1" (@ (tm)s tin) ooy < ' (@(0), O)laen) < (€1/2 + e2)dist(2(0), 2.(0)) < =,

cf. (2.14). Thus, again using (2.14) shows that dist(x(¢,,), z.(t,)) < r, contradicting
the assumption. O

2.1.2.1 Time-varying Riemannian Newton algorithm

In order to deduce an update scheme from the explicit time-varying Newton flow (2.13),
we employ a standard numerical discretization; see e.g. Stoer and Bulirsch [64] for
details.
Consider the ODE

T = g(x,t), (2.15)

where g : R x R — R" and let t, = kh for step size h > 0 and k£ € N. A single-step
discretization of (2.15) is given by the rule:

Ty = T + h®(xg, te, h),
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where ® is any map, chosen such that (z) is an approximation of (x(t)). A possible
choice for ® is the familiar first order Euler method, defined in Euclidean space by

Tyl = T + hg(l‘k, tk). (216)
In our situation, we replace the Euler discretization (2.16) by its intrinsic variant

Th1 = exPy, (hg(@k, 1)), (2.17)

where exp, denotes the exponential map of M at xy € M.

As we want to establish a realistic update scheme, we have to replace %F (x,t) by a
step size-dependent approximation F(x,t) at discrete times t;, = kh, k € N for some
h > 0. How such approximations can be found is shown in Section 2.1.2.2.

Then the Riemannian update scheme (2.17) corresponding to the differential equation
(2.13), is given for M(z) = —+1 by

Th41 = €XPy, ((VF(l'k,tk))_l (—F(l‘k,tk) — hFj}(l’k, tk))) , (218)

where exp,, denotes the exponential map of M at xy € M. We call this formula the
time-varying Newton algorithm.

The next theorem gives conditions, which guarantee that the resulting sequence (xy)
is a good approximation of the smooth isolated zero z.(t) of F'(z,t) on M at discrete
times t = .

Main Theorem 2.2. Let M be a complete Riemannian manifold and R > 0 any real
number with 1*(M) > R. Let F: MXR — TM, (z,t) — F(x,t) € T,M a smooth time-
varying vector field and let t — x.(t) be a smooth isolated zero of F', i.e. F(x.(t),t) =0
for allt € R. Assume further the existence of constants cy, co, c3,Cy4, Cs5, Cg, C7 > 0 such
that the following conditions are satisfied for allt € R

(1) IVE(.(t),1) ) S €3

(1) Vs (5) Vv F(zo(5), O)llez 5y < ca for all mo,x € Br(x.(t)), s € [0, Ry and
w e T, M with ||w|, = 1.

Z«(t) < ¢, H%F(x*(t)at”‘l"*(t) < ¢, HVF<:C*(t)7t)_1

Here RS := dist(zo,x) and ¢ : [0, R} | — M is a geodesic from xy to x, defined
by ci.(s) = exp,, (s| Py (¢) ) and Y, is a smooth vector field on Bgr(z.(t))

—1
| €XPz( (x)Hmo

defined by Yy, (2') := Tx*(t)x/Tx_*l(t)xw.
(iii) || 25 F(2,1)||. < c5, |2V F(2,t)||, < c6 for all v € Bg(a.(t)).
(iv) |FM(z,t) — 2 F(x,t)||s < crh, for all x € Br(z.(t)), h > 0.

Then the following statements hold
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1. There exists 0 < r < R and cg, ¢y, c19 > 0 such that fort € R

dist(x, z.(t)) < cs|| F(,1)]|, (2.19)
| F(z, )|l < codist(z, z.(t)), (2.20)

and
IVF(z,t)" . < cio (2.21)

for x € B.(z.(t)).

2. The discretization sequence () as defined in (2.18) with ty, = kh, h > 0 satisfies
for some c11,c120 >0

dist(karl, Jf*(tk+1>> S CndiSt(l’k, Ty (tk))2 + 012h2 (222)
for zy, € By (x.(tx)), k € Np.

3. Let ¢ > 0 be constant and h > 0 sufficiently small. For any initial condition x,
with dist(zg, £.(0)) < ch, the sequence (2.18) satisfies

dist(xg, z.(tg)) < ch

for all k € Ny. Thus, the update scheme (2.18) is well defined and produces
estimates for z.(ty), whose accuracy can be controlled by the step size.

Proof. 1) These claims are direct consequences from Lemma 2.3.

2) Consider first the following formula, cf. equation (2.7),

oF
7'_1 F(«T]H.l, tk+1) = F(Ik, tk) + —<$k, tk)h + VF(xk, tk)w + R, (223)

TpTh41 8t

where 7., ., , denotes the parallel transport along the geodesic from zj to xx1 and R
satisfies

Cg Cg
IRl < esh? + callwl, + cohllwlla, < (es+ 5 ) Il + (e5 + 5 ) 42
The update scheme (2.18) shows that w = exp_ ! (zj+1) is given in our situation as
_ 1
w = h(VF(l’k, tk)) ! (_EF(xk’ tk) — F;L([Ek,tk)> .

Hence, equation (2.23) turns into

_ OF
kalwkHF(l’k_;_l, tk—i—l) = E(Ik, tk)h — th(CL‘k, tk) + R, (2.24)
which implies
OF
7 P ooty = |G Gon 00 = 1) + R
Tk
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and therefore

C C
1F @ity < coh? + (ea+ 5 ) ol + (es+ 5 ) b (2.25)

Now consider
[wlley = [[(VE @, t) ™ (Flaw te) + hEY (xr, 1) |,
showing that
[wlla, < crolllF (@r, i) o, + RIEF (2n, t)llz,). (2.26)

Note that [|F!(zg, te)|la < |2 F (@5, te)||u + crh < 2 + codist(zg, 2.(ty)) + czh. Thus
(2.26) turns into

wlle, < cro(I1F @k te) oy, + h(ca + codist(ax, 2.(tx)) + c7h)),
implying that
|wllz, < c10 (cgdist(xk, z.(tr)) + h(ca + cr + c7h)).

By using the abbreviations k; = cjgcg and kg = c19(ce + cr + c7h), this equation shows
that
w2 < kidist(zk, 2.(t))* + k3h* + 2k kodist(zy, 2. (),

and hence
HwHik < (kf + k;lk‘Q)dist(a:k,x*(tk))2 + (k:g + klkg)h2.

Plug this into (2.25) and obtain

. C
N E (Thit, torr) |a < ks(kf + kiks)dist(zg, 2.(t))* + (k3k§ + kykoks + c7 + c5 + 56) h?,

where k3 = (¢4 + ¢6/2). Using (2.19) shows the claim for ¢y = cgks(k? + ki1k2) and
Cig = Cg(k’gk’%‘l‘ k’lk'gk’g + Cr + Cy + %6)

3) Suppose
dist(xg, z.(tg)) < ch

holds for some k. By the estimate (2.22) then
dist(zp 41, T (trr1)) <

cudist(zg, 7. (tx))? + croh? < c11¢*h? + coh® < ch, (2.27)
for h < —%— ]

ci11c?+cia”
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Remark 2.3.

1. Standard estimates for the discretization error imply the above result 3) only for
a finite number of iterates x;. The new interesting feature therefore is that the
error estimate can be guaranteed to hold for all k € Ny. This is due to the fact,
that we have chosen M(z) = —%I . Without that choice we would not be able to
prove a similar estimate.

2. In the special case that F'is the gradient of a function f: M x R — R, i.e.
F(z,t) = grad f(, 1),
the update scheme (2.18) turns into

Tpy1 = €XP,, (—Hf(xk, tr)~" (grad f (@, tx) + hGh(xk,tk))) ; (2.28)

where H; denotes the Riemannian Hesse operator and Gj(z,t) denotes an ap-
proximation of %grad f(z,t).

Note that under the conditions of the previous theorem, the tracking property of the
update scheme defined in (2.18) even remains, if one uses the Oth order approximation
F'(z,t) = 0 for 2F(z,t). This shows, that the conventional Riemannian Newton
algorithm can be used to track the zero of a time-varying vector field. We formulate
this in the following corollary.

Corollary 2.2. Assume (i) — (iii) of Theorem 2.2 and
(iv’) H%F(x,t)Hx < ¢7 for some ¢z > 0 and all x € Br(x.(t)), t € R.

Then the Newton update scheme

Tpy1 = €XPy, ((VF(xkatk))_l (_F(xkatk»)

satisfies the weak tracking property, i.e. for any 0 < © < r there exists h > 0 and
0 < 1o <7 such that dist(xy, x.(ty)) < 7 for all k € N, provided dist(xq, z.(0)) < rg.

Proof. Note first, that with the notation of Theorem 2.2, the following equation holds
instead of (2.22)

dist (2py1, To(trr1)) < endist(zg, 2. (t))? + c12h,

which can be immediately seen by considering the proof of the above theorem.
Thus it suffices to show, that for a,b, R > 0 and a real valued sequence (yx)ken,
satisfying for k € N

0 < yps1 < ayj + bh, (2.29)

there exists 0 < r < R such that y, < r for all £ € N, provided that 0 < yo < r and
h > 0 is sufficiently small.

For yo > 0, we get that y, > 0 for all £ € N. Thus it remains to show, that for A
sufficiently small, there exists 0 < r < R and 0 < A; < r such that the following holds:
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1. yx € [A1,r]| implies that yr1 < yp,
2. If yp, €10, Ay), then ypyq <.

Then the sequence (yx) can not leave the interval [0, r].

1) The sequence is not increasing if yx1 < yg, i.e.

which is equivalent to
ayi — yr + bh < 0.

This equation is solvable, if D :=1 — 4abh > 0. This gives a first condition for h. The
set of solution of this inequality is then y, € [A1, Ay] C Ry, where A; = %ﬁ and
Ay = %ﬁ. Note that Ay, A3 > 0 as D € [0,1). Choose h sufficiently small such that
Ay +bh < R and bh < 2?—?. This is possible, as limy,_,o D = 1 and lim,_y A; = 0.
Then for r := A; + bh holds [Ay,r] C [A1, A3] and in this interval, the sequence (yg) is
monotonically decreasing.

2) Compute yy1 for yx € [0, Aq].

Yri1 < ayp + bh < aA? + bh

= A, (1_\/5
2

1
) + bh < §A1—i—bh<A1+bh:T
which shows that y,41 € [0,7]. O

2.1.2.2 Approximations for %g(t)

In order to implement the discrete algorithms one needs an exact formula for the
partial derivatives %t (xg, tr). Often this is a restriction, as the precise values may not
be available or corrupted by noise. Thus one has to replace the partial derivative by
suitable higher order Taylor approximations F"(z,t,h) of %—f(m, t).

In general, one finds an mth-order approximations for a time-varying map g(t) by
considering its Taylor series:

gt +h) = g(t) + g (Oh + 2g"(OR* + Lg" (0P +

//// 4 5
5 5 519 (t)h* + O(h?)

Similarly, we develop the Taylor series at further points:

1

gt —h) = 9(1) — g/ (D + 3" (O — g (O + g (B + O(1?)
ot +20) = g(t) + g/ ()2 + Sg" (" + Sg"(OR° + 3o (O + O(h)
ot —20) = 1) — o (1120 + 5" (" — Sg"(Oh* + g™ ()" + O(A?)
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Approximation for ¢'(¢) Order
0 0
1
ﬁ(g(“rh) —g(t— h)) 2
o0 (Sg(t +h) —8g(t —h) — g(t+2h) + g(t — 2h)) 4

Table 2.1: The order of different symmetric approximations for ¢'(t)

Approximation for ¢'(t) Order
L(90) = gt — 1)) !
%(39@) —dg(t —h) + g(t — 2h)> 2
L <1lg(t) —18g(t — h) + 9g(t — 2h) — 2g(t — 3h)> 3

Table 2.2: The order of different approximations for ¢'(t)

The task is now to add these maps, such that only ¢'(¢)h and some higher order terms
remain. This is equivalent to solving the linear equation

1 1 1 1 0
L—12 —2| |1
1 1 - )
11 9 9 0
1 714 _4 0
6 6 3 3

whose solution is # = :5(8, =8, —1,1)". Therefore, 15 (8g(t+h) —8g(t —h)— g(t+2h)+
g(t—2h)) is an approximation of ¢’(¢)h of at least order 4. The resulting approximation
formulas are given in Table 2.1.

We can get similar approximation formulas by only evaluating preceding points ¢ — kh,
k € Ny, in order to have a real "online algorithm”, where no future data is known.
Hence, we use g(t), g(t — h), g(t — 2h) and

9 27 81
g(t = 3h) = g(t) — g (113 + S (O* = g (O* + g™ (1)h" + O(R?),

This yields the formulas of Table 2.2.

2.1.3 Newton flows on Riemannian submanifolds

In this section, we consider the case of M being a Riemannian submanifold of R™. This
additional assumption will lead to more explicit versions of the tracking algorithms,
since one has the useful Gauss formula for Riemannian submanifolds, which is given
in the next lemma.
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Lemma 2.4. Let V be the Levi-Civita connection for a Riemannian submanifold
(M, gnrr) of a Riemannian manifold (N, g) with induced metric gy = g‘TMxTM. Given

smooth vector fields X,Y : M — T M let ):(, Y be any extensions to smooth vector fields
on N. Then the Levi-Civita connections V on N and ¥V on M are related by

VXy(I) = Tr,M © @XY(SL’),

for all x € M. Here mp,p C N denotes the projection onto the tangent space T, M of
M at x.

We will exploit this fact to obtain simple expressions for the Levi-Civita connection
on M. Thus, we now consider time-varying Newton flows on a smooth Riemannian
submanifold M C R", where we always assume that R™ has been endowed with the
Fuclidean inner product and any Riemannian submanifold M C R™ will be endowed
with the induced Riemannian metric.

We consider a smooth map

F:R"xR—R",
(z,t) — F(x,t)

and assume that its restriction
F=F

M xR

is a vector field, i.e. F(x,t) € T,M for all t € R. We further assume, that there exists
a continuous curve z, : R — M such that for all £ € R holds

F(z.(t),t) = 0.

From the previous section, we get that the dynamical system to track the zero x,(t) is
given by
. ) 0

mr,uDF(x,t) - & + aF(m, t) = M(z)F(z,t), (2.30)
where M is a stable bundle map, 77, ) denotes the projection onto the tangent space
T.M and DF (?37 t) is the usual derivative of F' with respect to z in the ambient space.
Thus, 7,y DF(x,t) : T,M — T,M is the covariant derivative of F'(x,t) with respect
to x € M, cf. Lemma 2.4. We therefore get a more concrete version of the tracking
algorithm formulated in Main Theorem 2.1.

Theorem 2.3. Let M C R™ be a complete Riemannian submanifold and R > 0 any
real number with i*(M) > R. Let F': R* x R — R", (x,t) — F(x,t) be smooth, let
F = F‘MX]R with F(x,t) € T,M and let t — x.(t) € M be a smooth isolated zero of F,
i.e. F(x(t),t) =0 for all t. Assume further the existence of constants ci,co,c5 > 0
such that for allt € R holds:

1. ¢ < H7TTZ*(t)MDF(x*(t),t) || < ¢y for all v € Ty yM with ||v]| =1,

2. \|mp e D(wp e DF (2, 8) - v) - wl|| < ¢5 for all v,w € T,M with ||[v]| = |Jw|| = 1,
x € Br(z.(t)).
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Then the solution x(t) of

T = (7TT wDF(z,t) ‘T M) - (M(2)F(z,t) + 2 F(z,t)) (2.31)

exists for allt > 0 and converges exponentially to x.(t), provided that x(0) is sufficiently
close to x,(0).

Proof. We show that the conditions (i) and (i7) of Main Theorem 2.1 are satisfied.
Due to Lemma 2.4, () follows directly from (1). To see (i7), we use the notation of Main
Theorem 2.1. Thus, ¢, : [0, R;] — M denotes a geodesic from x,(t) to © € Br(z.(t))
with ||é.(s)|| = 1 and R, := dist(z.(t), x) < R. Moreover, Y,, is a smooth vector field
on Br(w.(t)) defined by Y, (2') := 7o, (1)ar 7. (t)xw for w € T, M with ||w| = 1.

Then we get by using Lemma 2.4 for ¢t € R and s € [0, R,]

cz(s

[Vea () Vi, Flea(s), )|| = HV% wDE(cu(s), )-Yw(cx(s))H _

S C3,

H%@MD (m(s)MDﬂcz(s),w Vileals))) - als)
due to condition (2) and since ||Yy,(c.(s))]| = ||éz(s)|| = 1.

Time-varying Newton algorithm on submanifolds
The Euler discretization of the ODE (2.31) computes approximations xy of z,(t;) for
ty = kh, k € Nand h > 0. It is given for M = ——I by

Tpy1 = XDy, (— (WTkaDF(ZEk, tk)‘Tka)fl (F(mk, ty) + hEM (g, tk))> , (2.32)

where F(x,t) denotes an approximation for %F (x,t). By applying Main Theorem 2.2
to the situation here, we immediately obtain the following result.

Theorem 2.4. Let M C R"™ be a complete Riemannian submanifold with respect to the
standard FEuclidean inner product on R™. Let R > 0 any real number with i*(M) > R.
Let F : R" xR — R", (z,t) — F(x,t) be smooth, let F = F{MX]R with F(x,t) €
T.M and let t — x.(t) be a smooth isolated zero of F, i.e. F(x.(t),t) = 0 for all
t. Assume further the existence of constants cy,cs,c3,¢y,C5,Cq,c7 > 0 such that the
following conditions are satisfied for all t € R

(i) |1z, DE (2 (t), )| < er, |G F (2.(), O]l < e, ||z, i DE (2 (t), )7

(i) mr DPF( )] < o, |ZF@ 0] < e, |2mraDE@ D] < co for o €
BR($*<t))7
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(iii) ||F!(z,t) — 2F(z,t)|| < csh, for all v € Br(z.(t)), h > 0.

Then for ¢ > 0 and sufficiently small h > 0, the sequence defined by (2.32) satisfies for
keN
dist(xg, z.(tx)) < ch,

provided that dist(xg,2.(0)) < ch. Thus, the update scheme (2.32) is well defined and
produces estimates for x,(ty), whose accuracy can be controlled by the step size.

Gradient Newton flows

We now consider the special case where F' denotes the intrinsic gradient of a smooth
cost function ® on a Riemannian submanifold M C R"™ endowed with the constant
Riemannian metric I,,. Thus let

d:R" xR — R,

and let f := <I>| Mg 108 restriction to the manifold. Then the intrinsic gradient of f
with respect to x, grad f(x,t) : M x R — T'M, is given by

grad f(z,t) = 71,0 VD (2, 1),

where 77, 5y : R — R™ is the orthogonal projection onto 7,,M with kernel (7, M )L.
Hence the time-varying Newton flow turns into

0
He(x,t) - @+ Egrad flz,t) = M(x)grad f(z,1t), (2.33)
where Hy(x,t) : T,M — T,M denotes the Hessian operator with respect to x. It is
given by
Hf<$7 t) = 7TTgc]M-Dgrad f(l’, t)a
cf. Lemma 2.4. Obviously, Theorem 2.4 also holds for F(z,t) := grad f(z,t) and the
update scheme (2.32) turns into

Tpy1 = exp,, (—Hy(zy, tr) "t (grad f(zg, tx) + hGpL(z1, 11))) (2.34)

where G}, denotes an approximation of %grad f

2.1.3.1 Embedding the tracking task in Euclidean space

In order to implement the discrete algorithm (2.32) associated with the time-varying
Newton flow on a Riemannian submanifold M C R", one needs to compute the expo-
nential map and invert the covariant derivative for all £ € N. As these are often very
difficult tasks, we now develop techniques, which allow to solve the tracking problem on
the manifold by equivalent methods in Euclidean space. This possibly leads to simpler
algorithms to track z.(t) at discrete times ¢t = ¢, for k € N.
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a. Using penalty terms

Let M be the fiber of a C™-map g : R® — R™ for m < n such that M := ¢=%(0).
Here, 0 is assumed to be a regular value of g, i.e. tkDg(y) = m for all y € M and the
dimension of M thus is (m — n).

Let ® : R" xR — R and let z, : R — M be a continuous minimum of &, which
additionally satisfies

1. ®(z.(t),t) =0 for all t € R.
2. There exists r > 0 such that for x € U,(z.(¢)) N M holds: ®(z,t) = 0 if and only
if © = x.(t).

In order to construct an update scheme to track x,.(t;) for k£ € N, we define a cost
function, which augments the constraints into the cost function for A > 0 as

d(x,t) = B(x,t) + %g(x)Tg(a:).

Then we have

A

O(z,t) =0 < P(x,t) =0 and g(z) =0, (2.35)

and therefore, z,(t) is an isolated minimum of ®. We further define
. A
F(a,t) = Vb(a,1) = V(x,1) + 5V (g(x) To(x)).

which is a vector valued map in R™ with smooth isolated zero z,(t) € M. Hence, we
can now use techniques working in Euclidean space to track the zero of F' on M, cf.
Section 2.3.

b. Lagrangian multipliers
Here we inspect the classical Lagrangian multiplier technique. Let M be given as the
fiber of a smooth map g : R® — R™, i.e.

M = g=(0),

where 0 is a regular value of g and m < n. Then M C R"™ is a smooth Riemannian
submanifold of dimension n — m.
Let

O :R"xR—=R, (z,t)— ®(z,1)

be smooth and let f denote the restriction to M x R, i.e.
fi= CI)‘MXR’

Suppose that f has a smooth isolated critical point x,(t) on M, which we want to
determine for all . We therefore define

L(z,y.t) = (x,t) + Y yigi(),

i=1
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which is for fixed ¢ € R a Lagrangian function and y; are the Lagrangian multipliers

for i = 1,...,m. Thus, the gradient L with respect to (z,y), denoted by VL, is given

by

VL(z,y,t) = V&(z,t) + Zi:l yiVgi(z)
9(x)

The following result is well known.

Lemma 2.5. Let L : R" x R™ x R — R as above. Then VL(x,y,t) = 0 if and only
if © € M and grad ®(x,t) = 0, where grad ®(z,t) = 7, VP®(2,t) is the intrinsic
gradient of ®.

Thus, if x.(t) is a smooth smooth isolated critical point of ®(x,t) on M, then there
exists a smooth map y.(t) such that (x.(t), y.(t)) is a smooth isolated zero of VL(x,y,t).

Proof. "=" 1f VL(x,y,t) = 0, then x € M, since g(z) = 0. Since V®(x,t) +
Yo yiVai(x) = 0, we can conclude that V®(z,t) € N, M, as gi(x) € N, M for
t=1,...,m. Thus, x is a critical point of the intrinsic gradient of @‘MxR

7«<" Consider for t € R

VL(z.(t),y,t) = [ VO(z.(t),t) ;(xz(% ¥V gi(T.(t)) } _

[ V(. (t), 1) + 202”1 YiVgi(z.(t)) ] ‘

Since x,(t) is a critical point of grad ®(z,t), we have that V®(x,(t),t) € N,, )M, which
implies the existence of y.(t) € R™ such that Y ", (y.(t));Vgi(zi(t)) = =VO(z.(t), 1),
as

Ny, yM = span(Vgi(z.(t)), ..., Vgm(x(1))).

Since Vg(z.(t)) and V& (z.(t),t) are smooth maps, y.(t) is also smooth in ¢.
[

This lemma shows, that one can determine a curve of critical points z,(t) of & on M
by tracking a zero of VL(x,y,t) € R™™. Thus, we can solve the optimization problem
on the manifold by using the tracking algorithms in Euclidean space, as specified in
Section 2.3.

c. Parameterized time-varying Newton algorithm

We now consider a newer technique, which allows one to pull-back the tracking prob-
lem via local coordinate parameterizations from the manifold to an associated tracking
problem in Euclidean space. The key feature here is that the coordinate transforma-
tions vary with each iteration point. This allows for considerable simplification in the
resulting formulas, rather than a fixed set of coordinate charts would do. It enables
us also to work on an arbitrary Riemannian manifold. However, for technical reasons
we restrict to the simplified situation, where M C R™ is a Riemannian submanifold
of Euclidean space. This idea of using local parameterizations has been first used by
Shub [61], Hiiper and Trumpf [38] and by Manton [47] for time-invariant vector fields
and we now extend this approach to our situation.
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Thus let M C R™ be a smooth m-dimensional Riemannian submanifold endowed with
the constant Riemannian metric I,,. We consider families of smooth locally uniform
parameterizations (7;)zep on an open subset P of M, i.e. smooth maps

Yo : Ve = U, C M, ~.0)=uz,

such that v, is a local diffeomorphism around 0. Moreover, we assume that there exists
R > 0 such that Br(0) C V, C R™ holds for all z € P. Thus (7;)zep is a system of
local coordinate charts around each x € P that satisfy an uniformity constraint on the
sizes of their domains.

For R > 0 now choose P := {x € M| dist(z,z.(t)) < R,t € R} and a family (7,)zep
of smooth locally uniform parameterizations. Given z € P, let 4, : V, x R — U, x R
be defined by 4. (y,t) := (7.(y),t) and consider the pull-back function

PoA, : Vo xR —-R,

defined by

Hence, the y-gradient of ® o4, is

V(q) o ,3,Jc(y7 t)) — (aiyl(q) o ﬂ/x(y, t)), e ayim(q) o %(y, t)))

and the y—Hessian of ® o4, is given by

2 m

Hao (1) = (G (903,00 )

1,j=1

Thus by using two families of smooth local parameterizations (7, )zep and (pz)zep, We
obtain the parameterized time-varying Newton algorithm, which is given by

1 = flay, (—Haos,, (0,0) 7 (V(® 0 95,) (0, 1) + hGE, (0,11))) (2.36)

where z;, € P and G% (0,t) denotes an approximation of 2V(® o 4;,)(0,t), depending
on the step size.

In order to get good approximations for the smooth isolated critical points z.(tx) € M
of ®(ty), it is necessary, that the two families of parameterizations are quite similar;
e.g. equality is allowed. The exact conditions are formulated in the following theorem.

Main Theorem 2.3. Let M C R"™ a complete Riemannian submanifold. Let ® :
R*" xR — R, (z,t) — ®(x,t) be smooth and let t — x.(t) be a smooth isolated critical
point of ® on M. LetforsomeR,R>0, Yo : Ve = U, CM and p, : V, - U, C M
denote for x € P families of local parameterizations such that Br(0) C V., where
P = {x € M| dist(z,z.(t)) < R,t € R}. Assume further the existence of constants
1, Ca, C3, Cq, Cs, Cg, C7, M1, Mo, M3 > 0 such that



CHAPTER 2. TIME-VARYING NEWTON FLOW 39

(i) |Haos,,,,(0,8)]| <1 for allt € R,
(i) || 2V (P 04,)(0,8)]| < c2, |Haos, (0,8) 7 | < c3 for all w € Bp(x.(1)), t € R,

(i) |2 Hoora (5, D] < 4, 15V(® 0 5) (5Dl < 65, |12 Haes (0,8)]] < c5 for al
x € Bi(z.(t)) and y € Bg(0), t € R,

(iv) (G")ep denotes a family of maps such that for t € R, h > 0 and x € Bp(x.(t))

(V) Omin (DV2(0)) 2 M1, Omaw (DV2(0)) < ma, [D*y(y)|| < ms for all x € By(z.(t))
and y € Br(0), where omin (Omaz) denotes the smallest (largest) singular value.

(vi) p2(0) = 72(0), Dpa(0) = D72(0), |D*pa(y)ll < ms for all x € By(w.(t)) and
(TS BR(O)

G"(0,t) — %V((I) 0 4,)(0, t)H < c7h,

Then the following statements hold for R’ = min{R, /-

N ’ 4ms”’ 26304’ 204
min{2% R’ R}

<Y gnd for R =

1. For any x € P, the parameterization -y, satisfies for all y € Bgr/(0)

3
Omin (DV2(y)) > 7m

This moreover shows that B.(x) C ~,(Bgr(0)) for r = 2miR'. Thus we have
2,(t) € 7, (Br/(0)) for x € Ba(x.(t)).

Note that the same claims hold for the parameterization ., since p, satisfies the
same conditions as Yy.

2. The following equation holds for allt € R, x € By(x.(t)) and y € Br/(0)
m _ . _
IIH%; (1) — yll < dist(72(y), 2.(8)) < (m2 + 2ma R |7, (2.(8)) — .

3. There exists cg,co > 0 such that for t € R, x € By(x.(t)) and y € Br/(0)

dist(1(y), 2.(1)) < e[ V(@ 0 32) (1, ), (2.37)
and
[V(® 0 42)(y,t)|| < codist(va(y), .(t)). (2.38)

4. The discretization sequence (xy) as defined in (2.36) with ty, = kh, h > 0 satisfies
for some c19,c11 >0

diSt(l’k+1, l’*(tk+1>> S ClodiSt(l’k, Ty (tk))z + 011h2 (239)

for x.(ty), x.(ty + h), xpp1 € Bp(ag), k € No.
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5. Let ¢ > 0 be constant and h sufficiently small. For any initial condition xy with
dist(zg, .(0)) < ch we have

dist(ag, z.(tg)) < ch

for all k € Ng. Thus, the update scheme (2.36) is well defined and produces
estimates for x.(ty), whose accuracy can be controlled by the step size.

Proof. 1) We have for ||y|| < R < ™+

4dmsg

Dy, (y) = Dv.(0) + R,
where ||R|| < |ly|[ms. Thus

i (DYu(0)) 2 i (D1(0) = o = oy = g 17 = s,
To prove the second claim, consider
Y2(y) = 72(0) + D1(0)y + R,
where ||R|| < mslly|/?>. Thus,
V2(y) = 72(0) = D(0)y + R,
which implies that
Ie(y) — %Ol = 52y,
since |y| < 4-. This moreover shows, that
Aist(7:(9), %(0)) > 22y (2.40)

Now we consider for ¢ > 0 the border 0Br_.(0) := {y € R™| |y|| = R — €} of
Br/—(0). Since 7, is a local parameterization of M, 7,(0Bgr_.(0)) is the border of
Vz(Br—¢(0)) in M. Due to the above equation, we have for £ € 9v,(Bgr_.(0)) and
y=1,;"(2) € 0Br_.(0)

. _ . _ 3my 3my, _,
dist(r, 7) = dist(1(0), % () > gl = 2L (R~ o),

which shows that Bam, i, () € 72(Br—c(0)). Since this relation holds for all € > 0,
4
the claim follows.

2) To show the right inequality, let a: [0,1] — V., s — y + (v« — y)s be a curve from
Y t0 ys := 7, (24(t)). Thus

st (). 2.0) < [ - Geo)(sDllds = [ IDwla(e) .~ wlds <
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< max || Dy, (a(s)||lys — yll < (m2 +msllye — ylD)llye — yll < (m2 4+ 2mgR) ||y, — vl

s€[0,1]

since |ly]| < R and ||y.|| < R'.
The left inequality of the claimed estimate can be seen by considering

Yo (Ys) = Yo (y) + Dy (y) (v« — y) + R,

where ||R|| < ms|ly. — y||>. Thus,

Yo (Ys) = V() = DY (y) (e —y) + R,

which implies that

ma
e () = W)l = = llys = wll;

since ||y, —yl| < iml This moreover shows, that
m.

. m
dist(7(9.), 7(v)) > v — vl

3) Let y. = v, *(z.(t)) and consider the Taylor series

V(®0%)(Ye 1) = V(P 03) (Y, 1) + Haos, (4, 1) (e —y) + R

where R satisfies:
IR < eallye —yll*.

Since V(® 0 4,)(y, t) = 0, equation (2.42) is equivalent to
V(@0 %)(y: 1) + Haos, (4, 1) (4 — y) + R = 0.

We therefore get

19 — yll < || Haos, (v, 1) (V(® 0 %) (y, 1) + R)||,
implying that .
3 N
[ = wll < SV 0 %)y 1)l + eally — y]*),

since || Haoq, (,8) " (V(® 0 42)(y, t)|| < § for |lyl| < 52 (Taylor).
Hence the above equation is equivalent to

C3C4 C3 N
Iy = ol (1 = =y = wll) < SIV(@ 0 ) D).

then

Hence, if ||y, —y|| <

c3eq’
5 — yll < el V(P o d2)(y, 1)l

By taking claim 2) into account, (2.37) gets obvious.

(2.41)

(2.42)
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To see (2.38), we also use the second claim and note that equation (2.42) implies that
IV (@0 3) (y, Ol < [ Haos, (4, 8) (5 = 9) | + [IRIF < Nlye = yll(er + cally = yl)-

4) Let zp = 7,,(0) and zp41 = pg, (y) for some y € R™. Consider at first the Taylor
series:

) ) 0 )
V(203 ) (¥, ter1) = V(P00 ) (0, i)+ 2 V(P00 ) (0, ti)ht Hapos,, (0, th)y+R, (2.43)

where R satisfies:

C C
IR|| < esh® + eallyll* + cshllyll < <C4 + 56> lyl]* + (C5 + 56) A’

The update scheme (2.36) requires that
y = —Hpoq,, (0,41) 7 (V(P 0 90,) (0, 1) + G2, (0, 1)),

Therefore, equation (2.43) simplifies to

0
V(@ 0 4 ) (U tin) = 52 V(P 040, ) (0, 6)h — hG? (0,t) + R, (2.44)
and thus
~ Cg Cg
IV(® 0 30w )| < erh? + (e + 3 ) IyllP+ (e + T ) b2 (249)

Now consider

||y|| = HHCI)O’%:;C (07 tk)_l(V(CI) © ’?mk)(ov tk) + hG,zlk (07 tk))

I

which shows that
Iyl < es(IIV(® 0 42, ) (0, ti) | + AIIG, (0, 8)]). (2.46)
Note that [|G" (0,t)]| < [|[ &V (®09,)(0,t)|| +crh < 2+ c7h. Then (2.46) turns into
Iyl < es(IV(® 0 42, ) (0, te) || + hez + h¥er)),
which implies that
|yl < c3 (ngiSt(.fL'k, T (tr)) + h(ca + C7h)).
By using the abbreviations k; = c3co and ko = c3(co + c7h), this equation implies that

Hy||2 < kfdist(mk, x*(tk))2 + /{;%hQ + 2k kodist(zy, . (tx))h,

hence,
lyll? < (k2 + kykg)dist(xg, 2, (t))* + (k3 + kiks)R2.
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Plug this into (2.45) and obtain
IV (@ 0 3, ) (s trra) | <

ks (KT + kyka)dist (2, 2.(1:))* + (’%ki +kikoks +cr +es + 62_6> b,

where k3 = (¢4 + ¢6/2). By using (2.37) we get
dist (o (), 20 (t11)) <

Cakia (K2 + ko) dist (2, 4 ()2 + cs(ksk2 + kkoks + 7 + c5 + %)h?

From this, we conclude that

dist(zrr1, Tu(trr1)) = dist(pa, (), Tu(thy1)) <
caka (k2 + Eiko)dist (wy, 24 (t))2 + (cs(kak2 + kikoks + cr + c5 + 62—6)h2+

mg((k?% + k’le)diSt(ZEk, £L‘*(tk>>2 + (k’g + k’lk’g)h2),
since py, (¥) = Y, (y) + R, where [|R]] < mgs||y||>. This shows (4).

5) Note that for sufficiently small ~ > 0 holds that z.(tx + h),xp41 € Bp(ay) for
. (tk) € Bpp(xr). Thus let for sufficiently small & > 0 and ch < R/2,

dist(xg, z.(tx)) < ch,
for some k. By the estimate (2.39) then
dist (g1, Tu(trr1)) <
crodist (zg, 7, (tx))? + c11h? < c19c®h? + c11h? < ch, (2.47)

for h <

C
croc?+ci1

Remark 2.4.

1. Note that valid choices for approximations G%(0,¢) of 2V (® 04,)(0,t) are given
in Section 2.1.2.2. For example,

G(0,1) == o (V(® 04,)(0,2) = V(® 0 4,) (0, ¢ — 1))

SRS

is a 1st order approximation of 2V (® 0 4,)(0,t).

2. On compact manifolds such parameterizations v,, x € M, always exist, since
the exponential maps can be used to construct them; e.g. v, := exp, o1,, where
Tp : R™ — T, M is a linear map.
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2.2 Newton flows on Lie groups

In the case of working on a Lie group G one is tempted to consider Riemannian metrics
that are linked to the Lie group structure. These are the left-, right- or bi-invariant
Riemannian metrics. Of course, it is also possible to consider the Newton flow for an
arbitrary Riemannian metric on G. However, for invariant Riemannian metrics, there
are explicit expressions for the Levi-Civita connection that simplify the computations
of the Newton flow. We illustrate such possibilities by the examples below. Thus let
G denote a Lie group of dimension n, endowed with a left invariant metric (, ), and let
e1, ..., en, denote a basis of the Lie algebra g.

Let further i, : G — G, h — gh, denote the left translation by an element g € G' and
let Ly : g — T,G be the linear isomorphism defined by the tangent map at e of the left
translation, i.e.

L,(X)="T.l,(X).
Then one has a frame Fy, ..., F, of left invariant vector fields on G by setting
Eg) =T, e, i=1,.. k.
A metric (, ), is said to be left invariant, if for all g € M and u,v € T,M holds
(u,0)g = (Tylg—1r - u, Tyly—1 - V).

Analogously, one can define right invariant metrics by using the right translation r,,
which is needed to introduce bi-invariant metrics.

In order to derive explicit formulas, we have to study the relation between connections
on Lie groups and bilinear maps
w:gxg—g.

According to [34], w uniquely defines a left invariant connection V on G by demanding
that
(Ve Ej)(e) = wlei, ;)

forall i, 7 = 1,...,n. Then w is called the connection form of V and for arbitrary vector
fields X =>" | & E;, Y =" 1;E;, the connection is given as

V(o) = 1, (+ (o0 3 itaes ) + St xian )
i=1 j=1 j=1
Thus, by choosing special connection forms w, one obtains different types of connec-

tions. For the Levi-Civita connection, in particular, one has the following result ([34]).

Theorem 2.5. Let G be a Lie group, endowed with a left invariant Riemannian metric
induced by an inner product (,), on the Lie algebra g.
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(a) Then the Levi-Civita connection is the unique left invariant connection with con-
nection form

wlw,y) = 5 (9] — (ada)’y — (ady)"s) .

(b) If (,), defines a bi-invariant Riemannian metric on G, then (adz)* = —adz and
therefore the Levi-Civita connection has the connection form

olw9) = 3l

Here, (adz)* : g — g denotes the adjoint operator to ad x with respect to the inner
product (,),. Thus (ad z)* is uniquely defined by

((ad )"y, 2)g = (y, (ad 2)2)g = (y, [z, 2])-

The previous theorem shows that in the case of a bi-invariant metric (,),, the Levi-
Civita connection V is given by

VxY(g) = L, (% [Z di(g)ei, Z%(g)@j

Note that there always exist bi-invariant metrics on compact Lie groups, cf. Proposition
4.24 in [42].

+ Z dip;(9)X (9)6j> : (2.48)

Proposition 2.4. Let G denote a compact Lie group, endowed with a bi-invariant
metric (,)q. Then for L, = g, ¢ = ¢S:g) € T,G and F(g) = ¢Qg) € T,G the
Levi-Civita connection is given by

Vor(o) =g (3160 + D) -4). (2.49)

Proof. The claimed formula follows directly from (2.48) by noting that
9= _6ilg)Ei =) ¢ilg)gei =g dilg)ei == gQg),
i=1 i=1 i=1

F(g) = Z%‘(g)Ej = gzwj(g)ej = 9,

and

Z dipi(g) X (g)e; = Zd%(g)g(g)@j =DQ - g.
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From now on we assume that G is a Lie group that is endowed with a bi-invariant
Riemannian metric. In order to simplify our notation we write g€ for the left translation
Ly(€) and g€g~! for the adjoint action Ad(g)¢ on g. Let exp : g — G,exp(€) = €°
denote the exponential map on the Lie algebra g. Since the connection form w :
g X g — g for the Levi-Civita connection satisfies w(&,§) = %[5, ¢ =0forall €€ g, we
see that the exponential curves ¢ : R — G

ct) = ge*
are geodesics. Therefore, the Riemannian exponential map exp, : T,G — G is given as

exp,(g€) = ge
for all £ € g. We prove

Proposition 2.5. Let G denote a connected Lie group, endowed with a bi-invariant
Riemannian metric and let exp : g — G denote the exponential map. Then

(i) G is geodesically complete and the geodesics are ¢ : R — G, c(t) = ge's for all
g€ G, & eg. The Riemannian exponential map is

exp, : T,G — G, exp,(() = gexp(g71¢), V(¢ eT,G.
Moreover, exp, is surjective for any g € G.

(i1) Let ¢ : [0,1] — G denote the unique geodesic with ¢(0) = g,c(1) = h. Thus
c(t) = ge'® with e = g~th. Then the unique parallel vector field V : [0,1] — TG,
V(t) € TewyG, along ¢ with V(0) = gn is given as

V(t) = c(t)e/2nets/?,

In particular, the parallel translation along ¢ from g to h in G is given as Ty, :
TgG - ThG,
Tan(gn) = he™**net2, €= g71¢(0).

Proof. For (i) note that the formulas for the geodesics and Riemannian exponential
map are already shown. Since the exponential map ge*¢ exists for all ¢ € R it follows
that G is geodesically complete. The Hopf-Rinow theorem then implies that any two
points in G can be joined by a geodesic. This shows the surjectivity of exp,. For (ii),
we have to show that the covariant derivative of V' along c is identically zero. In fact,
for Q = e %/2ne'/2 we have Q = —1[¢, Q] and therefore

V.V = cft) (%[5, Q) + Q) 0.

This completes the proof. n
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We now turn to the task of comparing the covariant derivative of a vector field along
a geodesic at two different points. Thus let X : G — T'G denote a smooth vector field.
By left translation this yields a smooth map

Q:G =g, Qg)i=g " X(9).
In the sequel we need to compute the second derivative of 2. This is defined as follows.

Definition 2.4. The second derivative of a smooth map Q : G — g at g € G 1is the
symmetric bilinear map

D*Q(g) : T,G x T,G — g
defined by polarization from the quadratic form

2

Dg)(g6, 98) = S el),

where c is the geodesic c(t) = ge'.

Theorem 2.6. Let G be a compact Lie group, endowed with the bi-invariant Rie-
mannian metric defined by the Killing form. Let R denote the injectivity radius of G
and 0 < r < R. For any two elements g,h € G with distance dist(g,h) < r and any
tangent vector v € T,G let w = Typv denote the parallel transport along the unique
geodesic ¢ : [0,1] — G connecting g with h. Let X be a smooth vector field on G such
that Q : G — g,Q(g) == g ' X(g) satisfies || D*Q(c(t))|| < 7, for some constant v > 0
and all t € [0,1]. Then

HTghVUX<g> — VX (h)|| < Cdist(g, h)]|[v]]

holds for
C:=3max || X (c(t))|| + 2||D2c(0))]] + 3.

Proof. Let ¢ :[0,1] — G, c(t) = gexp(tf) denote the unique geodesic connecting g with
h. Thus dist(g,h) = ||£]|. Let V :[0,1] — T'G denote the unique vector field along ¢
obtained by parallel translation of the vector v along ¢. Thus

V(t) = ct)e 1 2pels/2,

Let Q(g) := ¢~ ' X (g) and Q(t) := e~ %/?ve’/2. Then
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Note that, for the Killing form, we have for Lie algebra elements x,y the estimate

[z, g1 < 2[]=[|[]yll.

Note further, that ||Q|| = ||v]|.
Therefore

VeV X[ < (€l o]l (31Q(c)] + 2| D2Ac()]] + [ D*Q(ct))]]) - (2.50)
By assumption,
ID*Q(c®)]] < v
and therefore also
IDQ(c()]] < [IDQ(c(0))]] + -
The result follows. O

Time-varying Newton flow on Lie groups
We consider a time-varying vector field F': G x R — TG, (g,t) — F(g,t). This vector
field can be rewritten as

F(.g’t) = sz(gat)Eu

by using suitable functions ;(g,t), cf. above.
We assume, that there exists a continuous map g, : R — G such that for all t € R
holds

F(g.(t),t) = 0.
We want to use the time-varying Newton flow, in order to track the zero g.(t) of F.
Thus let further ¢(g) = >, ¢i(g,t)E;. Then the Levi-Civita connection is given by

VgF(g,t) = Lg (w (Z ¢i(g7t)eivzwj<g7t)ej> + Zdl/zj(g,t)g(g)e]) )

and the time-varying Newton flow (2.12) turns into

Ly (w (Z i(g. t)es, Z% (9, t)ej) + Z dip;(g, t)X(g)ej) + %F(g, t)

= M<9)F(gjt)>
where M is a stable bundle map. In the case of a bi-invariant metric we have L, = g,
g=9%g,t) and F(g,t) = gQ2(g,t). The Newton flow turns into

1

o (51900.0.200.00+ D) 3) + LFG.0 = MFlG.0. (25

This is equivalent to

210(0.0).90,1) + D9, 1) = ™ M{g)g2(g, 1) — 0.,
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which shows, that an explicit expression of (2.51) is given by

9= 98y, 1), (2.52)

where (g, t) satisfies
1

[Q(g,t), g, t)] + DQUg, 1) - 9Qg, ) = MQ(g,t) — %Q(Q, t).

By reformulating Main Theorem 2.1 for this special case, we get at the following

2

Theorem 2.7. Let G denote a Lie group endowed with a bi-invariant metric and let
R > 0 be any real number with i*(G) > R . Let F': G xR — TG, (g,t) — F(g,t) =:
gQ(g,t) be a smooth vector field on G and let t — g.(t) denote a smooth isolated zero
of F on G, i.e. F(g.(t),t)=0. Assume further the existence of constants cy,ca,c3 > 0
such that the following conditions are satisfied for t € R

1. c1 < ||VoF(g«(t),t)|| < co for all v € Ty, G with ||v|| =1,

2. Ve, ) Vy, F(cy(5),t)|| < e3 for all g € Br(g«(t)), s € [0, Ry] and w € TyG with
lw]] = 1.
Here R, = dist(g.(t),g) and ¢y : [0, Ry] — G is a geodesic from g.(t) to g with
lég(s)|| =1 for s € [0, R,] and Y, is a smooth vector field on Br(g.(t)) defined

. o —1
via the parallel transport by Yy, (¢') == T (09 Ty (1)g -

Then for g(0) sufficiently close to g.(0), the solution g(t) of (2.52) exists for allt >0
and converges exponentially to g.(t).

Remark 2.5. In the case of working on a compact Lie group endowed with the bi-
invariant metric defined by the killing form, we get from (2.50), that the following
estimate holds

Vv F(e(s), )l < Ielloll (3l1c(s)I] + 201D ()] + [1D*els)])

Here, ¢ : [0,1] — G, defined by s — g.(t) exp(s), is a curve from g.(t) to g for some
§ € T,,»G, and V denotes the vector field along ¢, which is defined by using the
parallel transport of v € T, ;)G along c, i.e. V(s) 1= 7o) for s € [0, 1].

This shows, that condition 2) can be replaced then by the assumption || D?Q(g,t)|| < ¢s
for all g € Br(g.(1)).

Time-varying Newton algorithm on Lie groups
The update scheme, corresponding to the dynamical system (2.52), computes g.(t) at
times ty = kh for M = —%, k € N and step size h > 0. It is given by

Grr1 = expy, (hgeQgr. tr)), (2.53)
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where exp, denotes the exponential map at g, and (g, tx) satisfies

1

3 3 1. 3
5[9(914;%)79(%7%)} + DQgr, te) - geQ2(g, tr) = —EQ(Qkatk) — Q2 (gk, tr).

Here, Q(gx, ) denotes an approximation of %Q(gk, tr).
By applying Main Theorem 2.2 to the situation here, we immediately obtain the fol-
lowing result.

Theorem 2.8. Let G denote a Lie group endowed with a bi-invariant metric and
let R > 0 be any real number with i*(M) > R . Let F : G x R — TG, (g,t) —
F(g,t) =: ¢Qg,t) be a smooth vector field. Let t — g.(t) be a smooth isolated
zero of F, i.e. Qg.(t),t) = 0 for all t. Assume further the existence of constants
C1,Co,C3, Cq, C5, Cg, C7 > 0 such that

(i) IDF(g.(t). )| < 1, |5 F(g:(8), )]l < ez, [ DF(g(t),t) '] < 5 for all t € R,

(”) HV 250 )va ( ( >7t)||cgo(s) S fO?” all 90,9 € BR(Q*@))) s € [07RZO] and w €
TG wzth |lwll, =1, t € R.

Here RS = dist(go, 9), ¢, : [0, Ry] — G is a geodesic from gy to g and Y, is
a smooth vector field on BR(g*( ) deﬁned via the parallel transport by Y, (g') ==

Tgu(t )g/Tg % )gw'
(i) |22 F(g,1)]| < cs, | 2DF(g,0)| < cs for all g € Brlga(t)), t € R
(iv) |Q(g.t) — 2Q(g,1)|| < crh, for all g € Br(g.(t)), t €R, h > 0.

Then for ¢ > 0 and sufficiently small h > 0, the sequence defined by (2.53) satisfies for
keN

dist(gg, g+(tx)) < ch

provided that dist(go, g«(0)) < ch. Thus, the update scheme (2.53) is well defined and
produces estimates for g.(ty), whose accuracy can be controlled by the step size.

Example 2.1. Square roots
Let G = (0,00) C R. Define a left-invariant Riemannian metric on G by

(u,v)y = (g7 ', g M) i = mg2uv, m >0

and note, that it is also bi-invariant. Then let a(t) > 0 for all ¢ and define F(g,t) =
92(g,t) = a(t) — g*. We get

1 - - .
ViF(g,t) = 59[9, Q +9DQ(g,t)g =

gDQg. t)g = gD(g"alt) — 9)§ = g(—g*a(t) = 1)g = (g — g 'a(t))d.
Thus the time-varying Newton flow on G is given for M(g) = —o (0 > 0) by
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(—g— g 'a(t)g = —o(a(t) — ¢°) — a(?).

Or explicitly,
)

T @ tal)
Note that the Newton flow in the ambient Euclidean space R is given by

g (oa(t) — og* + a(t)).

0
DF(x,t)-& = —0F(z,t) — aF(m,t).
Thus we have
—2zi = —oa(t) + ox® — a(t),

which can be rewritten in explicit form by

1
= %(oa(t) —ox? + a(t)).
Example 2.2. Cholesky factorization
Let A(t) € R™" be a smooth family of symmetric positive definite matrices. Then for

any t € R, there exists an unique lower triangular matrices L € R™™ such that

A(t)=LL".
air ... Qip
Thus for G = B,, := oot a; >0,2=1,...,n p, the time-varying task
0 nn

is to determine ¢(t) € G such that for all ¢ holds

A(t) = g(t) "g(1).

We use the Riemannian metric

&g =tr((g7') g ') =tr (¢ (99")'n)

and note that it is left-invariant. .
Let g = gQ, F(g,t) = g g — A(t) =: gQ2(g,t). To compute the affine connection, we
want to use Theorem 2.5 and consider

tr(((adz)y) " 2) = tr (y [z, 2]) = tr (([y",2]") " 2) = tr ([z ", 9] 2).

Note that
['TTa y} = [x—l—’ y]upper + [x—l—7 y]lowera
where A, denotes the upper diagonal part including the diagonal of a square matrix

A, while A}y, denotes the lower diagonal part of A. Since tr (([z 7, Yliower) ' 2) = 0, we
get that

tr([z",y]"2) = tr (2", Ylupper) ' 2),
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which shows that
(adx)*y - [ITu y]upper‘

Therefore, the connection form w is given by w(x, y) = 1([z, y]—[2 7, Ylupper—[¥ ", T]upper)
and we obtain

P i i _—
VQF(gvt) = 59([Q’Q] - [QT7Q]uppeT - [QT:Q]Upper> +gDQ(g,t)§ =

%9([Q79_1(9T9 - A(t))] - [QT79_1(9T9 - A<t))]UPp67” - [(QTQ - A<t))T9_Ta Q]upper)+
gD(g (9" g — A(t)))g.
Note that
D(g g g—At)g=—g"99 (g'g—A) +9 " (9"9+9"9) =

—g '9Qg (gTg— A(t) + 9 Qg g+ g g).

Hence the time-varying Newton flow reads

%g([ﬁ, g g g =AM 127,97 (9" g — AW upper — (979 — A1) 97", Wupper) —

Qg (g g—A®) + 97 g" g+ g gQ) = M(g)gQ + A(t).

Example 2.3. Symmetric eigenvalue problem

Let A(t) € R™" be a smooth family of symmetric matrices with distinct eigenvalues.
To track the diagonalizing transformation g.(tx) € SO(n) of A(t;) at discrete times
ty = kh for k € N and h > 0, we use the following approach.

Let G =SO(n), N € R™™ (g€, gn), = tr (£"n) for g€, gn € T,S0(n). Let

f:S0(n) x R — R,
defined by
flg.t) = tr (Ng" A(t)g).
Then
Df(g,t)- H=1tr(NHTA(t)g+ Ng" A(t)H) = tr (H" A(t)gN + HT A(t)gN) =
2tr (H " A(t)gN),
and the intrinsic gradient with respect to g is given by

grad f(g,t) = 71,c(2A(t)gN) = 29(g " A(t)gN)a = g(g A(t)gN — Ng" A(t)g) =

glg" A(t)g. N].
Note that for diagonal N with distinct eigenvalues, the gradient grad f(g,t) is zero

if and only if g" A(t)g is diagonal. Thus the solution of the Newton flow tracks the
diagonalizing orthogonal transformation of A(t).
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To compute the Newton flow, we use equation (2.49) and get for F'(g,t) = grad f(g,1):
;erad — g ( L1974, 197 At)g, N)) + Dl A(t)g, N] - ¢
Vigrad f(g.t) = g ( 5lg 9,19 Alt)g, N]] + Dlg " A(t)g, N]-g | .
By using the abbreviations Q = g'g, B = g" A(t)g, this simplifies to

V;erad f(g,t) = %9[97 [B,N]]+g[g"A(t)g + g" A(t)g, N] =

1 1
914 (B, N +4[[B, Q] N] = 59([[3797]1\7] +[[NV, 9, B]).
Therefore, the intrinsic Newton flow is given by

So([1B,2,N] + [V, 9], BY) = M(g)arad f(g.1) ~ poamad flg.0). (259

Approximative solution

Let for t € R, g, € SO(n) such that g] A(t)g. =: D is diagonal. Thus, if g ~ g., then
B ~ D is almost a diagonal matrix. By approximating B by its diagonal part B, one
can explicitly solve (2.54). Hence, let

S (QTA(t)g)n'a 1=
b { 0,  i#j
and consider . )
(B, L IN]+[[N,Q], B] = R, (2.55)

to get a formula for Q = —Q7, where

R =27 (Mg)erad flg,t) ~ remad flon1)).

Equation (2.55) can be rewritten as
[BQ — QB,N|+ [NQ — QN, B] = R,
or equivalently,
BQN — QBN — NBQ+ NQB + NQB — QNB — BNQ + BON = R.

Since N and B are diagonal, we can now give a formula for the entries of §:

Note that R turns for M(g) = —3 into

R:=2g¢" (—%g[gTA(t)g, N] — g[gTA(t)g, N]) = —Q[QT(%A(Q + A(t))g, N].
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Thus 1
R;; = —Q(QT(EA(’?) + A(t))g)i;(Nj; — Nig)

and equation (2.56) uniquely determines the entries of the skew symmetric matrix €2
T(L ' 3
0T GFAO+ADDs

Q(g,1)ij = { Bﬂ'j(‘)B“ T
7 i=j.

By using this explicit expression of €2, the update scheme to track the desired orthogonal
matrices g.(t;) of the symmetric eigenvalue problem is given by

grs1 = expy, (hgrQgr, tr).)

This shows, that the extrinsic approach to solve the eigenvalue problem in Chapter 4.1
leads to an update scheme, which extends the formula here, since it differs by additional
terms producing directions towards the manifold SO(n).

The previous example can be generalized to an arbitrary Lie group G with Lie algebra
g and a left-invariant Riemannian metric (, ), on G.
Choose a regular element n in the Lie algebra g. Given a differentiable curve a : [ — g,
we want to find g(t) € G, t € I, such that

[n,Ad(g(t))a(t)] =0 Vtel.
Thus we consider the differentiable map

F:GxR—-TG,
defined by
Flg,) i= Lyln, Ad(g(t))a(t)].
Then we get with the above notation and g = L,{}

0
\ +8t

L, (319 . Ad(@)a(t]) + b Ad(g 0. )+ . Adly ] ) -

M(g)Lg([nv Ad(g_l)a])v
which is equivalent to
1

5[ [ Ad(g)a(®)]] + [n, [Ad(g™"a, Q] + [0, Ad(g™)a] = L M(g) Ly([n, Ad(g)al).

Thus the task is to solve the linear equation for €2
F(Q) = ~[n,Ad(g™")a] + Ly ' M(g)Ly([n, Ad(g™")a)),
where F : g — g is the linear operator on the Lie algebra, defined by

F(©) = 510, [n, ] + [n, b, ]

Note that F : g — g is invertible under suitable assumptions on n and a (such as
defining regular elements in the Lie algebra for any t).
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2.3 Euclidean time-varying Newton flow

In this chapter we consider the time-varying Newton flow in Euclidean space, which
is the simplest special case of the previously introduced Riemannian algorithms. The
resulting methods are therefore easier to understand, when applied to a particular
problem. We also derive modifications of the tracking theorems, where inexact and
underdetermined versions of the Newton flows are examined. It seems obvious to
study these variants in order to increase the applicability and the performance of the
proposed algorithms.

We consider a smooth map
F:R"xR—R",

defined by
(x,t) — F(x,t).

Assume that there exists a smooth zero of F, i.e. a curve z, : R — R" such that
F(x.(t),t) = 0 holds for all t € R. In order to determine this zero for all ¢, we use the
time varying Newton flow (2.12), which is given in this situation by

DF(x,t) - @+ %F(m,t} = M(z)F(x,t). (2.57)
Here, DF' denotes the "usual” derivative in R™ and M is a stable bundle map, cf.
Definition 2.3.
To rewrite the above differential equation in an explicit form, we assume the existence
of r > 0 such that tkDF(z,t) = n, for all t € R and = € B,(z.(t)). Then (2.57) is
equivalent to

&= DF(z,t)"" (M(z)F(z,t) — 2F(z,1)). (2.58)

This assumption moreover implies that the smooth zero z,(t) of F(z,t) is isolated, i.e.
for x € B,(x.(t)) holds: F(x,t) =0 if and only if x = z.(t).

2.3.1 The tracking algorithms in Euclidean space

At first we consider the continuous case and formulate the Euclidean version of the
Riemannian tracking Main Theorem 2.1. Note that the assumptions for the higher
order derivatives now turn into a quite simple form, compared to the original conditions.

Theorem 2.9. Let F': R" Xx R — R"™ be a smooth map and t — x.(t) be a smooth
isolated zero of F, i.e. F(x.(t),t) = 0 for all t € R. Assume further there exist
constants R, Ly, Ly, Ls > 0 such that for all t € R holds:

1. ||DF (z.(t),t)| < Ly,

2. |DF(z.(t),t) 7| < Lo,
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3. ||D?F(z,t)|| < Ls, for all ||z —x.(t)|| <R, t > 0.

Then there exists 0 < r < R such that for any initial condition x(0) with ||z(0) —
z.(0)|| < r there exists a unique solution x(t), t > 0 of (2.58) with the properties

1. JJz(t) — z.(t)|| < R forallt > 0.
2. ||z(t) — z.(t)|| converges exponentially to 0.

Euclidean time-varying Newton algorithm

The discretization scheme introduced in the previous section for the tracking algorithm
on Riemannian manifolds can be analogously employed in Euclidean space.

Thus the discrete version of (2.58) at discrete times ¢, = kh for M(z) = —31, k € N
and h > 0 is given by

Tyl = T — DF(l‘k,tk)_l (F($k,tk) + hF;L(iL‘k,tk)) . (259)

As done in the previous chapters, we used an approximation F"(x,t) of %F (x,t), cf.
Section 2.1.2.2. The following result follows directly from Main Theorem 2.2 and gives
conditions guaranteeing that the above sequence tracks the smooth zero z,(t) of F(x,t)
at discrete times t.

Theorem 2.10. Let F' : R" x R — R", (z,t) — F(x,t) be a smooth map and let
t — x,(t) be a smooth isolated zero of F, i.e. F(x.(t),t) =0 for allt € R. Let further
there exist constants cy, ¢, C3, Cy4, Cs5, C, C7, R > 0 such that

(i) |DF(2.(6),0)]) < 1, | 2F(2.(6),0)]| < o, |DF(a(6),6)"] < es for all t € R,

(ii) |D*F(z,t)|| < c4, Hg—;F(x,t)H < ¢, [|[2DF(z,t)|| < cg for all x € Bg(w.(t)),
teR.

(iii) ||F!(z,t) — 95 (x,1)|| < crh, for all x € Br(z.(t)), t € R, h > 0.
Then the following statements hold

1. There exist 0 <r < R and cg, cg, c19 > 0 such that fort € R

2 =z (O] < csl| F(z, 1), (2.60)
[1E (2, 8)]] < collw — . (B)]], (2.61)

and
IDF(z, )| < e (2.62)

for x € B.(z.(t)).
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2. The discretization sequence defined in (2.59) with t, = kh, h > 0 satisfies for
some c11,¢12 > 0

211 = 2 (thn) | < enllae — 2. () |IP + cioh?® (2.63)

for zy, € By(z.(tx)), k € Ny

3. Let ¢ > 0 be constant and h sufficiently small. For any initial condition xo with
|zo — 2.(0)]] < ch we have

lex = @ (tk)]| < ch

for all k € Ny. Thus, the update scheme (2.59) is well defined and produces
estimates for x.(tx), whose accuracy can be controlled by the step size.

It follows, that one can control the global tracking error of the discretization scheme
by varying the step size h. Note that, in general, one cannot expect more than such
a bound of the tracking error being hold, if one discretizes the Newton flow with a
fixed step size. In particular, one cannot in general guarantee that the tracking error
vanishes asymptotically for k£ — oo, as the next example shows.

Example 2.4. Let F(x,t) := x —sint. Then z,.(f) := sint is a smooth isolated zero
of F(z,t), DF(z,t) = id, and 95 (x,t) = — cost. Hence, a Newton flow is given by

T = —x +sint 4+ cost.
Let t;, = 2xl, for some k,l € N, h > 0 and x; = z,(t;) = sinty = 0. Then
Ty = x — (Tg + sinty + costy)h = — cos(2wl)h = —h,

and therefore
|24 (tk +h) — 2 || = |2 (270 + h) — h[| =

h3
[ sin(2ml + ) — hl| = || sin(h) — b} > -

2.3.2 Inexact time-varying Newton flow

The tracking of a smooth isolated zero of a map F' by using the previously proposed
algorithms, requires either to invert a matrix DF' or alternatively, to solve a linear

system
DF -z =r

for x € R™ at each step for some r € R™. As the size of DF' increases quadratically
with the dimension n of the image of F', these procedures are inappropriate for large n.
But the computational effort can be reduced significantly, if one only solves the as-
sociated linear system approximatively. In Chapter 4.1 and Chapter 4.3, there are
two situations, where useful approximations for the inverse of DF are available. This
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motivated to provide a theoretical basis for such approaches. Note that this idea is
closely related to the so-called inexact Newton method, where zeros of time-invariant
maps are determined by using a discrete Newton-type algorithm, cf. [19].

Hence, we now study the convergence properties of the approximative Newton flow of

a smooth map
F:R"xR—R",

defined by
(x,t) — F(x,t).

Again, we assume that F' has a smooth isolated zero x,(t), i.e. t +— x,(t) is a smooth
curve and F(x,.(t),t) =0 for all t € R.
At first, we consider the perturbed time-varying Newton flow

DF(z,t)i + %F(w, t) = M(x)F(x,t) + II(x, ), (2.64)

where M is a stable bundle map and II : R x R — R"™ denotes the perturbation. The
next lemma gives conditions such that the norm of F'(z(t),t) converges exponentially
to zero, where z(t) is a solution of the above ODE.

Lemma 2.6. Let F: R" xR — R" and II : R* x R — R"” as above and assume the
existence of r,c > 0 such that

Mz, )] < el £z, )],

for all x € B.(x.(t)), t € R. Then for some a,b > 0, any solution x(t) of (2.64)
satisfies
| F(2(t),t)| < ae™, (2.65)

provided that M is a stable bundle map s.th. A = sup,cgn =1 (M(z) - v,v) satisfies
A< —c.

Proof.

d , d B ;) B
ZlIF (e, )2 = 2 F(x,8), Fe,8)) = 2(DF(a,1) - + . F(a,1), Fx,1)) =

2IM(2)F(z,t) + (2, t), F(x,t)) = 2((M(x)F(x,t), F(z,t)) + (Il(z, 1), F(x,1))).

Thus d
ﬁllf‘“(ﬂf,t)H2 < 2| F(x, 1|2 (X + ¢), (2.66)

where A\ = sup,egn y)=1 (M(7) - v,v) < 0. Thus,

1E (e, )] < [1F((0), 0) |7,
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We want to profit from this fact to deduce computationally easier systems to track
x.(t).

If F satisfies the conditions of Theorem 2.9, DF(x,t) is invertible for ¢ € R and
x € Br(z.(t)) for some R > 0 and equation (2.64) can be rewritten as

&= DF(z,t)"" <M(m)F(m,t) — %F(m,t)) + DF(x,t) 'T(z, ). (2.67)
Hence, if we have an approximation G(z,t) : R — R™ of DF(x,t)~! satisfying
0 0
DF(z,t)G(x,t) (M(m)F(az,t) - aF(w,t)) = M(x)F(z,t) — EF(LEJ) + I(z, t),

then

i = G(z,t) (M(z)F(z,t) — 2F(z,t)) (2.68)

is equivalent to (2.67) and we can extend Theorem 2.9 for inexact time-varying Newton
flows.

Theorem 2.11. Let F' : R" xR — R" be a smooth map and t — x.,(t) be a continuously
differentiable isolated zero of F, i.e. F(x,(t),t) =0 for allt € R. Assume further that
there exist constants R, L1, Lo, L3, Ly > 0 and an approzimation G(z,t) : R" — R™ for
DF(z,t)™! such that for all t > 0 holds

1. ||DF(x.(t),t)| < Ly,
2. |[DF(z.(t),t)""|| < Lo,
3. ||D*F(x,t)|| < L3, for all ||z — z.(t)|]| <R,

4. H(DF(x,t)G(x,t) —1I) (M(z)F(z,t) — %F(x,t)) | < La||F(z,0)||, for all ||z —
r(B) < R

Then there exists 0 < r < R such that for any initial condition x(0) with ||z(0) —
z.(0)|| < r there exists a unique solution x(t), t > 0 of (2.68) with the properties

1. ||z(t) — z.(t)]]| < R for allt >0,
2. ||x(t) — z.(t)|| converges exponentially to 0,
provided that A := Sup,egn |jy|=1 (M(2) - v,v) <0 satisfies X < —Ly.

Proof. Due to Proposition (2.5.6) of [1], p. 119, there exists a 0 < # < R such that for
any t the map = +— F(z,t) is a diffeomorphism on Uz(z.(t)) := {z| ||z — z.(t)]| < 7}.
This implies the existence of constants L}, L) > 0 such that

IDF(z, t)]] < L,
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IDF(2,t)7H| < Ly,

for all ||z — z.(t)|| <7, t > 0.
From the mean value theorem we conclude the existence of some ki, ks > 0 such that
fort >0

kille = 2. (O] < [|F(2, 1) = F(z.(8), )] < kollz — 2. (t)]] (2.69)
holds for all z € Uz(z4(t)). Let x(t) denote the maximal solution of (2.68) for 0 < ¢ <t
and T :=sup{t < t.| ||z(t) — z.(t)| < 7}. Let r := min{%;,f} and assume T < 00.
Note that t — || F(z(t),t)]| is strictly monotonically decreasing, since

GIF@ O =2(DF@ )i + 5P, 7))

i <DF(az, DG (1) (MF(m, ) — %F(:c,t)) + %F(:c,t), Flo, t)>

—9 <(DF($, )Gz, t) — ) (MF(x,t) - %F(m,t)) + MF(z,1), F(:E,t)>

< 2L4||F (2, ) + 20 F (2, 1)|I* = 2(Ls + M| F (2, )] < 0,

where we used assumption 4 and (2.68).
Therefore

o) = 2.0 < 11 GO.0] < 1 FEOL0)] < 2e0) — O] <7, @270

for all 0 < t < T, ||2(0) — 2.(0)|]] < r. Thus ||z(T) — z.(T)|| < 7, contradicting
the assumed finiteness of 7. This shows that (2.70) holds for all ¢ > 0, provided
|2(0)—2,(0)|| < r. In particular, the solution x(t) exists for all t > 0. Since || F'(x(t),t)||
converges exponentially to 0, cf. Lemma 2.6, this implies the exponential convergence
of z(t) to z.(t).

O

Inexact time-varying Newton algorithm

We now consider the Euler discretization of (2.68), which yields a sequence approxi-
mating the exact zero of F' at discrete times ¢ty = kh for h > 0 and k € N. The discrete
tracking algorithm is given by

Ty1 = T — Gag, t) (F(zg, te) + hF! (1)) (2.71)

where we formulated the update scheme by using an approximation EF"(xy,t;) of
9 F(x, ty). Note that we again set M(z) = —+1, which is crucial to prove the stability

result for (2.71) in the next theorem.

Theorem 2.12. Let F': R" x R — R", (x,t) — F(x,t) be smooth. Lett — x,(t) be
a smooth isolated zero of F, i.e. F(x.(t),t) =0 for allt € R. Let further there exist
constants ¢y, o, C3, Cy, C5, Cg, C7, R > 0 such that
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(i) IDF(z.(t), )| < cr, 5 F (@u(6), )] < e, [|IDF(2.(t),0) 71| < ¢35 for all t € R,

(it) |D?*F(z,t)]| < c4, Hat2 (z,t)|| < cs, HatDF(a: t)|| < ¢g for all x € Bgr(z.(1)),
t e R.

(iii) ||FP(z,t) — % (x,t)|| < crh, for all € Br(z.(t)), t € R, h > 0.

1

Let further G(z,t) denote an approzimation for DF(x,t)~" satisfying for some ¢,é > 0

H(DF(m, )Gz, t) — ) (%F(m t) + Fh(a, t)> H < &|F(z, 1), (2.72)

for all h >0 and x € Be,(x.(t)), t € R.
Then the following statements hold

1. There exists 0 < r < R and cg, ¢y, c19 > 0 such that fort € R

|2 — 2. ()] < esl|F(, 1), (2.73)
[1F(z, )] < collz — (D), (2.74)

and
IDF(x,t)7"| < c10 (2.75)

for x € B.(z.(t)).

2. The discretization sequence (xy) as defined in (2.71) with ty = kh, h > 0 satisfies
for some cq1,c12 >0

ki1 — 2ot || < enllon — za(te) | + croh?® (2.76)
for xy € B(x.(tg)) with r < ch, k € Ny.

3. Let ¢ > 0 be constant and h sufficiently small. For any initial condition xy with
|zo — 2.(0)]] < ch we have

[z — 2 ()| < ch

for all k € Ny. Thus, the update scheme (2.71) is well defined and produces
estimates for x.(ty), whose accuracy can be controlled by the step size.

Proof. This theorem is very similar to Theorem 2.10 such that claim 1) and 3) follow
from there. However, the proof of 2) differs by additionally perturbation terms.

We show (2.76) by bounding the norm of F' at t = t;,1. Taylor’s Theorem shows that

OF
F($k+1,tk+1> = F(xk,tk) + E(xk;tk)h + DF(.’L‘k,tk)(l’kJrl - xk) + R, (277)

where R satisfies for A := ||z — x|

IRI| < (caD® + esh® + cgAh) < <c4 + ) A+ <C5 + %) h?.
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Using the update scheme (2.71) to replace zg11, (2.77) turns into

F(2ri1,thir) = (2.78)

or 1
F(Ik,tk) + E(l‘k,tk)h -+ DF(xk,tk) (hG(l’k,tk) (_EF<Ik’tk) - Fll(xka tk))) + R

Estimate (2.72) implies that

DF(x,)G(x, 1) (%F(m,t} + Ff(:c,t)) _ (%F(m,t) + Ff(x,t)) T, 8),

for some perturbation term Il(z,t) satisfying |[II(z,t)|| < é[|[F(z,t)||. Thus (2.78) is
equivalent to

F(xpy1,teyr) = %—f(:ck, tp)h — hE!(xg, ty) + Al (zp, 1) + R,
and therefore
1F (zin, tin)|| < erh? + <c4 + 02—6) A? <c5 + %6) h? + hé||F (zx, 1) |
implying that

C, C -
IF @i i)l < (o1 + 5 ) A2+ (05 + 5+ or) B + Geghllan — 2. (t) |

2
and
c c + CC cc
1Pt < (e + 5 ) A%+ (c5+ : +) B+ Sl = (Bl
Using (2.73) shows that
[Trs1 — o (bor) || < (2.79)
& ce + cc cesce
(et §) A% s (o4 TEE o) 4 T — )

We now inspect A and get
1
A = ||[L‘k+1 — [L‘k” = HhG(xk,tk) (EF(xk’tk) + Ff(fL’k, tk)) H S

Therefore,
A < (| F(ar, te) | + hIF? (g, ti) | + h|| F(zn, ti) ). (2.80)

Note that ||Fjl(9$k, tk:)” S ||%F(1Bk, tk)” + C7h S Co + Cﬁ”l"k — l'*(tk)H + C7h. Thus (280)
turns into

A < cao([1F (@, ti)ll + hlez + ollon — 2 (tn)| + erh) + Ehl|F (zx, 1))
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It follows that
A< 610(09||a:k — . (tr)]] + h(cz + csl|lze — a(tr)|| + c7h) + Ceoh||xy — x*(tk)H) <

CgCl()Hl’k — Z‘*<tk)H -+ Clo(CQ + (CG -+ 609)7’ + C7h>h.

By using the abbreviations k1 = ¢gc1p and ke = c19(ca + (¢ + éco)r + c7h), this equation
implies that

A? < E2||mp — 2o (t)]|? + k2h? + 2kiks ||z — 24 (t2) || 1,

and hence
A2 S (k?% + /ﬁkg)”[tk — x*<tk)”2 + (k)g + k’ll{?g)h2.

Plug this into (2.79) and obtain
[2ra1 — 2 (top)] < (ks(KS 4 kika) + ka) lze — 2o (te) 1P 4 (ksk3 + kikoks + ks) h,

where k3 = cs (¢4 + ¢c6/2), kg = ECSTC*’ and ks = cg (05 + 7+ —cﬁgécg).

2.3.3 Underdetermined Newton flow

We now derive a tracking algorithm for time-varying zeros of non-invertible maps in
Euclidean space. This merges the Newton flow for underdetermined constant linear
systems, as studied by Tanabe [66], with the Euclidean time-varying Newton flow
introduced in this work. At the end of this paragraph, a discrete algorithm will be
given, which also includes the inexact case, i.e. we define an update scheme, which is a
discretization of an approximative underdetermined Newton flow. Analogously to the
previous chapters, the stability of the resulting tracking algorithm will be shown.
We consider a smooth map

F:R"xR— R™,
defined for m < n by

(z,t) — F(x,1).

For t € R, let X(t) := {x € R"| F(x,t) = 0} denote the zero set of F' and assume that
it is not empty. Assume further that

tkDF (z,t) =m

for all z € X(t), t € R. Then 0 is a regular value of z — F(z,t) and X(t) C R" is a
Riemannian submanifold of dimension n —m, t € R.

Moreover, tk(DF(z,t) 2F(z,t)) = m for all z € X(t), ¢t € R, showing that N =
F~1(0) is a smooth Riemannian submanifold of R™*! of dimension n—m+1. Obviously,
N = {(z,t)] € X(t), t € R}. Thus the zero sets considered here are smoothly
changing time-varying manifolds instead of isolated curves. This expression is clarified
in the next definition.
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Definition 2.5. Let M(t) C R™ be a family of k-dimensional Riemannian submanifolds
fort e I. We call M(t) a smooth time-varying manifold, if the set

M :={(z,t)] x € M(t),t € I}
is a smooth Riemannian submanifold of R™*1 for all open intervals I C R.

It is obvious, that the family of manifolds X'(¢) as defined above, is a smooth time-
varying manifold. The goal is to construct a dynamical system, whose solution xz(t)
converges exponentially to a connected component X, (t) of X(t), i.e.

dist ((t), X, (1)) < ae™™,

for some a,b > 0. Thus, we consider again the time-varying Newton flow
0
DF(x,t)- &+ aF(m, t) = M(z)F(x,t), (2.81)

where M is a stable bundle map. If there exists a R > 0 such that rkDF(x,t) = m
for all x € Ug(t) := {z € R"| dist(z, X.(t)) < R}, t € R, we can locally determine
DF(z,t)" : R™ — R", such that

DF(x,t)DF(z,t)" = I,,,,

and we then call DF(z,t)" a pseudo-inverse of DF(z,t). Note that such operators
exist under the above conditions, e.g. the Moore-Penrose inverse is given as

DF(z,t) := DF(x,t) (DF(x,t)DF(z,t)")~' € R™™.

Moreover, the largest singular value of a pseudo-inverse DF(x,t)! satisfies for t € R
and r € R"

Omax(DF (2, 1)") = 1/0min(DF (x,1)).
Using a pseudo inverse, a solution of (2.81) can be found by determining a solution

z(t) to

ot

as any solution of (2.82) satisfies (2.81). Moreover, any solution z(t) of (2.81) (and
hence any solution of (2.82)) satisfies for all ¢t € R

&= DF(z,t)! (/\/l(x)F(x,t) - 2F(:B,t)) : (2.82)

1F(x(t), )] < ae™™, (2.83)

for some a,b > 0 since L F(z(t),t) = M(z(t))F(z(t),t).

To derive the tracking algorithm, we have to be able to estimate the distance of a point
to the zero set of F' by using the norm of the map F. This can be achieved by using
the next lemma.

Lemma 2.7. Let F': R" x R — R™ and X,(t) as above. Let there exist M, R, S,s > 0
such that the following statements hold:
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1. For all x € X.(t), t € R, the singular values oy(x,t),...,0m(x,t) of DF(x,t)"
satisfy
s <oz, t),..,on(z,t) <S.

2. |D*F(z,t)|| < M for all x € Ug(t) := {x € R"| dist(z, X.(t)) < R}, t € R.

Then there exist constants k1, kg > 0 such that for r = min{R, 53;} and all x € U,(t) =
{z € R"| dist(z, X.(t)) < R}, t € R holds

(i) ridist(z, X, (t)) < ||F(x,t)]| < rodist(x, Xi(t)),
(”) O-min(DF('r7t)T> Z %

Proof. The right side of claim (7) is obvious due to assumption 1) and 2). Therefore let
for t € R, z, € X,(t) denote a point of minimal distance to =, where x € U,.(t). Thus,

dist(z, X. (1)) = [z — .||

and the vector h := x — z, is in the normal space of X,(t) at x, and is orthogonal to
the kernel of DF(x,,t). Thus,

[DF (2., t) - bl = s|[R]]
From Taylor’s Theorem, we have
F(z,t) = DF(z4,t) - h+ Ry,
where R, = fol D?F(xz, + Th,t) - (h, h)dr. Therefore
[z, )] = [[DF (e, t) - b = ([ Bl

> s||hll = M|[h][* = k]l (s — M]A])).

Thus (7) holds with x; = s/2, since ||h|| = dist(x, X, (1)) < r < 537
To prove (i7), let v L ker DF(x,t) and consider

1
DF(z,t)v = DF (x4, t)v +/ D?*F(x, + Tw,t) - (w,v)dr,
0
where w = x — x,. Thus

1
|DF(x,t)v| = HDF(:U*,t)v +/ D*F(z. + Tw,t) - (w,v)dr|| >
0

1
> ||DF (x,, t)v|| — H/ D*F(z, + Tw,t) - (w,v)drv
0

> (s = Mljw[))[Jo].

Therefore, oin(DF(x,t)") > s/2 for [Jw]|| < 7. O

We now have the necessary tools to prove the following result.
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Theorem 2.13. Let F: R" x R — R™, m < n, be a smooth map and let X,(t) be as
above, i.e. F(x,t) =0 forx € X.(t), t € R. Assume further the existence of constants
R, Ly, Ly, Ls > 0 such that for all t € R holds:

1. ||DF(x,t)|| < Ly, for all z € X.(1),
2. Omin(DF(x,t)7) > Lo, for all x € X,(1),
3. ||D*F(x,t)|| < Ls, for all x € Ug(t) := {x € R"| dist(z, X.(t)) < R}.

Then there exists 0 < r < R such that for any initial condition x(0) with dist(x(0),
X.(0)) < there exists a unique solution x(t) of

i = DF(z,t)! (M(2)F(z,t) — 2 F(z,t)), (2.84)

with the properties

1. dist(x(t), Xi(t)) < R for allt > 0.

, Xau(1)

2. dist(z(t), Xi(t)) converges exponentially to 0.

Proof. Solutions x(t) of (2.84) satisfy for x(t) € U,.(X.(t))
1P (z(t), )] < ae™,

for some a,b,r > 0, cf. (2.83). Therefore, these statements can be proven analogously
to Main Theorem 2.1 by using the results of the previous lemma. O]

Underdetermined and inexact time-varying Newton flow

Let FF: R" x R — R™, m < n, as above and consider approximations G(z,t) for
DF(z,t)', as described for m = n in the previous section. Hence let G(z,t) € R™™
such that the perturbation term

I(x,t) := (DF(z,t)G(x,t) — I,,,) <M(x)F(x,t) - %F(m,t))

satisfies for some ¢, R > 0
[Tz, )| < ellF (2, )],

for all z € Ug(t) := {z € R"| dist(x, X,(t)) < R}, t € R. We then approximate the
ODE (2.84) by

ot

It is straightforward to show, that the claims made in the previous theorem for equation
(2.84) also hold qualitatively for (2.85), if M is a stable bundle map s.th. sup,cgn 41
(M(x) - v,v) < 0 is sufficiently small. We therefore formulate the discretization of the
underdetermined Newton flow such that it also includes the inexact case.

&= G(x,t) </\/l(x)F(x, t) — 2F(:z:,t)) . (2.85)
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Underdetermined and inexact time-varying Newton algorithm
Let ty = kh for h > 0 and k € Ny. The discretization of equation (2.85) is given for
M(z) = —+ by

Ty1 = T — Gag, t) (F (g, tr) + hF! (. 1)) (2.86)

where we used an approximation F(zy,t) of 2 F(zy,t;). We arrive at our most
general tracking algorithm in FEuclidean space.

Main Theorem 2.4. Let F': R" x R — R™, (z,t) — F(x,t) be smooth and let X, (t)
as above such that F(xz,t) = 0 for all x € X.(t), t € R. Assume further the existence
of constants ¢y, ¢y, C3, Cy, C5, Cg, C7, R > 0 such that

(i) |DF(x,t)| < ¢, ||%F(x,t)|| < ¢y, Omin(DF(2,8)") > ¢3 for all v € X, (t), t € R

(ii) ||D*F(x,t)]] < c4, ||g—t22F(x,t)|| < cs, ||%DF($,7§)|| < g forallz € Ug(t) :=={x €
R"™| dist(x, X, (t)) < R}, t € R.

(iii) ||FP(x,t) — % (x,t)|| < crh, for x € Up(t), t € R, h > 0.

Let G(x,t) denote an approxzimation for DF(x,t)! satisfying for some ¢, é > 0

H(DF(x, )G(x,t) — L) (%F(:,; t) + Fh(a, t)) H < F(b)|,  (2.87)

for allh >0 and x € Uy(t), t € R.
Then the following statements hold

1. There exists 0 < r < R and cg, ¢y, c19 > 0 such that fort € R

dist(z, Xi(t)) < cs||F(z,1)]], (2.88)
| F(x,t)| < co dist(x, X(t)), (2.89)

and
IDF (2, )" < eio (2.90)

for x € Uy(t) := {z € R"| dist(z, X,(t)) <r}.

2. The discretization sequence (xy) as defined in (2.86) with ty = kh, h > 0 satisfies
for some cq1,c12 >0

diSt(]?k_H, X*(tk+1>> S ClldiSt(l’k, X*(tk))2 + 012h2 (291)

for xy € U, (t) with r < ch, k € Ny.
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3. Let ¢ > 0 be constant and h sufficiently small. For any initial condition xy with
|zo — 2.(0)]] < ch we have

diSt(l’k, X*(tk)) S ch

for all k € Ny. Thus, the update scheme (2.86) is well defined and produces
estimates for x.(tx), whose accuracy can be controlled by the step size.

Proof. The first claim has been shown in Lemma 2.7. Therefore, claim 2) and 3) can
be shown analogously to the proof of the second and third claim of Theorem 2.12. [J



Chapter 3

Application I: Intrinsic Subspace
Tracking

In this chapter we apply the general tracking techniques of the previous chapter to
derive iterative algorithms for computing the principal subspace of time-varying sym-
metric matrices. The principal subspace of a symmetric matrix A € R™*" is the
m-dimensional eigenspace V', corresponding to the m largest eigenvalues of A for some
1<m<n.

The proposed algorithms are defined directly on the manifold; i.e. they are constructed
either in a coordinate free way or via local coordinates. No Lagrange multiplier tech-
niques are used or needed, nor any projection techniques that attempt to find solutions
by projecting back suitable ambient space approximations. For this reason we refer
to our algorithms as intrinsic. Our approach is motivated by [33], where new intrinsic
implementations of the Newton method on Grassmann manifolds are introduced; thus
improving earlier constructions by [23]. This approach can be easily extended to the
time-varying problems, as is shown here. This leads us to particularly simple update
schemes which robustly perform the tracking task.

3.1 Time-varying Newton flow for principal sub-
space tracking

We now consider the task of determining the non-constant m-dimensional principal
subspace V(t) of a family of symmetic matrices A(t) € R"*", ¢t € R, with eigenvalues
A1(t) > ... > Au(t). In order to derive the subspace tracking algorithms, we make the
following assumptions:

A1 The map t — A(t) € Sym(n) is C" for some integer > 2 and all ¢t € R.
A2 ||A®)|, ||A(t)|| and ||A(t)|| are uniformly bounded for t € R.

A3 The m largest eigenvalues of A(t) are well separated from the others, i.e. there
exists ¢ > 0 such that
Ai(t) = A1) = ¢,

69
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forl<i<mandm+1<j<n,teR.

Note that conditions (A1) and (A3) imply the existence of a C"-curve ¢t — R(t) € O(n)
of orthogonal transformations such that

R(t)TA(t)R(t) = diag (D (t), Dy(t)),

where D1 (t) € Sym(m) has the eigenvalues A\ (t), ..., Ay (t) and Dy (t) € Sym(n—m) has
the eigenvalues A, 11 (%), ..., A\, (t) cf. Dieci and Eirola [20]. Note, that the blocks Dy, Dy
are not assumed to be diagonal. Thus for [R;(t) Ra(t)] := R(t) with Ry (t) € R™™ we
get Ry(t)"Ry(t) = I, and

Ri(t)TA(t)Ry(t) = Dy ().

The span of the columns of R;(t) is therefore the principal subspace of A(t),i.e. V() =
Im(Ry(t)). Note that for any Q € O(m), the columns of R; ()@ also span the principal
subspace of A(t).

To eliminate this ambiguity, we work on the Grassmann manifold, or more conveniently,
on the Grassmannian Gry,,,. Recall, that the Grassmann manifold Grass(m,n) is
defined as the set of m-dimensional subspaces in R™. It is well known that Grass(m,n)
is a compact smooth manifold of dimension m(n — m). In the sequel we prefer to
work with an alternative, equivalent definition of the Grassmann manifold via the so-
called Grassmannian Gry,,, which is defined as the set of rank m selfadjoint projection
operators in R™:

Grypp = {P €R™" | P = P,P> = P,tr P = m}. (3.1)

It is well known, cf. Helmke and Moore [35], that f : Gr,,, — Grass(m,n), P —
Im(P) defines a smooth diffeomorphism. Note, that the Grassmannian Gr,,, is a
Riemannian submanifold of the vector space of all symmetric matrices Sym,, := {S €
R™" | ST = S}, endowed with the Frobenius inner product. Thus the Frobenius
inner product now assumes the role of the Euclidean inner product in R™ and defines
a Riemannian metric

<& n>=tr(&n)

on each tangent space TpGry, ,,, Which is given by
TpGrpn = {[P,2] | Q € s0,}. (3.2)

The information about the principal subspaces of a time-varying family of symmetric
matrices A(t) is now fully stored in the C"-family of projection operators P,(t) :=
Ri(t)R,(t)" € Gry,. Thus, in order to characterize the dominant subspaces of A(t),
we consider the trace function (Rayleigh quotient function) f : Gr,,, x R — R, defined
by

f(Pt) = tr (A(t)P). (3.3)

It is well known that the maximum value of tr (A(t)P) is > ., Ai(t), implying that
P, maximizes f(P,t) if and only if P, = Ry(t)Ri(t)". Hence, the task of tracking
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the principal subspace of A(t) is equivalent to track the points maximizing f(P,t).
For this reason, we can characterize the invariant subspaces of A(t) via the zeros of
the time-varying gradient vector field grad f(P,t). From [33, 63|, explicit forms for
the Riemannian gradient grad f and the Riemannian Hessian operator of the Rayleigh
quotient function (3.3) are

grad f(P,t) = [P, [P, A®)]], .
Hiy(Pt)-X = [P[X,A®)])], X € TpGrpn (3.5)

The next lemma shows that the points of the curve P,(t), which maximize f(P,t), are
well separated from other critical points.

Lemma 3.1. Let A(t) satisfy (A1)-(A3). Then fort € R and P sufficiently close to
P.(t), the condition grad f(P,t) = 0 holds if and only if P = P.(t).

Proof. The result follows by assumption on P, since I'm(P.(t)) is an isolated invariant
subspace of A(t).
0

We next derive bounds for the norm of the Riemannian Hessian.

Lemma 3.2. Let A(t) satisfy (A1)-(A83). Then there exist constants My, My > 0 such
that the Hessian Hy satisfies

M, < ||Hf(P*<t)7t) gH < Mo,

for allt € R and all § € Tp,1yGrp, with [|E]| = 1.

Proof. Here and in the following, substitute the symbol I to the matrix [ 16" 8 ] . Let
P.(t) =: ©IOT, Q € so(n) and £ = [P,(t),Q]. Consider

OT(H;(P(t),t)-£)© = —OT[P.(t), [A, [P.(1), Q)]0 = —[I,[07 40, [I,0700)]|].

Zy 2y

(1.
A ZJ

Note that Z := ©TQO € so(n) satisfies for Z = [
s 0 Zy
I, 7] = [ 77 0 } € Sym(n).
Thus,

o7 (/P00 90 = -1V, | gr T 1
Ny N,

— QT 1 =
where N := ©7A© € Sym(n). By using N = [ AR

} , we obtain

T . 0 ZoN3 — N1Z,
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showing that
I(H(P.(t), 1) - )l = |©T (Hp(Pi(t), 1) - €)O| = V2| ZsNs — N1 Z||. (3.6)

Note that N; = O] A(¢)©; and N3 = ©4 A(t)O,, where the columns of ©; span the
principal subspace of A(t), while ©, spans the complementary subspace of A(t). Thus

|ZoN3 — N1 Zs|| > Lnlglm (Ai(t) = A () [ Zal,
mA1<sSn

INS

which implies that
| ZaN3 — N1Zsa|| > || Zal,

for some ¢ > 0, due to assumption (A3). Note further that & = [Py(t), Q] € Tp,1)Grpn

satisfies P
Tear 7| O 2

which shows, that || Zs| = % Thus,

I(H (Pu(t), 1) - O = ¢ [IE]l-

On the other hand, we get from (3.6), that

I(H(Po(t),1) - )l < V2| Ze lrgnag (Ai(t) = A;(1))

< gl max — (Ai(t) = A;(8)) < 2l A@)]-

Sm
m+ j<n

I/\E

The result follows, using assumption (A2). O

We are now able to compute the time-varying Newton flow for the special situation
here. Hence, by using (3.4) and (3.5), the differential equation (2.33) becomes the
implicit differential equation

[P7 [P7A<t>]] = _[P’ [P7A<t)“ - O-[P’ [P’A(t)“ (37)

Thus, by applying Theorem 2.3 to this flow, we arrive at the following convergence
result for the solutions of (3.7) .

Theorem 3.1. Let A(t) satisfy assumptions (A1)-(A3). Then the solution P(t) of
(3.7) exists for all t > 0 and converges exponentially to Pi(t), provided that P(0) is
chosen sufficiently close to P,(0).
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Proof. All we have to check is, whether the function (3.3) satisfies the conditions (1),
(2) of Theorem 2.3. This is easily done, using the above Lemma. Since Gry,, is
a compact Riemannian submanifold of R", Gr,,, is complete with i*(Gr,,,) > 0.
Condition (1) follows directly from Lemma 3.2, since H;(P,t) - = mpDE(P,t) - € for
F(P, t) = grad f(P,t). Here, mp : Sym, — TpGr,,,, denotes the orthogonal projection
onto the tangent space.

To verify Condition (2), consider the derivative of Hy, which is given by

mpD(Hy(P,t) - &) -1 = —mp[n, [A(1),£]],
where £, € TpGry, .. Thus for ||£]| = ||n]] = 1, we get that
lmp D(Hy (P, t) - €) - il < 4[|A()]],

which completes the proof, since assumption (A2) holds. Il

3.2 Subspace tracking algorithms

The above differential equation for subspace tracking is implicit and thus hard to solve
numerically. In this section, we therefore abandon the idea of working directly with
the continuous time flow (3.7) and focus instead on suitable discretized algorithms.
Thus, we specify the general time-varying Newton and parameterized time-varying
Newton algorithm of Section 2 to the situation at hand. This leads us to explicit
new numerical algorithms (Algorithms 2-4) for subspace tracking. Algorithm 1 is well-
known from the work of [23], [44] and provides the benchmark for our subsequent
algorithms. It is implemented by iterative solutions to matrix Sylvester equations, in
conjunction with iterative computations of geodesics of the Grassmannian via singular
value decompositions. However, no time adaptation step is made, to compensate for
the time dependency of the vector fields. Algorithms 2-4 employ solutions to matrix
Sylvester equations for smaller scale matrices; Algorithms 3,4 also incorporate adaptive
terms to reflect time dependency effects. Instead of working with exact formulas for
the geodesics in Algorithms 2,4, we find it more convenient to use approximations of
the matrix exponential via the @)R-factorization. This has the advantage that the
() R-factorization can be exactly computed in finitely many steps, while all algorithms
for computing matrix exponentials or singular value decompositions are inherently
iterative.

Algorithm 1: Riemannian Newton

This method uses the standard Riemannian Newton method to track the time-varying
extremum x,(t) of a cost function f : Grass(m,n) x R — R on the Grassmann manifold
and is due to Lundstrém and Elden [44]. The authors did not give explicit formulas,
but mentioned, that the standard Riemannian Newton algorithm was used to compute
the approximation 41 of z.(tx+1). Hence, by using the notation of Section 2, the
update rule is given by

Ty1 = €XPy, (_Hf(mkatk—l—l)_lgrad f(xk:vtk-i-l)) . (3.8)
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Note that the use of tg,; in this update rule is crucial to perform a Newton update
step towards x,(tx1): If we used t; instead, then the step would go towards ¢, (¢x) and
would lead qualitatively to the same tracking algorithm (up to renumbering). If we
used both, i.e. t; in the Hessian and #;,; in the gradient or vice versa, we would not
perform a real Newton update step but an inexact Newton method.

Thus the only possible implementation is given by formula (3.8), which obviously works,
if all iterates xy lie in the domain of attraction of the Newton method of grad f(-, tx.1)
for k € N. The implementation of the algorithm in [44] then follows the computations in
Edelman, Arias and Smith [23]. However, the convergence properties of (3.8) for time-
varying problems have not been investigated in [44], nor in any previous publication
we are aware of.

Thus the Riemannian Newton tracking algorithm is described using matrices Y (t) €
R™™ gatisfying Y (¢)'Y (t) = I,,, where the principal subspace of A(t) is given by
Im(Y(t)). To compute Y (t) and the corresponding point P(¢) on the Grassmannian
at discrete times t;, = kh for £ € N and h > 0, the task is to maximize the function
f(Y ) = str (YTAQR)Y).

As it turned out, this leads to the computation of the solution Ay of the Sylvester
equation

Hp A(tpg ) I A — ApHyp = — Ry,

where Hk =1-— YkYkT, Hk = YkTA(thrl)Yk and Rk = A(tk+1)Yk - Yka Then the
sequences (Yy) and (Pg) are defined by

Yirr = YiVicos(Zp) V" + Uy sin(S,) V"

3.9
Piy1 =YV, (39)

where U3V, is the compact singular value decomposition of Aj. Thus, this al-
gorithm requires at each step to solve a Sylvester equation for A € R™™ and the
computation of the SVD of A. Therefore, this method uses an overparameterization
of the Grassmannian by the Stiefel manifold.

More efficient implementations of the Riemannian Newton algorithm are possible using
parameterized versions of the Newton method as in [33], which in turn is based on the
earlier work of [61], [38] and [47]. Since these implementations will also appear in our
subsequent algorithms we do not give a parallel treatment here.

Algorithm 2: Parameterized Riemannian Newton

We now consider a subspace tracking method, which originally was derived for op-
timization on the Grassmann manifold in [33]. In order to specify this approach
for maximization of the time-varying cost function f : Gr,,, X R — R, defined by
P — tr(A(t)P), we consider arbitrary families of smooth local uniform parameteri-
zations vp : TpGry,,, — Grp,, and pp : TpGry,,, — Grpp,, of the Grassmannian for
P € Gry, . The proposed parameterized Riemannian Newton update scheme then is

Pees = i, (—Hporp, (0.t:1) V(£ 0 38)(0,t111) ) (3.10)
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where 4p(v,t) := (yp(v),t) for P € Gry,, v € TpGry,, and t € R. Note, that
if both families of parameterizations pp and yp are chosen to be equal to the Rie-
mannian exponential map expp : TpGryy,,, — Gryy,p, then (3.10) becomes equivalent to
the Riemannian Newton method (3.8). Other choices of local parameterizations there-
fore lead to modifications of the Riemannian Newton method. In the sequel, we find
it convenient to replace the Riemannian exponential map by @QR-coordinates on the
Grassmannian. In contrast to this, the parameterization vp is set to the Riemannian
exponential map expp. Then, the parameterized gradient and parameterized Hessian
are equal to the Riemannian gradient and Hessian, cf. [33] for details. Thus, (3.10)
turns into

Pk-+1 = KUp, (—Hf(Pk,tkH)*lgrad f(Pk,tk+1)) y (311)

which leads to the following tracking algorithm for the principal subspace P, of a
time-varying symmetric matrix A(t) at discrete times ¢, = kh for k € N and h > 0.
Let Py € Gry,,, with Oy € O(n) such that

Ly 0
P0:®0{0 0}@3.

Then, assuming that ©;, has been computed already, we define

[Nl N,

NQT N3:| = @kTA(thrl)@k

Let Z, € R™ (™) denote the solution to the Sylvester equation
N1 Zy — ZyN3 = Ns.

Then the next iteration step is given as

I, O
Pyt = O {0 0} Sl (3.12)

where

m

L, —Z
nemlQ

Hence to use this algorithm, one needs at each step to solve a Sylvester equation for
7Z € R™(=m) and the execution of the QR-algorithm for a m x n and a (n —m) x n
matrix, cf. Remark 3.1. Therefore, this algorithm has computationally advantages,
compared to Algorithm 1, which requires that a Sylvester equation is solved on matrix
space of dimension mn. In contrast, the Sylvester equation in Algorithm 2 has to
be solved on a matrix space of dimension m(n — m). Since the dimension of the
Grassmann manifold is m(n —m), this is the minimal number of parameters that have
to be computed. This property of working with the minimal number of parameters
is also true for the subsequent algorithms. The resulting advantages are confirmed by
numerical examples in the next section.
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Remark 3.1. The computation of {é”% I_Zk
k n—m

the @Q-factor of the block columns separately, i.e.

& -], B2L)

This relation holds since the first block column [1,,, Z;]" is orthogonal to [—Z; I,,_,,]".

1 can be effectively done by computing
Q

Algorithm 3: Time-varying Newton

In contrast to the previous two methods, this method is derived from a truly time-
varying approach. It comes from the discretization of the Newton flow (3.7) and com-
putes approximations Py of the principal subspace P,(tx) of A(tx) at discrete times
ty = kh for k € N and step size h > 0. It is given by

Pk+1 = eXpPk (—Hf(Pk,t]Qil (grad f(Pk,tk) + hGh(Pk,tk>>) s (313)

where expp denotes the exponential map of Gry,, at P, and G,(P,t) is a suitable
approximation of %grad f(P,t). Thus, by using an approximation A, (t) of A(t), we
set Gh(Pk,tk) = [pk, [Pk, Ah(tk)]]

To implement the discrete tracking algorithm (3.13) however, we need formulas for the
inverse Hessian operator and the exponential map. Note, that for £ = [P, Q] (Q € so(n))

the equation
Hf(P7 t)g = —gradf(P, t) - hGh(P7 t)a

becomes equivalent to
[P, [A@), [P, Q]] = [P, [P, A(t) + hAn(t)]],
and thus to
OT[P,[A(t),[P, Q]| = OT[P, [P, A(t) + hA,(1)]]©, where © € O(n).
Thus, for P =: @f@T, the above equation turns into

[1,[0TA)O,[I,0700]]] = [I,[I,07 (A(t) + hAL(1))6O]). (3.14)

N1y N,

Ppp— T =
Let N := ©TA(t)© € Sym(n), N(t) = [NJ N3

} and let M = OT(A(t) +

hAL(t)© € Sym(n), M(t) = [J]\\;[# ]\]\fﬁ ] Note that Z := 0007 € so(n), Z =
2 3
Z1  Zy )
[ B Z2T 7 } satisfies

L21=| g % | e sy

Thus, the equation (3.14) is equivalent to
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. 0 Zo |y 15
L | gy =i
which shows, that the inverse of Hy is obtained by solving the following Sylvester

equation for Zs:
N1Zy — ZyN3 = My (3.15)

This is the first result needed for the implementation of the discrete update scheme.
We also need the formula of the exponential map of Gr,,,, which is given at P =

o {Ig 8} 07, 0 € O(n), by

cos \/ZoZy I
expp(§) = O | siny/z] 2 o7 | |cos \ ZoZy  —Zy smf VZTZ2Z2Z2 e, (3.16)
N7 :

cf. [33]. Here, Z, is also defined for £ = [P, Q] € TpGr,,,, by Z := ©7Q0 € so(n) with

| 4L 2
z_{_Z; ZS]

Thus, the update scheme (3.13) can be rewritten as

cos \/ ZoZy I
Py1 =0 | siny/z] 2 7T [cos 2o Zy  —7, smf VZTZQZZZ o], (3.17)
_—ZQTZQ p 5 Z2

where Z; solves the Sylvester equation (3.15) and ©, € O(n) satisfies
B I, O .t
The convergence property of this update scheme is characterized in the next theorem.

Theorem 3.2. Let A(t) satisfy (A1)-(A8). Let Ay(t) = Ap(t)", t € R, be an arbitrary
family of symmetric matrices such that ||A(t) — An(t)|| < éh holds for all h > 0, t € R

and some constant ¢ > 0. Then for ¢ > 0 and sufficiently small h > 0, the update
scheme (3.17) satisfies for k € N

diSt(Pk;, P*(tk;)) é Ch,
provided that dist(Fy, P.(0)) < ch.

Proof. With f defined as in (3.3), we obviously have that G (P,t) := [P, [P, An(t)]] is
an approximation of %grad f(P,t) such that for some R,C > 0

H@(R 1)~ 2 gxad [ (P t)H < Ch,
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for all h > 0, P € Bgr(Pi(t)), t € R. Moreover, it has been already shown in
the proof of Theorem 3.1, that the assumptions of Theorem 2.3 are satisfied under
these conditions. Note that condition 1 of Theorem 2.3 implies in particular, that
”7TTI*(t)MDF(IE* (t),t)7Y is bounded for ¢ € R, where we used the notation of Theorem

It remains only to establish bounds on the norm of some partial derivatives of the
gradient that appear in Theorem 2.4. But this follows immediately from the identities

%grad f(Pt) =[P, [P7A(t)]]

and
2

%grad f(P, t) - [P7 [P7A(t)“7

together with the uniform boundedness of ||P||, ||A(t)|| and ||A(t)|| for P € Gr,,,, and
t € R. Thus the assumptions of Theorem 2.4 are satisfied and the result follows from
Theorem 2.4. O

The update scheme (3.17) can be implemented as follows.
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Implementation of Algorithm 3 (Time-varying Newton)

set k= 0.

2. Pick an orthogonal matrix O, € O(n) such that

I, 0
Pk:@k{o O}@,I.

3. Compute for t, = kh

N, N
and
M, M
{Mj Mj = O (A(te) + hAu(te)) O

4. Solve the Sylvester equation
N1Zy — ZyN3 = M.
for Z,, € Rmx(n—m),

5. Compute

N

6. Set k =k + 1 and proceed with 2).

1. Choose the step size h > 0 and Py ~ P,(0) with P, € Gr,,,, and

_

COS \/ Zi 2 . siny/Z7 7

P =0 | siny/Z] 2, 77| |cos vz, —Zy SV
_siny/Z77 Y% -

Algorithm 4: Parameterized time-varying Newton

79

Here we introduce a tracking algorithm for the time-varying principal subspace Pi(t)
of A(t) by using parameterizations of the Grassmannian. It will turn out, that this ap-
proach leads to a much simpler update scheme than the formulas derived for Algorithm

3.

For P € Gry,, we consider the family of smooth local parameterizations

Hp TPGrm,n - Grm,n7

Em (I[P PU+E P
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where (A)g denotes the @ factor of the Q R-factorization A = QR = (A)gR of A. For
this reason, we also call this parameterization QR~coordinates on the Grassmannian.
It is easily seen, cf. [33], that the map pp is smooth on the tangent space TpGry, , with
pp(0) = P and the derivative of the parameterization Dyup(0) : TpGry,,, — TpGrp,y,
is equal to the identity map id. Moreover,

92277 0] .+
50_@[ 0 0]@’

A L. 0©
pet O}@ forP—@[O X

To generate a sequence { P}, which tracks the maximum P, (t) of f at discrete times
t =ty for k € N, h > 0, we consider the parameterized time-varying Newton algorithm

L np(e€) (3.18)

where £ = O [ er.

Pi1 = pp, (—Hp(Pe,tr) " (grad f(Pe, tx) + hGr(Pr, tx)))

where G}, (P, t) denotes an approximation of %grad f(Pg, ), cf. equation (2.36). Note
that we set the second parameterization vyp in (2.36) to be equal to the Riemannian nor-
mal coordinates, which enabled us to replace the parameterized gradient and Hessian
of f by the Riemannian gradient and Hessian in the above formula, cf. [33] for details.
We now attempt to derive a more explicit form of this algorithm. Using an approx-
imation Ay (t) for A(t) and setting G(P,t) to [P, [P, An(t)]], the above equation is
equivalent to

Pk+1 = /ka ((adp o ad A(tk))fl([P, [P, A(tk) + hAh(tk)]])) .
In the previous section, it has been shown, that (ad poad au)) ™' ([P, [P, A(t) +hAx(t)]])
15O 0 Z
equals © | 7
therefore simplifies to

07, where Z € R™*("=™) golves equation (3.15). The update scheme

0 Z

which can be conveniently rewritten as follows:

-
I, —Z] [IL, 0][L., —Z
Pry1 = Oy lZT InmL[ 0 0] [ZT [nmL@;. (3.19)

The convergence properties of the algorithm are stated in the next result.

Theorem 3.3. Under the same assumption as for Theorem 3.2, for ¢ > 0 and suffi-
ciently small h > 0, the sequence (3.19) satisfies

for all k € N and ty, = kh, provided that Py is sufficiently close to P,(0).
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Proof. In order to apply Main Theorem 2.3, we check first the conditions regarding the
parameterization pp(§) = (I + [§, P]), P (I + ¢, P])g :

As mentioned before, the map pp is smooth on the tangent space TpGr,, ,, with up(0) =
P and the derivative of the parameterization Dup(0) : TpGr,y,,, — TpGryy, , is equal to
the identity map id. Thus, it remains to check, if the ||D?up(€)]| is uniformly bounded
for ¢ € Br(0), P € Gry,,, for some fixed R > 0.

ForP:G){Ién 8]@T,and§=@[0 Z]@T,wehave[g,P]:@{O _OZ]@T

ZT 0 Z"
and the parameterization turns into

(ol )=l 7o), (el 1))

which can be rewritten as

oot ool AL )

I —Z

Now let R : R™ ™™ . O(n) be defined by Z {ZT 7

} and note that
Q

AR
for general invertible matrices, cf. [33], we conclude, that the derivatives of R ex-
ist and the norms of the derivatives DR(Z) : R™ (=™ — so(n) and D?*R(Z) :
Rm>(n=m) x Rm>x(=m) _, 5o(n) are uniformly bounded for Z € By(0) for arbitrary
but fixed R > 0. Since ||©] = 1, we get that ||D?*up(£)| is bounded for ||€]| < V2R
and all P € Gry,,. This shows that the parameterization satisfies the necessary con-
ditions.

With f defined as in (3.3), we obviously have that G(P,t) := [P, [P, Ap(t)]] is an
approximation of %grad f(P,t) such that for some R,C' > 0

[ [ _Z] is invertible for all Z € R™*(=™)_ Since the QR factorization is smooth

Hahm 0~ 2 srad f(P. t)H <,

for all h > 0, P € Br(P,(t)), t € R. )
Hence, to employ Main Theorem 2.3, it remains to show for some R > 0 the bounded-
ness of

1. |[Hp(Pu(t),t)] " for all ¢ € R,

2. [[Hp(Pu(t),t)] for all t € R,
3. || Zgrad f(P,t)|| for all P € Bx(P.(t)), t € R,
4. |[DH;(P, 1), | gzerad f(Pt)|, || & Hy(P,t)|| for all P € Ba(Pu(1)), t € R.
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To see (1) it suffices to note Lemma 3.2. The second claim (2) follows from (3.5) and
the boundedness of || A(t)|| and || P.(¢)||. The remaining conditions can be easily seen by
computing the derivatives of (3.4) and (3.5), since || A(¢)|| and ||A(¢)|| are bounded. [

Implementation of Algorithm 4 (Parameterized time-varying Newton)
The update scheme (3.19) defines the following tracking algorithm.

1. Choose the step size h > 0, Py ~ P.(0) with Py € Gry,,, and
pick an orthogonal matrix ©y € O(n) such that

I, 0O
P0:®O|:O 0:|@E)ra

and set £ = 0.

2. Compute for t, = kh

N, N.
bt ] -etae
and
M, M
{Mj Mj = O (A(t) + hAu(tr))Ok.

3. Solve the Sylvester equation
N1Zy — Z N3 = M,
for Z;, € Rmx(n=—m),
4. Compute

Ly, —Z

- I, O
@k+1 = ®k {Z];r In, }Q and Pk+1 = @k—H |: 0 0:| @;—&-1

m

5. Set k = k + 1 and proceed with 2).

Note that the implementation of this algorithm is considerably cheaper than the method
defined by Theorem 3.2. In particular, the computation of ©,; is much simpler than
in Algorithm 3.

Remark 3.2. Minor subspace tracking

Computing the minor components of a matrix frequently arises in signal processing
applications. Here the m-dimensional minor subspace of the symmetric matrix A(t),
is defined by the space spanned by the m smallest eigenvectors of A(t). Since the
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algorithms for the principal subspace tracking are derived by maximizing the cost
function f(P,t) = tr (A(t)P), it is trivial to use such algorithms for minor subspace
analysis. In fact, we just have apply the above methods to the matrix —A(t), since
the principal subspace of —A(t) is the minor subspace of A(t). Therefore, the above
algorithms can be used both for principal and minor component analysis.

3.3 Numerical results

All simulations were performed in Matlab, version 6.5. If not stated otherwise, we used
N = 40 steps, step size h = 0.025, and considered the matrix

Al = X, OK®X. ()" (3.20)
for K(t) = diag (a0 + sin(10t), ..., a; + sin(1t)),

cos(t) sin(t) 0
X,(t)=R" | —sin(t) cos(t) 0 | R. (3.21)
0 0 Ig

Here, R € O(10) is a fixed random orthogonal matrix and a; := 2.5¢ for i = 1,..., 10.
We always used a 2nd order approximation Ay(t) for A(t).

Example 1: Investigation of the time-varying subspace tracking algorithms
In the first simulation, we track the 3-dimensional principal subspace of A(tx) at discrete
times tp = kh for k = 1,...,40. We applied the parameterized time-varying Newton
method (Algorithm 4) to track P, (), which significantly simplifies the computations,
compared to Algorithm 3. In order to test the error correction of the method, we gen-
erate perturbed initial values P’ := P,(0)+ B, where B is a random matrix with entries
in (—0.2,0.2). Then the perturbed starting point P, is obtained by orthogonalizing P’
via the QR-algorithm.

From the error plot, where || P, — P.(tx)|| is shown, we observe a fast convergence to
zero, cf. Figure 3.1, indicating the robustness of the chosen method. The mean error
= ZiO:Sl | Py — P.(t)| of the 10 last points was about 1.2 - 10~%.

In Figure 3.2, the trace of A(ty)Py is compared to the sum of the first three principal
eigenvalues Ay (tx), ..., A3(tx). We observe that after a few initial steps, these magnitudes
are practically equal, confirming that Py approximatively maximizes tr (A(ty)P).

[(’)” 8] ©.. This
orthogonal matrix ©; has the property, that the leading columns O [I3 0] € R*?*3 ap-
proximatively span the principal subspace of A(tx). We therefore computed the eigen-
values of [I3 0|0, A(t;)Ox[I3 0] and compared them with the dominant eigenvalues of
A(ty,), cf. Figure 3.3. Here fast convergence of the eigenvalues of [I3 0|0 A(t;)O[I3 0]
to the principal eigenvalues of A(t) is observed.

Next, we investigate the influence of the step size on the accuracy of Algorithm 4 by
changing the step size after each run. We use perfect initial conditions, i.e. Py = P,(0)

Note that Algorithm 4 computes a matrix O, and sets P, = Oy
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Figure 3.1: The evolution of the error ||Py — P.(t;)||. The parameterization method
(3.19) was used.

Step size h 0.01 0.02 0.03 0.04 0.05 0.1
Accuracy |[2.1-107°[7.0-107° | 1.4-107*|3.4-107* | 4.7-107* | 6.1-1073

Table 3.1: The accuracy of Algorithm 4 for different step sizes.
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Figure 3.2: The evolution of tr (P, A(tx)) (dotted) compared to the sum of the principal
eigenvalues A (tx), Aa(tx), A3(tx), corresponding to Figure 3.1.

and define the accuracy by S0 ||Pe — Pu(ty)|. The results are given in Table 3.1
and show, that the error is increasing overproportionally to the step size.

Example 2: Behavior near coalescing principal and minor eigenvalues

Note that we needed to assume that the smallest principal eigenvalue is well separated
from the minor eigenvalues, to prove the convergence of the tracking algorithms. Thus,
we also checked the algorithm’s behavior in the case of ”almost coalescing principal and
minor eigenvalues”. Since the algorithm also works in case of some identical eigenvalues
we considered the following setup:

The matrix A(t) was defined as in (3.20), where now K (t) = diag (ai(t), ..., a10(t)) for
ai(t) = as(t) = az(t) = 2.001 —sin(t) and aq(t) = ... = ayo(t) = sin(t). We computed
the 3-dimensional principal subspace P, ~ P.(tx) of A(ty) for k = 1,...,80 by using
Algorithm 4. For ¢t = /2, we have A\3(t) = 1.001 and A\4(¢) = 1. Thus for k = 63, we can
expect a perturbation in the algorithm’s output, since tg3 = 63 x 0.025 = 1.575 ~ 7/2.
Figure 3.4 exhibits the error || P, — P, (t)|| of the algorithm’s output. In fact, we observe
a perturbation behavior around k£ = 63, which, however, does not cause a breakdown
of the algorithm. This again reflects the robustness of the used method.

Example 3: Subspace tracking using the parameterized Newton algorithm
Using the same setups as in the above numerical examples, we checked, if the parame-
terized Newton algorithm (Algorithm 2) is also able to track the time-varying principal
subspace of A(t). It turned out, that this is true for all considered examples, and in
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Figure 3.3: The eigenvalues of [I3 0]0] A(t;,)O4[l3 0] (dotted) compared to the prin-
cipal eigenvalues of A(ty), corresponding to Figure 3.1.
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Figure 3.4: Almost coalescing eigenvalues: The error plot || P, — Ps(tx)]|-
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addition, the accuracy of the computed values was better than the results of Algorithm
4. E.g. for step size 0.025 and A(t) as defined in Example 1, we observed an accuracy
of 3.2 -107% which is significantly better than 1.2 - 10~% for Algorithm 4.

This is a phenomenon, which we have observed also in other simulations: if the situation
is such, that the standard (parameterized) Newton method is also able to perform the
tracking task, then the results have a better accuracy than those based on the time-
varying approach. The main advantage of the time-varying Newton update scheme is,
that it is more robust under perturbations and allows larger step sizes.

We therefore increased the step sizes to 0.1 and increased the time-dependency of the
principal subspace by 5 times; i.e. we used X, (t) := X, (5t) instead of X, (t) in equation
(3.20). We computed 40 steps for 100 test runs using different random matrices R in
(3.21) and started with perfect initial conditions in each test.

Then we observed exactly what is expected: The time-varying Newton algorithm is still
able to perform the tracking task with an accuracy of 1.1-107! in all test runs. The
parameterized Newton algorithm (Algorithm 2) showed in 75% of all cases a higher
accuracy, but in the remaining 25%, the algorithm completely failed. The failure could
be observed in the error plots, where the values arbitrarily varied between 0 and 1.

In order to combine the robustness of the time-varying Newton (Algorithm 4) with the
accuracy of the parameterized Newton update scheme (Algorithm 2), we suggest to
merge these methods. Thus Algorithm 4 is extended by an additional corrector step.
The implementation is as follows:

Algorithm 4’: Extended parameterized time-varying Newton

. I, .
For P, € Gr,,,, and O} € O(n) with P, = O { 0 8] O/, compute Pyy; and Oy in
two steps:

1. Obtain estimates P, and O, of P4, and O, by applying one step of Algo-
rithm 4 (i.e. by evaluating equation (3.19)).

2. Py.1 and O, are given for U\ﬁ %2] = ( QCH)TA(tkH)@;@H by
2 3
I, 0O
Pri1 = Opq { 0 0} CH (3.22)

and
Q

A
Oner = O {ZJ I

where Z;, € R™*("™™) solves the Sylvester equation
lek - ZkNg = NQ.
Example 4: Comparison of different subspace tracking methods

We have seen in the previous examples, that the methods based on the time-varying
and time-invariant Riemannian Newton algorithm are well suitable for tracking. We
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Riemannian Newton Parameterized Extended
(Algorithm 1) Newton (Algorithm parameterized
2) time-varying Newton

(Algorithm 4”)

n | Comp.timeMean error | Comp.timeMean error | Comp.timeMean error

10 0.06 5.7-107° 0.02 3.2-107° 0.06 2.4-107°
20 0.09 6.9-107° 0.06 1.2-107° 0.09 2.5-107°
40 0.28 5.6-1077 0.17 5.0-1077 0.38 2.9-107%
80 1.38 1.2-107 0.92 1.3-107° 2.15 4.5-107°
160 8.99 6.3-1077 6.89 6.5-107" 14.6 6.2-1077

Table 3.2: The computing time and mean error of the algorithms for different n. We
used m = 3.

therefore compare the tracking results of Algorithm 1, Algorithm 2 and Algorithm 4’
with each other, where we observe the computing time and accuracy.
In order to do so, we used different n, m € N, step size h = 0.025, t, = kh, k =1, ..., 40,
and

Alt) = X,(OK ()X, (t)" € R™™,

cos(t) sin(t) 0

for K (t) = diag (a, +sin(nt), ...,a; +sin(1t)), X.(t) = RT | —sin(t) cos(t) 0 | R.
0 0 I,

Here, R € O(n) is a fixed random orthogonal matrix and a; := 2.5¢ for i = 1,...,n.
As before, the task is to compute estimates P, of the principal subspace Pi(t)) of A(ty).
To measure the accuracy of the algorithm’s output, we use the formula ﬁ Ziozl | P, —
Po(ti)ll-
In Table 3.2, we see the computing time and accuracy of the algorithms for fixed m = 3
and perfect initial conditions, whereas in Table 3.3, we modified m for fixed n = 80.
We observe, that all algorithms are able to track the subspace of A(tx) at a reasonable
accuracy. However, Algorithm 2 shows the best performance regarding the computing
time and Algorithm 4’ yields the most accurate results.
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Riemannian Newton
(Algorithm 1)

Parameterized
Newton (Algorithm
2)

Extended
parameterized
time-varying Newton
(Algorithm 4)

m | Comp.timeMean error | Comp.timeMean error | Comp.timeMean error
3 1.38 1.2-10°° 0.92 1.3-10°° 2.15 4.5-1077
6 9.16 2.2-107° 3.70 1.9-107° 8.80 5.7-1077
12 67.2 1.4-107°° 21.3 1.5-107° 39.4 2.1-1077
24 500 3.3-107° 82.4 4.2.107° 195 2.7-1077

89

Table 3.3: The computing time and mean error of the algorithms for different m. We
used n = 80.



Chapter 4

Application II: Tracking Matrix
Decompositions

In this chapter we apply the previously introduced tracking methods to the task of
determining certain decompositions of time-varying matrices. At first we consider the
eigenvalue decomposition (EVD) of time-varying symmetric matrices in the case of
simple eigenvalues. Robust tracking algorithms for this purpose will be derived by
using the time-varying Newton flow. Since it is a common situation to have symmetric
matrices with distinct groups of eigenvalues of constant multiplicities, we will further-
more investigate this case. Then we are able to use a well known relation between the
singular value decomposition (SVD) and the EVD to modify these algorithms such that
they determine the time-varying SVD of non-square matrices. The resulting tracking
algorithm then can be used to derive related matrix factorizations. Thus we give a
SVD-based method to compute the polar decomposition of a family of invertible ma-
trices. At the end of this chapter we reexamine the minor and principal eigenvector
tracking of time-varying matrices.

In the following sections, some well known conditions guaranteeing the existence of
a smooth SVD (EVD) of time-varying (symmetric) matrices will be cited. To get
efficient tracking algorithms for the decomposition, however, the standard eigenvalue
algorithms for constant matrices, see e.g. Horn [36] are not suited to track the desired
orthogonal factors, since these methods are not designed to profit from the smoothness
of the orthogonal factors.

Differential equations to track the time-varying EVD and SVD can be found in numer-
ous publications, see e.g. Wright [70], Bell [9] or in the paper of Dieci [20], where the
latter provides a good overview for such methods. By using discretization techniques,
recursive update schemes can be derived from these ODEs. To guarantee a reasonable
accuracy of the algorithm’s output, however, one needs to execute intermediate correc-
tor methods, since the discretization error accumulates at each step. Otherwise, the
update scheme would produce senseless results after a number of steps, depending on
the setup of the problem and the discretization technique chosen.

In contrast to this, the methods derived in this chapter for the EVD and SVD auto-
matically perform error correction up to a certain accuracy. In particular, the tracking

90
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error does not accumulate at each step but remains at a fixed level, which is a major
benefit of using an approach based on the time-varying Newton flow.

4.1 Eigenvalue and singular value decomposition

In this section we initially consider the problem of diagonalizing a smooth family of
symmetric matrices A(t). Thus, we want to determine a smooth map ¢ — X (t) € O(n)
such that for all ¢ € R holds

Alt) = X(H)D)X(1)",

where D(t) is a diagonal matrix. In the case, that A(t) has distinct eigenvalues, the
desired transformations are locally unique and can be determined via our theory by
applying the standard (approximative) Newton flow to a suitable vector field, cf. [6].
Subsequently, we extend this first result to symmetric matrices with a group of equal
eigenvalues. As the diagonalizing transformations are not uniquely determined then,
we have to modify the original approach and use the tracking algorithm for underde-
termined systems. Finally, these results are used to derive an update scheme, which
performs the singular value decomposition of a sequence of non-square matrices.

4.1.1 Diagonalization of symmetric matrices with distinct
eigenvalues

Let t — A(t) € R™" be a C"-family (r > 2) of real symmetric matrices, with

eigenvalues A1 (1), ..., A\,(t), t € R. If these eigenvalues are distinct for all ¢ € R, there

exists a C"-family of real orthogonal transformations X, (¢), such that X, ()T A(t) X, ()

is diagonal for all ¢t € R, cf. [62]. Our goal is to track such transformations by using

the time-varying Newton flow.
In order to do so, we further require that A(t) satisfies the following conditions:

L [JA®)|, ||A(®)| and ||A(t)| are uniformly bounded on R.
2. There exists a constant ¢ > 0 such that |A;(¢) — A;(t)| > c for i # j and all t € R.

We now reformulate the original eigenvector tracking task into a zero-finding problem.
Consider therefore the time-varying vector field

F:R™™ xR — R™" (4.1)

defined by

F(X,t) =[N, X"AHOX]+ XX — I, (4.2)
where [ is the identity matrix, N = diag(1,...,n) and [,] is the Lie-Bracket product
defined as [A, B] :== AB — BA for A, B € R"*".

Lemma 4.1. F(X,t) = 0 if and only if X is an orthogonal matriz such that X T A(t)X
s diagonal.
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Proof. Note that the first summand of F' is skew symmetric while the second one is
symmetric. Thus F' vanishes if and only if the two summands vanish, i.e. if and only

if X is orthogonal and
[N, XTA(t)X] = 0.

Since N is diagonal with distinct eigenvalues, the result follows.
m

Hence, the task of finding an orthogonal transformation X such that XTA(#)X is
diagonal, is equivalent to that of finding a zero of F(X,t). In order to use the time-
varying Newton flow, certain technical assumptions have to be checked. This is done
in the next lemma.

Lemma 4.2. Let A(t) and F : R™"™ x R — R™" be as above. There exists a continu-
ously differentiable isolated solution X,.(t) to F(X,t) =0. F(X,t) is C* in X and C?
n (X,t). There exist constants My, My, M3, My > 0 such that

1. |D*F(X,t)|| < My, for all X € R™*"
2. [IDF(X.(t), 1) < M,
3. |2DF(X,t)|| < Mj, for all X € B,(X.(t)) for some r > 0.
4 [IDF(X.(8), )| < M,
holds for all t € R.

Proof. The claim concerning the differentiability properties of F'(X,t) is obvious.
The first and second partial derivatives of F' w.r.to X are the linear and bilinear maps
DF(X,t) and D*F(X,t) respectively, given as

DF(X,t)-H=[N,H"A)X + XTAWH] + H' X + X" H, (4.3)

D*F(X,t)- (H,H)=[N,H ' At)H+ H A®)H|+ H'H+ H"H,  (4.4)
and the partial derivatives of F'(X,¢) and DF(X,t) w.r.to t are

% F(X,t) =[N, X TA(t)X], (4.5)
and P
o DE(X.1) - H = [N HTA@)X + XTA(t)H]. (4.6)

From this we deduce the operator norm estimates

IDEX, )] < 2(1 + 2al| N]){IXT, (4.7)

H—DF (X, 1) H < Ad||N|| X, (4.8)
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and || D*F (X, t)|| < 2(1+2a||N|)), where a denotes the infinity-norm of A and d denotes
the infinity-norm of A. This shows 1)-3).
We next show, that the partial derivative operator DF(X,,t) is invertible for any

solution (X,,t) of FI(X,t) = 0. In particular, X, is orthogonal and
DF(X,,t)-H=[N,H'At)X,+ X]A®H|+ H" X, + X[ H. (4.9)
Substituting H = X, - &, for £ € R™*" arbitrary, we obtain
DE(X,,t) - (X,6) = [N, " XA X, + X] A X&) + T X X, + X[ X6 (4.10)

=[N,¢'D+ D+ &' +¢,

where D = X A(t) X, is diagonal. Thus X,£ is in the kernel of DF(X,,t) if and only
if € is skew symmetric and [V, [D,¢]] = 0. Hence [D,&] must be diagonal and since
D has distinct diagonal entries we conclude that & = 0. This shows that DF(X,,t)
is invertible for any zero of F. By the implicit function Theorem it follows that for
every orthogonal X, with X A(0)X, diagonal, there exists a unique C*-curve X,(t) of
orthogonal matrices with X, (0) = X,. This shows the first claim.

To prove 4), we derive a lower bound for the singular values of DF(X,,t). Let &,
denote the entry of ¢ with the largest absolute value. Assuming that the norm of &
is equal to one, the absolute value of &, is at least T% The smallest singular value of
DF(X.,t) is lower bounded by the sum of squares

(qu)\p(p —q)+ fqp/\q(p - Q))2 + (qu + gq’p)2

of the pg-entries of [N, "D + DE] and €7 + £. For p = ¢ this is lower bounded by %,
while otherwise it is lower bounded by (£,,\, + EpAg)? + (Epg + Egp)*-
The latter is a quadratic function in &, with minimum:

ng(AP — )\q)z > (Ag — >‘p)2
14+A2 7 (14 A2)

This is the desired lower bound for the singular values of DF(X,,t). Thus 4) follows
with

M, = n’*max (1, L —i—a) .
2 m
O]

It follows, that F' satisfies the conditions of Theorem 2.9. Thus, the solution X (¢) of
the differential equation

X =DF(X,t)™* (M(X)F(X, t) — %F(X, t)) (4.11)

exists for all ¢ € R and converges exponentially to X,(t), provided X (0) is sufficiently
close to X,(0) and M is a stable bundle map.
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Moreover, the necessary conditions of the discrete Newton flow are satisfied, cf. The-
orem 2.10. Recall that the algorithms works at discrete times ¢, = kh for h > 0,
M(X)=—+1 and k € N,

Therefore, the sequence

Xji1 = Xy, — DF (X, t) " (F (X, tr) + hEM (X, 1)) (4.12)

is well defined and produces estimates X}, for X, (x), whose accuracy can be controlled
by the step size. Here, the approximation F(X,t) of %F(X, t) can be chosen as
described in Section 2.1.2.2.

Vectorizing the algorithm

In order to implement the above algorithm, we need a way to compute the inverse of
DF'. One possibility is to employ the well known VEC operation and the Kronecker
product, cf. appendix.

Consider the vectorization of equation (4.12)

VEC(Xk41) = VEC(Xy) — H (X, ty) 'VEC (F(Xg, t) + hF*( Xy, tr)),  (4.13)
where, H is a matrix representation of DF, which can be determined by considering
H(X,t)-VEC(H) = VEC ([N, H'A(t)X + XTA(t)H|+ H' X + X 'H) =
VEC (NHTA(t)X + NXTA(t)H — H' A(t)XN — XTA)HN + H' X + X 'H) =
(XTAG) @ N)m+ I @ NXTA(t) — (NXTA() @ I)m — N @ X TA(t)+
+(XT®@r+I®X")VEC(H),

where ® denotes the Kronecker product and 7 € R™*"* ig such that for all Z € R™*"
holds
TVEC(Z) = VEC(Z).

Hence, the matrix representation of DF' is given as
H(X,t)=

(XTAH)®N —NXTAB) @I+ X" @)1+ IO NX At - N X TA{t)+I® X .

By noting the results from Lemma 4.2, the next theorem directly follows from Theorem
2.10.

Theorem 4.1. Let A(t), N and F : R"™" x R — R™*" as above and let X,(t) denote
a C*-family of orthogonal matrices such that F(X.(t),t) = 0 for all t. Let further
FM(Xt) denote an approximation of %F(X, t) of order p > 1 and let

H(X,t):=

(XTAH)®N -NXTAH) @I+ X' @) 7+ IQNX Al - No X "A{t)+ @ X .
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Then the sequence (Xy)gen, defined by

VEC(Xj11) = VEC(Xy) — H(Xy, t) "VEC (F(Xy, ty) + hEM( Xy, 1)) . | (4.14)

satisfies for fived ¢ > 0 and sufficiently small h > 0
[ Xk — X ()] < ch

for all k € N, provided that || Xo — X.(0)]] < ch.

Note that the above defined algorithm needs the inversion of a matrix of size n? x

n? which implies, that this procedure is not practical for large n. Therefore, it will
be studied in the following, how to approximatively invert the linear map DF(X,t)
without computing its matrix representation.

Solving the Sylvester equation '
To replace the differential (4.11) equation by one of the form X = X, consider

DE(X,t)- XQ=[N,Q"XTAHOX + XTAHOXQY+ X" XQ+Q'XTX = K 4 Y4.15)

where K, Y are given skew symmetric and symmetric matrices, respectively.
Equation (4.15) is equivalent to the following equations

X'XQ+Q'X'X =Y, (4.16)
IN,QTXTA®)X + XTA(H)XQ] = K. (4.17)
According to [3], a general solution to (4.16) is given by
1
Q=(X"Xx)"! <Z + §Y> : (4.18)
where Z = —Z7 is the only remaining variable. We insert this equation for € into

(4.17) and obtain
1 1
N, (=Z+ §Y)X*1A(t)X + XTA)XHT(Z + 5Y)} =K,
which is equivalent to

[N, - ZXTA®)X + XTA)(X N Z] = (4.19)

K — %[N, YXTAB)X + X TA@)(XHTY].

We use an approximation for 2 F(X, ), which is given by F = [N, X T A%(t) X], where
Al(t) is a step size-dependent approximation of A(t). Note further, that in our sit-
uation, K,Y are the skew symmetric and symmetric part of —%F(X, t)— Fh(X, 1),
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respectively. Thus, K = [N,—+XTA(H)X — XTA)X], Y = —3(X'X — I) and
(4.19) can be written as
[N, - ZXTTAOX + XTAH)X HTZ] = (4.20)
1

[N, —EXTA(t)X — XA X - %(YX‘lA(t)X + XTABX DY)

This yields the following condition for the off-diagonal entries:

—ZXTTADX +XTAB)XH'Z =R, (4.21)

where R = — 1 XTA(H)X — XTAXHX — S(VXTAOX + XTAQ@)(XH)TY).

Since R is symmetric, this is a set of n(n — 1)/2 linear equations in the entries of Z,
which uniquely determines the skew symmetric matrix Z.

For t € R, let X, = X, (¢). Then (4.21) turns for X = X, into

~ZXJAWX, + X A(t)X.Z = R,, (4.22)
R.=—3XJAWX, — XJAM)X, - LY XTA() X, + X, A(t)X.Y), and therefore

(Ra)iy :
Zij = { o 1A (4.23)
0, 1=

This shows in particular, that the linear system (4.21) is solvable and well conditioned
in X = X,, since the eigenvalues )\; of X A(t) X, are well separated. Thus (4.21) is
robust under small changes of the left and right sides, for X sufficiently close to X,.
For this reason, we replace in (4.21) X! by the approximation X and X " A(t)X by
its diagonal part D := diag (X TA()X )11, ..., (X TA(t)X)nn) and obtain an explicit
formula for the approximation Z of Z:

~ Ry; . .

Z, = { Di-Dj;’ " a J (4.24)
0, 1=

We arrive at the following tracking algorithm. Note that the corresponding algorithm of

Dieci [20] only consists of the first summand €2f; of our algorithm. Thus, the additional

terms stabilize the algorithm s.th. it is robust under perturbations.

Theorem 4.2. Let A(t) as above and let AM(t) denote an approzimation of A(t) of
order p > 1. Let further t — X, (t) denote a C* curve of orthogonal matrices such that
X.(t)TA(t)X.(t) is diagonal. Define for X € R™", t € R and h >0, Y (X,t) := 3 (I —
XTX), di(X,t) == (XTAt)X )y fori=1,...n, D(X,t):= diag (di(X,1), ..., d, (X, 1))
and

QX 1) = QX t) + QUX, t) + Q°(X, 1),

where

(XTAZ)X) i Sy
1] Y O .
y =7
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(FXTAWX+L(Y(X)D(X 1) +D(X )Y (X 1)))i i
2. QL(X,t) = & (XD =di(X.1) 87
0 , =]

3. Q°(X,t) = 1Y (X, 1).

Then for ¢ > 0 and sufficiently small h > 0, the sequence

Xir1 = Xp, + hXeQ( X, tr) (4.25)

satisfies for k € N and t, = kh
[ X5 — X))l < ch,
provided Xy is sufficiently close to X,(0).

Proof. We have derived an explicit expression X (Z + 1Y) for G(X,t) (FM(X,t)+
%F(X,t)), where F(X,t) = [N, XTA®)X]+ X"X — I, F'MX,t) = [N, XTA!#)X]
and G denotes the used approximation for DF !,

In order to apply Theorem 2.4 for the derived tracking algorithm, we consider the
perturbation term, which is given by

I(X,t) = (I - DF(X,t)G(X,1)) (FT’”L(X, t) + %F(X, t)) : (4.26)

We have to show, that
(I, )| < el (XD, (4.27)

for some constant ¢ > 0 and all || X — X, (¢)|| <7, t > 0. By Lemma 4.2, there exist
constants M, R > 0 such that for all || X — X, (¢)|| < R, t > 0 holds

|DF(X,t)|| < M. (4.28)

Therefore, using (4.26)
ITI(X, 1) = HDF(X, DDF(X, 1)~ — G(X, 1)) (Ff(x, P+ %F(X, t)) H <
M H(DF(X, - G(X,1)) (FJ?(X, t) + %F(X, t)) H =

M H(XT)—l(Z + %Y) - X(Z + %Y)‘ ,

where DF(X ) ! (—%F(X t)— FMX,t)) = (XT)"MZ + 3Y), cf. equation (4.18)
and also G(X,t) (—+F(X,t) — F}(X,t)) = X(Z + 1Y), since G is an approximation
of DF1.
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We get that

el < (| (00 - x) v 41Xz - 2+ @) - 021) 029

where Z and Z are skew symmetric matrices satisfying

offdiag (~ZX 'A)X + XTA#)(X ") 2Z) = (4.30)

offdiag (—%XTA(t)X —XTAMHX — %(YX‘lA(t)X + XTA(t)(X‘l)TY)>

and
offdiag (—Zdiag(X TA(t)X) + diag(X TA(t)X)Z) = (4.31)

offdiag (—%XTA(t)X —XTAMHX — %(YXTA(t)X + XTA(t)XY)) :

respectively. We assume that for some ¢,h > 0 and all t € R, || X — X, ()| =: 0 < ch.
Then we can estimate the terms in (4.29) as follows:

L [(XT)™ — X < ¢ for some ¢; > 0:
We use that X = X,(t)({ + E), where ||E|| < 0. Thus

(XD X=X, U+E)YTI+E)"-X,t)I+E)=

X.t)((I+E)y"—I-E)=X.) ({+E)"—(I+E)"UI+E)"-E) =
X.t)(I+E)"I-I+E)")-E)
Thus

T = X1 < N+ EY BT+ 1Bl < BN+ B+ ) <
1 1
Fl|l ———+1) < — +1
1 (g +1) <9 (755 +1)

2. ||Y|| £ ¢ for some ¢y > 0:

provided § < 1.

X'X=(I+ENX.t)'X.t)U+E)=1I+E"E+E"+E

Hence,

1 1 )
IVl =217 = XTX]| = L |IETE+ BT + Bl < 2(60+2) < (6 +2).
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3. [|Z|| < ¢; for some ¢35 > 0:
Z is the solution of the linear system (4.30), which is of the form

L(X,t)- Z = B(X,1).

As mentioned before, this system is well conditioned in X = X, (t). Moreover, it is
easily seen that DL(X,(t),t) and D*L(X, t) are uniformly bounded on Br(X,(t)),
t € R. Thus |[L(X,t)7Y| is bounded for X € B,(X.(t)) for some r > 0 and all
t € R. Since B(X,t) = offdiag (—3+ X TA(t)X — XTAM)X — J(YXTA(t) X+
XTA()(X™H)TY)) and the off-diagonal elements of X TA(t)X and hY are of
order h, the norm of B is bounded. This shows the boundedness of ||Z| =
”L(X> t)_l ) B(X7 t)”

4. | Z = Z|| < e40, for some g > 0

First notice that Z is the solution of the linear system (4.31), which is of the form
L(X,t)-Z = B(X,t).

Then we use the familiar estimate for solutions of linear systems (see e.g. [64])

and get: 3 )
> - A ILHHIBIHIL — L]
1Z = Z| < IL7HII1B — Bl + =
1—|[L— L]
From this inequality we conclude the claim, as ||B — B|| = O(d) and ||L — L|| =
0O(0).

Thus (4.29) implies that
1
HH(X, t)” S oM (50162 -+ C4HXH -+ C1€3>

for all || X — X.(¢)|| < ch, t > 0. Thus

1 1
||H(X, t)” S oM (50102 + 041 —h + 0103> .

Note that under the assumptions on F', we have that ||F(X,t)|| > || X — X.(t)|| for
some ,r > 0 for all £ and X € B,(X.(t)) (cf. Theorem 2.12, claim 1).
We get that

M 1 1
e ol < 1G] (e +ag— o +aa)

This shows that the necessary conditions of Theorem 2.12 are satisfied, which proves
the stability claim for (4.25). O

Note that X,(t) is no longer uniquely defined, if A(¢) has multiple eigenvalues, as
eigenspaces of dimension > 1 occur. Thus, the tracking algorithm of Theorem 4.2 is
not applicable in this form and needs further modifications. These are derived in the
following section.
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4.1.2 Diagonalization of symmetric matrices with multiple
eigenvalues

An important extension of the previously introduced EVD tracking algorithms for time-

varying symmetric matrices is to derive methods, working also with multiple eigenval-

ues. This is an obvious demand, since it is a natural situation to have one or more

groups of identical eigenvalues. We therefore make the following assumptions for the
time-varying matrix A(t).

A1l The map t — A(t) € Sym(n) is C" with r > 2.

A2 For some fixed m € N;m < n, the eigenvalues of A(t) satisfy for all £ € R

() # o # A ()

and
Ami1(t) = .. = A (2).

A3 The norms ||A(t)||, [|A(t)|| and ||A(t)|| are uniformly bounded on R.

A4 There exists a constant ¢ > 0 such that for all £ € R holds

Xi(t) = Aj(t)] > ¢, fori#jand 1 <i,7<m+ 1L

The next proposition shows, that under the conditions A1 and A2 | there exists a
C-map t — Q(t) € O(n), such that Q(t)TA(t)Q(t) = diag (Ai(t),..., \n(t)) for all
teR.

Proposition 4.1. Let A(t) € R"*", t € R denote a family of symmetic matrices with
eigenvalues Ay (t), ..., An(t).

1. Ift — A(t) is C", r > 1, and N\(t) # N;(t) fori # j and t € R, then there
exists a C"-eigenvalue decomposition, i.e. there exists a C"-family of orthogonal
matrices Q(t), such that Q(t)T A(t)Q(t) is diagonal.

2. In the case that A(t) has q groups of identical eigenvalues, we subsumize the
identical eigenvalues by defining M\ (t) = ... = Ay (t) = Ai(t),..., A\p,_141(t) =
e = A, (1) =1 Ag(t) for 1 <p1 < ... <py=n for some 1< q<n.
Ift — A(t) is C", r > 1, and N;(t) # Aj(t) fori # j and t € R, then there exists
a C"-eigenvalue decomposition of A(t).

3. If A(t) is real analytic in t, then there exist a real analytic eigenvalue decompo-
sition.

Proof. The first and second claim can be found in Sibuya [62], while the last one has
been shown by Kato [41]. O
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Our goal is to track a diagonalizing C"-transformation Q(t) of A(t), which, however,
is neither unique nor isolated: Any curve

aw=an| ™ ],

where R € O(n — m) yields an other diagonalizing transformation of A(t). But the
first m columns of Q(t) are unique except for their sign. It is therefore appropriate to
define the set of curves, which contain Q(t) and whose elements all diagonalize A(t):

X.(t) = {Q(t) < . ) | ReO(n - m)}. (4.32)

Thus, XTA(t)X is diagonal for all X € X.(t), t € R. Other orthogonal matrices
diagonalizing A(t) are well separated from X, (t), since they have at least one different
sign in one of the first m columns.

In the sequel, we construct a dynamical system, whose solution X (¢) converges expo-
nentially to X, (), i.e.

dist(X (t), X.(t)) < ae™™ for some a,b > 0.

We therefore consider the map

mxm mx(n—m)
F:R”X”@XR”X(”"”)XRH( = K )

RO=m)>xm  Qym(n —m)
defined by

F(Xy, Xo,t) = {N, < 2%8% XFAO(t)XQ )1 + (X X)Xy Xy) =1, (4.33)

where I, is the identity matrix, N = diag(1,...,n), [,] denotes the Lie bracket and
(X1 X5) denotes the n x n matrix, which results from concatenating X; and X.

The next lemma shows that the zeros of F'(-,t) are the desired diagonalizing transfor-
mations of A(?).

Lemma 4.3. Let A(t) satisfy the assumptions A1-A4, let F(X1, Xo,t) and X.(t) as
above and let (X7 X3) € X.(t) for some t € R. Then for sufficiently small r > 0
and X, € B,(X7) holds that F(Xy, Xa,t) =0 if and only if (X1 Xs) is orthogonal and
X, = X;.

Proof. As the first summand of F' is skew symmetric and the second is symmetric,
F vanishes only, if the summands themselves vanish. The second one is zero, if and
only if (X7, X3) is orthogonal, while the first one vanishes, if N commutes with G :=
T T
( §;{2Ei;§i X Aét)X2 ), i.e. @ is diagonal. This is fulfilled, if the columns of
(X1 X3) are pairwise orthogonal eigenvectors of A(t). In particular, the columns of
X; are the eigenvectors of A(t) to the pairwise distinct eigenvalues A;(t), ..., A (t),
whose multiplicity is 1. They are therefore locally unique, i.e. X; = X;. Since the
eigenspace of A,,11(t) has dimension n — m, X5 can be any matrix such that (X; X5)
is orthogonal. O
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In order to track the zero of F', we want to employ the time-varying Newton flow and
need therefore the following result.

Lemma 4.4. Let A(t) satisfy the assumptions A1-A4, let F(X1, Xo,t) and X.(t) as
above. Then there exist some My, My, Mz, My > 0 such that following statements hold:

1. |’D2F<X1,X2,t>” < Mj, fO’/’ all (Xl,XQ> e R™™ x Rnx(n—m)} t eR.
2. IDF (X%, X5,)|| < Ma, for all (X7 X3) € X.(t), t € R.

3. | ZDF (X, Xo, )| < Ms, for all (X; X,) € Up(t) = {X € R™™| dist(X, X.(t)) <

r}, t € R and some fized r > 0.

J. ker(DF(Xt, X5 1)) = {(X; X;5) ( - ) 7 € sofn - m)}, for all (X X3) €

X, (1), t e R.

5. tkDF (X7, X5,t) =n® — J(n —m)(n —m — 1), for all (X7 X3) € X,(t), t € R.

R

Omin(DF (X3, X3, 8)T) > My for all (X7 X3) € X.(t), t € R.

Here, DF and D*F denote the derivatives of F with respect to (X1 X») and o min(B)
denotes the smallest singular value of B € R™ ™.

Proof. Consider at first the derivatives of F' with respect to (X; X3) =: X, where
H := (H, H,) denotes a tangent vector of R™™ x Rm*(n=m),

DF(X1,X2,t) - H=DF(Xy,Xs,t) - (H, Hy) =

HIAMX, + X[ A()H, H] At) X, + X A(t)Hy T -
{N’ ( HY A() X, + XJ At H, 0 THA XA,

D?F(X1, Xa,t) - (Hy Hy), (H, Hy)) =

N, HQA(t)lih + EIQA(t)Hl HIAWH: + ATAOH ] | g i
H, A(t)H: + Hy A(t)Hy 0

Moreover,

O DF(Xy, Xout) - (Hy Hy) — [N, <

HIAX, + XTAH, HJAX,+ X AH, >]
ot ‘

HAX, + X, AH, 0

Thus, the claims 1)-3) are obvious, as ||(X; X3)||, [|A(t)|| and ||A(t)|| are uniformly
bounded for (X; X») € U,(t), t € R.

To show 4) we use for tangent vectors H =: X¢ with X = (X7 X5) and £ = (& &)
and consider

DF(Xy,Xs,t)- H=DF(Xy,Xs,t)- (H, Hy) =

{N’ ( HIAMX, + X[ A()H, H] A{t) X, + X[ A(t)Hy

T T _
HY AD)X) + X) A()H, 0 )} FH XX =
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o SXTADX + XTADXE XTAWDX. + XTA(DXE
T\ G XTAMX + XS A(H)XG 0

Let D = diag (\i(t), ..., \n(t)) and consider for ¢ € R the derivative of F' in X =

(X7 X3) € X, (1)

>] +HTXTX+XTXE.

DF(‘XT?ngt) ’ (Xf X;)(gl 52) =

LX) TAMXT + (X)) TAMXE & (X)TADXS + (X)) TAMN)X.&
{N’ ( & (XO)TAWXT + (X)) TAM)X.& 0 )} +ET+¢€

=K+Y

This is a sum of a skew symmetric (K) and a symmetric term (Y"), which is zero, if each

summand vanishes. To have Y = 0 we need ¢ = —¢. Now consider K and use D; =

ding (A (1), o A(t)). Dy = ( o ) & ™™ and Dy = diag (Ama (), - Amr (1))

N 0 nx(n—m).
Dy = < D, ) cR :

"\ & D+ D& 0 ‘

By using & = ( i1 ) and & = ( 12 ), where &7 € R™*™ and &y € R(—m)x(n=m)
2

a1 §22
are skew symmetric and &), = —&; € R™®™™>™ the above equation is equivalent to
K=|N EL.D1 + Din &§5,Dy + Diéyo
"\ €501 + Doy 0 ’

Recall that N only commutes with diagonal matrices. Hence, it is a necessary condition
that the skew symmetric (sub-)matrix £; = 0 to have K = 0, as the diagonal entries
of Dy are distinct. Now consider the position (i, j) of the matrix &, Dy + D1&1a:

(&1 D2 + Di12)ij = —(&12)ij(D2)j5 + (D1)ai(§12)ij =

—(&12)ijAmr1 + Ai(612)i = (§12)i5(Ai — Amgr)-

This shows, that K = 0 only if £&;5 = 0. Hence, the only degree of freedom is the choice
of €9 = —£J, and the kernel of DF is given by

ker(DF(X?, X2, 1)) = {(Xf X) ( - ) |z €5o(n—m)}.
Thus,
1
dimker(DF(X7, X5, t)) = é(n —m)(n—m —1),

which shows 4).

5) follows immediately from 4).
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6) To show the last claim, let H L ker(DF (X7, X;,t)) and ||H|| = 1. H can be written

as e ¢
_ _. 11§12
H—X*ﬁ—.X*(521 522).

As H is orthogonal to the kernel of DF, we must have &y, = &), cf. above. Let (i, 5)
denote the position of the biggest entry of £&. As |[|[H|| = 1 and X, is orthogonal we
have ||£]| = 1 and thus |¢;| > =5. With the notation of above, we have

where KT = —K and

K= |N girlDl + D1y S;Dz + Dq&1s
’ 51T2D1 + Doéor 0 )

Hence,

D, §n &2 &L & Dy
K =|N, + i
{ ( D2>(§21 0) (fsz 0 D,
Note that £ + ¢ T is symmetric and therefore

IDF(XT, X5, t) - X&|* = | KI1* + 1€ + €711,

since K1 (€7 + €). To lower bound the smallest singular value of DF (X}, X3,t)", we
consider the entry of DF (X, X;,t) - X,.£ at position (7, j) and distinguish two cases:

(i)i<mVji<m

Then

Kij = (i — J)(Ni&ij + M),
where )\; denotes the ith eigenvalue of A(t). Therefore,

(DF(X{, X3,t) - Xo&)ij = (i = J) (N + Nj&ji) + &g + &
Let s denote the smallest singular value of DF . Thus
s7 > (1 — )7 (Neij + Nj&a)? + (&5 + €ia)*.
If i # j, then
s% > (Nij + Nj&a)® + (&5 + &i0)
which is a quadratic function in ¢j; for |£;| < |&;;| with minimum
5N = A)? o - Ai)®
L+X2 T at(1+23)

For i = j, then s > (&; + &4)* > %-
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(i) i >mAj>m
Here K;; = 0 and since the (22) block of £ (= £2) is symmetric we have that

* * 2
(DF (X7, X5, t) X*f)w =&+ & =28 > 2

Thus the smallest singular value s of DF " satisfies s> > %.
O

The previous lemma shows that F' satisfies the conditions of Theorem 2.13. Thus with
X = (X; Xs), the solution X (t) = (X;(t) Xa(t)) of the differential equation

X = DF(Xy, X5, t)! (M(X)F(Xl, X5, 1) — %F(Xl,Xg,t)> (4.34)

exists for all t € R and converges exponentially to X, (t), provided X (0) is sufficiently
close to X,(0). Here DFT denotes a pseudo inverse of DF, cf. Chapter 2.3.3.

Furthermore, the discrete algorithm of Theorem 2.4 is applicable, which works at dis-
crete times ¢, = kh for h > 0 and k € N. Hence for X}, = (X} X?), the sequence

Xj1 = Xy, — DF(XT, X5, t0)T (F(XT, X5, t) + hFMXT, X5, ) (4.35)

is well defined and the accuracy of X} can be controlled by the step size. Note that
the approximation F(X1, X»,t) of %F(Xl, Xy, t) is given by

) - XTAMHX, XTANHX,
F(Xy, X, t) = {N’ ( Xy AL X, 0 |

where A%(t) is an approximation of A(t).

Analogously to the previous section, one now has to vectorize the matrices X, X511 and
(F(XF X5 t1)+hFMXTF, X5 1)) and compute the pseudo-inverse of a matrix represen-
tation of DF', which can be done by employing the VEC-operation and the Kronecker

2 (nfm)(nfm71)> x

product. However, the matrix associated with DF has the size (n 5

2 (n—m)(n—m—1)

nt—

really practical. Thus, we now concentrate on solving the implicit linear equation,
associated with (4.35), without computing a matrix representation of DF'.

), which shows, that this way of implementing the algorithm is not

Approximatively solving the implicit equation.
The implicit form of (4.34) can be written for M(X) = —31 as

1
DF (X1, Xy, t) - X = —EF(Xl, Xy, t) — FM( X1, Xy, t). (4.36)

Let K and Y denote the skew symmetric and symmetric part of —%F (X1, Xo,t) —
Fh(X1, X5,t), respectively. Then the above equation reads

DF(X;, X5,t)- X =K +Y. (4.37)
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We now determine an approximative solution of equation (4.37) and then formulate
the tracking algorithm by using Theorem 2.4.
Let for t € R, X, = (X} X;) such that

XA X, = diag (A (1), ..., \u(D)).

Then the derivative of F' with respect to X := (X; X5) is a linear map, which acts on
elements of the tangent space (X; X2)(& &) in the following manner

DF(Xy, Xo,t) - (X1 X2)(&1 &) =

ETXTAMX, + XTAB)XE € XTAMH) X + XTAH)X¢E
[N,( ;T XTA®) X+ X;T Al) Xfi ! 0 2 >]+£TXTX+XTX§
Thus for X = (X; X,)(& &) equation (4.37) can be written as
( (
( (

ETXTAMN X, + XTAD)XE €7 XTAM X, + XTA(H)XE o
[N’(@TXTA HX1 + XJA)XE 0 +TXTX+XTXE
=K+Y.

Inspecting the symmetry properties of the occurring terms shows, that the above equa-
tion is satisfied, if

EXTAMX, + XTAWXE §XTAD)X, + X[ A(t)XE B
{N’ ( STXTANX, + XTADXE 0 : )} =K, (4.38)
and
XX+ XTXE=Y. (4.39)
A solution to (4.39) is given as
E=(X"X) (Z + %Y) : (4.40)

for an arbitrary skew symmetric matrix Z. To get a solution of (4.38), consider this
equation for X = X, = [X; X;] and obtain

Tr NT T T
[N,(f%l?l”?ﬁl Dt Dt )} =K, (4.41)
§ D1+ Dy & 0
where Dy = XTA(H)X: = (131 Dy = (X)DTAWX: and Dy = XJAW)X; =

( 0 >, Dy = (X3)TA(t)X;. By using & = ( Sn ) and & = ( S12 >, equation
D, €21 €22

(4.38) simplifies to

4Dy + Di&yy &9, Dy + Diéia B
[N’ ( §,D1 + Dol 0 =K. (4.42)
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Due to equation (4.40), £ = Z 4 3Y for Z" = —Z in X = X,. Thus

S Si2 \ _ [ Zu Zi +1 Yiu Yoo )
§a1 &2 —Z)y Za» 2\ Y, Yo )
Plug this into (4.42) and get

N —ZuDy+DiZnw —Z19Dy + D172y )] _
’ ZlTQDl — D2Z1T2 0

1 YiuDi+ DYin YieDa + DY
b lN’ < Yiy Dy + DYy, 0 ' (4.43)

As K is the skew symmetric part of —+ F(X, Xy, t) — F!(X1, X,t), we can use that

w—_|wxl XTANX, X[ A(t)X, N XTAMH X, X[ AME) X,
N "h\ XJAM)X, 0 Xy AME) X, 0 ’

where A" denotes an approximation of A. Therefore, (4.43) reads

—ZuDi+ Di1Zy —Z19Dy + D12y o
[N, ( i+ . )] _ (4.44)
[ ( XTGAW + AD)X, XTRAW + )X, )
A\ xydaw + abn)x, 0
1L YuDy+ DYy YieDy + DiYoo
2 \ Yi5D1 + DoYy) 0

If we assume, (X.§)Lker(DF (X, X5, t)), then Zsy = 0, cf. Lemma 4.4. Thus, the
above equation uniquely determines the non-zero entries of the skew symmetric matrix

7z

Zij = Dii—Dj;’
0, else.

{ Rij fori#jandi<mvVvj<m (4.45)

Here, D = X A(t) X, = diag (A (%), ..., \n(t)) and

n__ ( X[ (FA®) + AL X1 X[ (A() + A2(1) X2 ) N

=

Xy (7 A() + AL (1) Xy 0

2 < Y5 D1 + DoY) 0

This shows that the solution X = X¢ of (4.37) is uniquely determined in X = X,
if one assumes that X is orthogonal to ker(DF(X}, X3,t)). Moreover, this system is
well conditioned in X = X, as the differences |\;(t) — A;(¢)| are assumed to be lower
bounded for i # j and i < mV j < m.

Therefore, the solutions of (4.38) and (4.39) are robust under relatively small changes
of the entries. To be able to solve these equations for X # X,, we replace X ' X by I in

L[ YiuD1+ D1Yi1 YieDy+ DYy )
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D ~ .
1 ) D, = diag (X TA(t)X1)1.1,

(4.40) and in (4.38) we approximate X " A(t)X; by ( 0

oy (XTA) X)) mm) and X TA(t) X5 by ( 32 ) where Dy = diag (XTAM)X9)ma11s -
(XTA®)X1)n,(n—m))-

We therefore approximate X = (X)™ (Z + 1Y) by X (Z + %Y), for X sufficiently

close to X,(t), where Z = —Z7 is given for D = diag (X TAt)X)11, ..., (X TA1) X))
by

7. = ijjbjj? fori#jandi <mVj<m (4.46)
! 0, else.

Note that we can determine the relevant entries of R by the equation
Rij:Rij fOI"ZSm\/]Sm,

where R = ~XT(FA(t) + Ah(t))X — 3 (YD + DY'). The use of this formula simplifies
the explicit expression of the update scheme in the following theorem.
Note that also in the case of multiple eigenvalues, a similar algorithm can be found in

20], which however lacks the corrector terms Qf;, €2, in the formula.

Theorem 4.3. Let A(t) satisfy the assumptions A1-A4, let X.(t) as defined in (4.32)
and let AM(t) denote an approzimation of A(t) of order p > 1. Define for X € R™™,
t € Rand h > 0, Y(X,t) == +(I — X'X), d;(X,t) = (XTA()X)u, D(X,t) =
diag (dy(X,t),...,d,(X,t)) and

QX 1) = Q(X, 1) + QUX, 1) + Q°(X, 1),

where
(XTAM()X);; . . . .
18X, 1) = { mxhaey o7 Jandismyjsm
Y 0 , else.
(EXTAG)X+L(Y(X,t)D(X,t)+D(X,t)Y (X,1)))s; . . .
2. QL(X t) = { : L X, (X0) LiFE g, i <mVi<m
' 0 , else

3. Q°(X,t) = 1Y (X, 1).

Then for ¢ > 0 and sufficiently small h > 0, the sequence

Xip1 = Xi + hXeQ( X, ) (4.47)

satisfies for k € N and t, = kh
diSt(Xk, X*(tk)) S Ch,

provided Xq is sufficiently close to X,(0).
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Proof. We have derived an explicit expression X (Z + 1Y) for

1
G(X1, Xo,t) (FT"(Xl,Xg,t) + EF(Xl,Xg,t)> ,

where X = <X1 X2>,

F(Xy, Xo,t) = [N7 ( élﬁggi X;A()(t)XQ )] + (X1 Xo)T(X1 Xo) — 1,

XTARH)X, XTAM)X
h _ 1 447 1 1 4“7 2
FT (X17X27t> - |:N7 ( X;A?(t)Xl 0

and G denotes the used approximation for DFT.
In order to apply Theorem 2.4 for the derived tracking algorithm, we consider the
perturbation term, which is given by

(X1, Xo,t) = (4.48)
(I — DF (X, X5, 1)G(X1, Xy, 1)) <%F(X1, Xy, t) + FM(X1, X, t)> .
We have to show, that
[(II(X1, X, 1)) < ¢l F(Xy, X, 1), (4.49)

for some constant ¢ > 0 and all || X — X.(¢)| <r, t > 0.
By Lemma 4.4, there exist constants M, R > 0 such that for all | X — X.(¢)| < R,
t>0

|DF(Xy, Xa,t)|| < M. (4.50)

Therefore, using (4.48)

(X1, Xa,8)|| = || DF (X1, Xa,t)(DF (X1, Xa,t)' — G(X1, X, 1))

1
(Ff(Xl,Xz,t) + EF(Xl,Xz,t)) H <

M H(DF(Xl,XQ,t)T — G(X1, Xy, 1)) (FTh(Xl,Xg,t) + %F(Xl,Xg,t)) H =
M H(XT)l(Z + %Y) ~ X(Z + %Y)H :

where, cf. equation (4.40), DF (X, Xo,t)1 (—%F(Xl, Xo,t) — FTh(Xl,Xg,t)) =(X")!
(Z + %Y) and G(Xl,XQ,t)' (—%F(Xl,XQ,t) - F;L(Xth,t)) = X(Z + %Y)
Thus, we have the same situation as in the proof of Theorem 4.2 and the rest proceeds

as there.
O
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4.1.3 Singular value decomposition

We now consider the task of tracking the singular value decomposition (SVD) of a
CT-family (r > 2) of real matrices t — M (t) € R™ ", where m > n.
Thus, we want to determine a family of left singular vectors V,(t) € O(m) and right
singular vectors U, (t) € O(n) of M(t) such that

VI ()M (0U.L(t) = £(1),
where
()
m—n)Xn

2(t) = { O

Note that in the case m > n, the orthogonal factor V,(t¢) is not unique. To see this,
we use the partition V,(t) =: [V;*(t) V5 (t)], where V;* € R™", V() € R™* (™) and
consider

} , X(t) = diag (o1(t), ..., on(t)).

et v = | OAOTO ] =1, 70 .

Hence, for any R € O(m — n), the matrix

is an other orthogonal matrix such that
VI(OM6UL(t) = ().

Therefore, we define for given V,(t) = [Vi*(t) V5 (t)] a family of sets of orthogonal
matrices

Vo(t) = {[Vi'(t) V() R]| R € O(m —n)},
whose elements are all left singular vectors of M (t).

It is a well known fact, that the singular value decomposition of M (¢) can be obtained
by determining an orthogonal diagonalizing transformation V,(¢) of the matrix

such that

V() M()Vi(t) = —X(1)

Then the orthogonal factors U, (t), Vi (t) = [V;*(t) Vi (t)] for the SVD of M(t) are given
by
V(1) = L[ve) Vi) vavs(t) | o gonsayximen)

V2 | Ut) —UL() 0 ’
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where Vj*(t) € R™™ and V5*(t) € R™*(m=")_ In the case that the non-zero eigenvalues
of M (t) are pairwise distinct, the columns of V;*(t) and U, (t) are uniquely determined,
up to their sign. Thus the (locally unique) set of orthogonal matrices, which diagonalize
M (t), and which contains V,(t), is given by

WL (1) = {% { ‘él((f)) _V;](g) ﬂvg(t)}z } | Reo@m- n)}. (4.51)

We now derive the SVD algorithm by using the EVD-results of the previous chapter for
M (). In order to guarantee the applicability of Theorem 4.3, we have to assume, that
M (t) satisfies the assumptions A1-A4 made in the previous chapter, which implies,
that we have to impose the following conditions on M (t):

M1 The map t +— M(t) € R™*" m >n,is C" with r > 2.

M2 The singular values oy(t),...,0,(t) of M(t) satisfy o;(t) # o0;(t) for i # j and
teR.

M3 || M(t)||, |M(t)|| and ||M(t)| are uniformly bounded on R.

M4 There exists ¢ > 0 such that the singular values of M (t) satisfy for all t € R
o3(t) —o;(t)] =2 ¢, 1# ).

The following result shows that a C"-singular value decomposition of M (t) already
exists under weaker assumptions than M1 and M2.

Proposition 4.2. Let M(t) € R™", m > n and let o1(t), ...,0,(t) denote the singular
values of M(t), t € R. In the case that M(t) has q groups of identical singular values,

we define o1(t) = ... = 0,(t) =: 01(t),..., Op,_,11(t) = ... = 0p,(t) =: G,(t) for
1<p <..<p;=n and some q € N.

1. Ift — M(t) isC", r > 1, and 0,(t) # o;(t) fori # j and t € R, then there exists
a C"-singular value decomposition, i.e. there exists C"-families of orthogonal
matrices V(t) € R™™ U(t) € R™™ such that V()" M(t)U(t) = X(t) where
i(t) _ diag (Ulét)v P Un(t))

2. Ift — M(t) isC", r > 1, and has q groups of identically singular values satisfying
gi(t) # 6,(t) for i # j and all t € R, then there exists a C"-singular value
decomposition of M (t).

3. If M(t) is real analytic, then there exist a real analytic singular value decomposi-
tion.

Proof. Claim 1 and 2 can be found in a publication of Dieci [20], while the 3rd has
been shown by Bunse-Gerstner [14]. O
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Note that in the case of dealing with the real analytic singular value decomposition,
we would have to allow negative singular values. Thus, we would have to modify
assumption M2 and M4 such that the absolute values of the singular values are assumed
to be different.

However, we assume M1-M4 and formulate the SVD tracking theorem for a C" family
of matrices for r > 2. This result is a generalization of the algorithm given in [6], since
the new method also works for non-square matrices M ().

Theorem 4.4. Let M(t) satisfy M1-MJ, let U.(t) and V.(t) as above and let M"(t)
denote an approzrimation of %M(t) of order p > 1. Let further for Vi € R™" 'V, €
Rmx(m=n) ] ¢ R™", t € R and h > 0,

1
Yi(Vi,U) = 5(2]71 -V\'vi =UTD),

1
Yo(Vi,U) = 5(UTU — V'),
V2
2
Vi(Va) = Ly — Vy' Vs,

Y3(Vi, Vo) = Vi Va,

Bi(Vy, U, t) =

% (UT(RME(t) + M (1) "Vi + Vi (RMP(t) + M (1)U + D(t)Y1(V1,U) + Y1(V1,U)D(t))
By(V4, U t) =

% (UT(RME(t) + M(8)TVi — Vi (RME(t) + M (1)U + D(t)Y2(V1,U) — Yo(Vi,U)D(t))

2 1
B3(V1, V2, U, ) = gUT (hM0) + M(D) ' Vo + 5D, U )Yy(V1, V),

where
D(V4,U,t) == diag (U "M (t) " Vi), .o, (UTM(t) V1)),

and d;(V1, U, t) = (D(Vy, U, )i, i = 1, ...,n. Let moreover Z1(Vy,U,t) = —Z,(V1, U, t)"
€ R Z,(Vi,U,t) = —Zy(Vi, U, t) T € R™™ and Z3(Vi, Va, U, t) € R™ (™= be defined

as
A (Bl(‘/17U>t))ij(dj(‘/ivU>t)_di(VbU’t))ilv Z%]
(Z:(V1, U, 1)) = { 0, else

(ZQ(‘/laUa t))’bj - _(32(‘/17(]7 t))z](dj(‘/lvU7 t) +d7,(‘/17U7 t))_17 Z?] = 17"'7n
(Z3(‘/17‘/27U7 t))l] = _(B3<‘/17‘/27 U7 t))Zjdz<‘/17 U7 t)_la 1= 17 "')n)j - ]-a M —="n

Then for ¢ > 0 and sufficiently small h > 0, the sequence (Vi,Uy), defined for Vi =
(Vi V3] by
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VE = VE 4 VE (20 Ukti) + Zo(VE Uk t) + 5V (VE, U) + Ya(VE, U)) +
\/§V2k (_Z?)(Vlka V2ka Ukvtk)T + %Yé(vlka ng)T) )
Vit = VE+ L (V2VEQRZs(VE VE, Up, ti) + Ya(VE, VE)) + VEY(VY))

Up1 = Uk + U (Z1(VEF, Uy, tr) + 5YA (VI Ux) — Zo(VE, Uk, tr) — 5Y2(VE, Ui))

satisfies for all k € N
dist(Vi,, Ve (tr))? + || U — Us(te)||* < 2R2,
provided (Vy,Up) is sufficiently close to (V.(0), U.(0)).

A k k k .
Proof. To use Theorem 4.3, let V. = \/Li [ ‘[;1 V[1] \/50‘/2 , Y = %L(I - V."'Vp),
ko —Uk
0 M(t)

Ni(t) = { e } D = ding (VeV(6) Vi1 s (Vi () Vi) 0, .. 0) €
R(+m)x(m+n) and d, = Dy, fori = 1,...,n

Th 0 Mf(t> T (Nrh 17 ' 1 3
Let M!(t) = MAHT 0 such that B := V| (M} (tx) + # M (tx))Vi + 5(Y D +
DY), let W, (t) as defined in (4.51) and let Z € R0+ *(m+1) he defined by

7= { Bij(d;

vj

—d)™, i#jandi<2nAj < 2n
0, else.

Then for ¢ > 0 and sufficiently small h > 0, the sequence
~ ~ ~ 1

satisfies for k € N R
dist(Vi,, Wi (t)) < ch,

if V, is sufficiently close to W, (0), cf. Theorem 4.3.

Due to the fact, that each Vj consists of the orthogonal factors for the SVD of M (tr),
we derive the claimed update scheme from the finding above. We therefore study the
structure of the terms in (4.52):

Let therefore V = L Vi Vi V2V,

“lu —u 0 and we get that

4 [UTMTVi+ VMU UTMTVi = VTMU - V2UTM TV,
VMV = 3 ViiMU —U™™MTV, —UTM™V, —V,TMU —2UT MV,
V2V," MU —2V," MU 0
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Thus for D := diag (UTM Vo)1, ..., (UT M V1)), the diagonal entries of VT MV are
given by

We consider o
Y =T1-V'V =

VT UT

1 J—

2l —V'"Vi—U'U  -Vi"Vi+UU =2V V,

1
| —vwv+U'U 2a-VVi-U'U —-V2V|'V,
V2V, VR,V 20 -2V,
Thus, Y has the following structure:
i Y, Vi
Y=Y v Y|,
AN AN

where V,' =Y, Y,] =Y,,Y," =Y.
Moreover,

) ) DY, +YiD DY, -Y,D DY
DY +YD=| -DY,) +Y,)D —-DY,-Y,D -DY;
Y,"D ~-Y,'D 0

Hence, the structure of

R R 1 - ~ 1 R R
B:=V" (Mf(t) - EM(t)) V45 (YD + DY)
is as follows
B, By, Bs
B - B; _Bl —B3 5
B —B] 0
where By, By € R™", By € R™(™™) and B) = —B,.
Zy Zy s
The non-zero entries of Z = —Z " =: | —Z, Z, Zs | are determined by
~Z§ —Z] 0
DZ—-7D=-B<&
DZy— 721D DZy+ ZyD DZs B, By B
DZy, +ZyD —-DZy+Z,D —DZs |=—| By —-B —Bs|,

Z{D ~ZID 0 B -B] 0
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1mply1ng that Z4 = Zl, Z5 = Z3 and Z;— = —Z27 since B;— = _BQ‘
Now consider
\/§ 1 V1k+1 . Vlk V1k+l . Vlk \/§V2k+1 . \/§V2k }

V2o oy L
h(kH r) h| U1 —Up —Upgpr + Uy 0

and the update scheme (4.52) implies that

k1 1k okl 1k k1l k X
E{Vl ViV -V vy ﬂv?}zﬁvk(ZJrlY).
h| U1 — Uy —Upgr + Uy 0

This is equivalent to

l |: V’lk-f—l _ V'lk ‘/'lk-l-l . V*lk \/5‘/;:—&-1 o \/5‘/'216 :| B
h| U1 — Uy —Uppr + Uy 0
VE(Z1+ 31 = Z3 + 3Y57) + V2V (—Z] + 3Y5T)
U2+ 3Y0) = V(2] + 3])

VE(Zy + 3Ya + Z1 4 $01) + V2VF(—Z] + 3Y5T)
Ur(Zy + %Yz) — Up(Zy + %Yl)

VIE(Zs + 1Y3) + VIF(Z5 + 3Y3) + V2V (AY))
O b)

from where the claimed update schemes for Vj, = [V}* V] and Uy, can be immediately
seer. [

4.1.4 Numerical results

All simulations were performed in Matlab. We used N = 80 steps, step size h = 0.05,
Alt) = X.()K()X.(t)" for K(t) = diag (a; + sin(t), ..., aio + sin(10¢)) and

cos(t) sin(t) 0
X, (t)=R" | —sin(t) cos(t) 0 |R,
0 0 Iy

where R € O(10) is a fixed random orthogonal matrix and a; := 2.5¢ for i = 1, ..., 10.

EVD with simple eigenvalues

The definition of A(t) implies the existence of a smooth curve ¢ — X,(t) € O(10)
such that X, (¢)A(t)X.(t) is diagonal for all t. We wanted to determine a sequence Xy,
which approximates X,(t) at a reasonable accuracy for t = kh and k =1,..., N.

In the first simulation, we check the tracking ability of the algorithm as defined in
Theorem 4.1, and we used approximations for A(t) of order 2. Figure 4.1 shows the
computed (dashed) and exact (solid) time-varying eigenvalues of A(t). As it can be
seen in the corresponding error plot (Fig 4.2.), where || X — X.(tx)|| is depicted, we
did not use perfect initial conditions. The computed values converged fast towards
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D(t,)
&
T

\

Figure 4.1: EVD with simple eigenvalues:
and of X*(tk)TA(tk)X*(tk) (solid).

10 12 14 16 18 20
steps

The diagonal entries of X, A(t;) Xy (dotted)

0.1

0.06 - B
0.04 b
0.02 B
0 | + + n + n
0 2 4 6 8 10 12 14 16 18 20
steps

Figure 4.2: EVD with simple eigenvalues:

The error plot, corresponding to Figure 4.1.
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Order p | Mean error Alg. 1 (Thm 4.1) | Mean error Alg. 2 (Thm 4.2)
0 4.5-1072 4.6-1072
1 4.1-1073 4.6-1073
2 1.4-1073 1.4-1073
3 1.2-1073 1.2-1073

Table 4.1: The mean error of the two algorithms, computed for different order approx-
imations of A

Dimension n x n | Comp. time Alg. 1 | Comp. time Alg. 2
10 x 10 4.2-1071 1.1-1072
20 x 20 2.3-10¢ 2.5-1072
40 x 40 9.6 - 107 1.4-107"

Table 4.2: The computing time of Algorithm 1 (Theorem 4.1) and Algorithm 2 (The-
orem 4.2) for different sizes of A(t) € R™*"

the exact solution and remained close to it. Note that not all 80 computed points are
shown in order to have a better resolution of the interesting initial behavior.

It is computationally much cheaper to implement the algorithm, which computes an
approximation instead of the exact inverse of the Hessian Hy, as defined in Theorem
4.2. We therefore used this modified algorithm to do another simulation with the same
initial conditions. Qualitatively, we observed the same behavior.

In order to compare this approach quantitatively with the original one from Theo-
rem 4.1, we define the mean error by

1 N
N > 1IX = X (),
k=1

where N denotes the number of steps. Table 4.1 shows the mean accuracy of both
algorithms for different choices of the order of the approximation for A.

Hence, using approximations of order p > 1 significantly improves the quality of the
results in both algorithms. Moreover, both algorithms have a comparable accuracy,
which implies, that the second algorithm is preferable, since it is much cheaper to
compute, cf. the computing times in Table 4.2.

EVD with multiple eigenvalues

In order to check the tracking property of the algorithm for symmetric matrices with
multiple eigenvalues, as defined in Theorem 4.3, we slightly modified the setting from
above. Instead of the above definition, we used K (t) = diag (a; +sin(?), ..., ag +sin(8t),
ag + sin(8t), ag + sin(8t)) € R0 g, := 2.5 for i =1, ..., 8.

It turned out, that the used update scheme from Theorem 4.3 produces a sequence of
matrices (Xj), which approximatively diagonalizes A(t) for k = 1,...,40. Figure 4.3
shows the diagonal entries of X, A(t;) Xy, where perfect initial conditions were used.
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Note that we can not visually distinguish between these computed eigenvalues and the
exact ones. Only the line at the top of the panel seems to be thicker than the others.
This is caused by the fact, that there are 3 almost identical lines, which correspond to
the multiple eigenvalue Ag(tx).

22

N T T~ T
18/\/\/

1
0 5 10 15 20 25 30 35 40
steps

Figure 4.3: EVD with multiple eigenvalues: The diagonal entries of X, A(t;)X} (dot-
ted) and of X, ()" A(tx) X, (tx) (solid).

Note further that we can not just compare the output X with X,(¢x), in order to
determine the accuracy of this algorithm, as X, (#x) is not an isolated diagonalizing
transformation for A(ty). However, the first 7 columns of X, (¢x) are locally unique,
and therefore, we define the mean error by

N

1

5 SoVIXE = XX + (X TXE — Bl
k=1

where we used the partitions X = (X} X?), X.(tx) = (X! (tx) X2(t)) and N denotes
the number of steps. Table 4.3 shows the computed mean error of the algorithm from
Theorem 4.3 for different order approximations of A. Thus the method is able to
track the desired transformation and, as expected, the error decreases for higher order
approximations.
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Order p | Mean error
0 4.2.1072
1 3.5-1073
2 1.4-1073
3 1.2-1073

Table 4.3: The mean error of the algorithm form Theorem 4.3, computed for different
order approximations of A.

SVD of a non-square matrix
We now want to use the tracking algorithm of Theorem 4.4 to compute for a given
sequence of matrices M (tx) € R™*", orthogonal matrices Uy, Vj, such that approxima-
tively holds

VT M (b)) Ur ~ diag (o1 (tx), ..., on(tx)) } '

(m—n)xn

We used m = 10, n. = 7 and M (t) = V. (t)SU, where $(t) = [ diag (01(t), ., o7(?)) :

O(m—n)xn
cos(t) sin(t) 0 cos(t) sin(t) 0
Vi(t) =R} | —sin(t) cos(t) 0 | Ry, U.(t)= Ry | —sin(t) cos(t) 0 | Ry. Here,
0 0 I 0 0 I

Ry € O(10) and Ry € O(7) are fixed random orthogonal matrices and o;(t) := 2.5i +
sin(it) for ¢ = 1,...,7. We evaluated the algorithm at times ¢, = kh, k = 1,..., N with
N =20 and h = 0.05.

In a first simulation, we wanted to check the tracking properties of the derived al-
gorithm. We therefore used about 10% perturbed initial values for V, € R!*10 and
Uy € R™7 and an approximation for M (t) of order 2. As it can be seen in Figure
4.4, the diagonal entries of V," M (#;)Uy converged fast to the exact singular values
o1(tk), ..., o7(tx), which illustrates the robustness of the used method. The correspond-
ing error plot shows that the error initially decreased to a certain level (= 2-1073),
where it remained for the rest of the simulation, cf. Figure 4.5.

Then we wanted to examine the accuracy of the tracking algorithm for different order
approximations of M and perfect initial conditions. Note that, analogously to the
EVD in the case of multiple eigenvalues, the component V5 of the orthogonal factor
V = [V4 V4] is not unique, cf. Chapter 4.1.3. Therefore, we used the following formula
to estimate the mean error of the algorithm

N

1

N > \/I!Vk1 = VAP + 1Us = U1 + 1(VE) TVE = L[|
k=1

As it can be seen in Table 4.4, this algorithm produces factors Vj, Uy, which perform
the SVD of M(t;) at a reasonable accuracy, which increases proportionally to the order
of the used approximation for M.
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Figure 4.4: SVD: The diagonal entries of V. M (t,)Uy, (dotted) and of 3(¢;) (solid).
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Figure 4.5: SVD: The total error of the SVD factors Uy, Vj, corresponding to Figure
4.4.
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Order p | Mean error
0 6.2-1072
1 4.8-1073
2 1.7-1073
3 1.5-1073

Table 4.4: The mean error of the algorithm form Theorem 4.4, computed for different
order approximations of M.

4.2 Polar decomposition of time-varying matrices

The polar decomposition of a matrix M € R™" is defined as the factorization of M
into a positive definite matrix P and an orthogonal matrix Z. For full-rank matrices
such factorizations always exist, which can be easily seen by considering the SVD of
M: If M = VXU for some U,V € O(n) and diagonal 3 € R™ " with positive diagonal
entries, then a polar decomposition of M is given by

M=yxvV'yvu'. (4.53)
=P =:Z

Here, we study the time-varying case, i.e. we consider the polar decomposition of a
family of square matrices M(t) € R™*" ¢t € R. At first, we introduce a SVD-based
method to track the time-varying polar decomposition of M (¢). We then revisit an
other tracking technique in order to have a benchmark for the subsequent numerical
examinations.

4.2.1 SVD-based polar decomposition

Let M : R — R™™ ¢+ M(t) be a smooth curve of full rank matrices and let there
exist smooth curves ¢t — U,(t) € O(n) and t — V,(t) € O(n) such that

V. (M (6)UL(t) = X(1),

where X(t) = diag (01(2), ..., 0, (t)). We are able to decompose M (t) into an orthogonal
and a symmetric positive definite matrix as follows

M(D) = VSOV VU0 (.54

::E(t) ::Z(t)

This shows that a SVD tracking algorithm provides all necessary components in order
to determine a smooth polar decomposition of M(¢). From Proposition 4.2, we get the
following result.

Proposition 4.3. Let M(t) € R™"™ with tk(M(t)) = n and singular values o1(t), ...,
on(t) fort € R. In the case, that we have groups of identical singular values, we define

o1(t) = ... = 0p () =2 G1(t),..., Op_,11(t) = ... = 0p, (1) =1 Gy(t) for 1 < py < ... <
pg = n and some q € N.
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1. Ift — M(t) is C", r > 1, and 0,(t) # o;(t) fori # j and t € R, then there exists
a C"-polar decomposition, i.e. there exist C"-families of orthogonal and positive
definite matrices Z,(t), P.(t), respectively, such that M(t) = P,(t)Z.(t).

2. Ift— M(t)isC", r > 1, and has q groups of identically singular values satisfying
Gi(t) # 0;(t) for i # j and all t, then there exists a C"-polar decomposition of
M(t).

3. If M(t) is real analytic, then there exists a real analytic polar decomposition.
Proof. The claims follow directly from Proposition 4.2 by noting (4.54). O

We therefore compute the polar decomposition of M(t) by applying the SVD tracking
algorithm of Theorem 4.4 to the special situation here. To do this, we have to impose
the following conditions on M (t), cf. Section 4.1.3.

M1 The map t — M(t) € R™*" is C" with r > 2.

M2 The singular values o1(t),...,0,(t) of M(t) satisfy o;(t) # o,(t) for i # j and
te R

M3 || M(#)||, |M(t)|| and ||M(t)| are uniformly bounded on R.

M4 There exists ¢ > 0 such that the singular values of M(t) satisfy for all t € R
jo3(t) —a; ()] = ¢, P # .

We arrive at the following result.

Theorem 4.5. Let M(t) satisfy M1-M4, let t — U.(t) € O(n) and t — V,(t) € O(n)
be C%-curves satisfying V,' (t)M (t)U.(t) = X(t), where %(t) = diag (o1(t), ..., on(t)),
t € R. Let M"t) denote an approzimation of %M(t) of order p > 1 and let for
UV eR™ teR and h >0,

1
Vi(V,U) = 5(2@ ~-VvV-U'U),
1
Y2,(V,U) = 5(UTU - V),
Bl(V7 U7t) =

(U (AM7(t) + M)V + VT (RMZ(t) + M()U + D(O)Y1(V.U) + Y1 (V. U)D(1))
BQ(V, U, t) -

N | —

% (UT (M) + M(2))"V = VI (RM](t) + M()U + D(t)Ya(V.U) = Yo(V,U)D(t)) ,

where

D(V,U,t) :=diag (UTM®#) V)11, ., (UTM#)TV)),
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and di(V,U,t) = (D(V,U,t))u, i = 1,...,n. Let further Z,(V,U,t) = —Z,(V,U,t)" €
R™" and Zy(V,U,t) = —Zo(V,U,t)T € R™™ be defined as

(Zl(‘/’ U, t))ij _ { (Bl<v> U? t))lj(dja/ﬂ()[’]a t) - dZ(V7 U7 t))_17 ieﬁej

(Z2(V,U1))ij = —(Ba(VU,1))i5(d;(V, U 1) + di(V, U 1)) 7, i j=1,.0m
Let (Uy), (Vi) and (X) be defined for k € N by

1
Vier = Vi + Vi <Z1(Vk:, Uk, tr) + Zo(Vi, Uy, t) + §(Y1(Vk7 Uk) + Ya(Vy, Uk))) ,

1 1
Upp1 = U + Uy, <Z1(Vk> Uk, tr) + §Y1(Vk, Ur) — Zo(Vis, Ug, ty,) — §Y2(Vk, Uk)) ,

g4 = diag ((UkT+1M(tk+1)TVk+l)117 cees (UkT+1M<tk+1)TVk+1)nn)-
Then for ¢ > 0 and sufficiently small h > 0, the sequences (Py), (Zy) defined by

Piy1 = Vi S Vi,
(4.55)
Zii1 = ViU,

satisfy for k € N and ty, = kh
|1 Zx — Zi(tr)|| < ch(2 + ch)

and
| Pr — Pu(t)|] < ch(2 4+ ch)(1+ || 2. () ||(1 + 2¢ch + *h?)),

provided (Vy,Uy) is sufficiently close to (V,(0), U.(0)).
Proof. Under the conditions of this theorem, we have for k € N
Vi = Va(t)II* + Uk = Us(ta) I* < *R2,

for (Vp, Up) sufficiently close to (V.(0),U.(0)), cf. Theorem 4.4.
Thus,
ViU = Vit U (ty) " + €1,

where ||e;]] < 2ch + ¢*h? and
S = Du(te) + €,

where ||eb]| < (2¢h + 2h?)|| 3. (tx)||, which shows that
ViZiVi = Vilty) Su(te) Va(te) " + €0,

where ||ea]| < |24 (t)]|(1 + 2¢h + ¢?h?)(2¢ch + *h?) + (2¢ch + ¢*R?). O
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4.2.2 Polar decomposition by square root tracking

We now consider an other method to determine the time-varying polar decomposition
of M(t) € Gl(n).

In the work of Getz [28], the polar decomposition of M (t) is obtained by computing
the uniquely determined positive square root X, (t) of A(t) := M(¢t)M(t)". Then the
positive definite factor P(t) and the orthogonal factor Z(t) such that M(t) = P(t)Z(t)
are given by

P(t) = AO)X.(1), Z(t) = X.(t)M(2).

Thus, the major problem is now the determination of the square root X,(t) of A(t).
This can be solved by finding the zero of the function F' : S(n) x R — S(n), defined
by

F(X,t):= XAH)X" —I. (4.56)

Here S(n) € R™™ denotes the set of all symmetric matrices. Obviously, dim S(n) =

n(n+1) _ .
“5= = s(n).
The zero of F' can be determined by using the time-varying Newton flow, i.e. by finding

a solution X (t) of
- 0
DF(X,)X = —pP(X,t) = 5. F(X,t), pn>0.

One therefore needs to invert DF (X (t),t) € R¥™*s(" to get an explicit version of the
above differential equation. According to Getz [28], the solution I'(¢) of the differential
equation

: 0

I'= —puDF(X.(t),t) (DF(X.(t),)[ — I) — FEDF(X*(t),t)F
converges exponentially to DF (X, (t),t)™!, provided that x4 > 0 is sufficiently large and
['(0) is sufficiently close to DF(X,(0),0)™!
Thus, Getz proposes to solve the following coupled system to compute X (t) ~ X, (t)

(4.57)

{ vec(X) = —plvec(XA(t)X —I) — Tvec(XAX)
r

- _ d

r = —ul(DFX, O = 1) = T(GDF(X. )| 5 poeeixiox
Here vec : S(n) — R*™ denotes a vectorizing operation to transform symmetric ma-
trices into equivalent vectors in R*(),

In particular, one has the following theorem ([28]).

Theorem 4.6. Let M(t) be in Gl(n) for all t € R. Let the polar decomposition of
M(t) be M(t) = P(t)Z(t) with P(t) € S(n) the positive definite symmetric square
root of A(t) := M()M@)" and Z(t) € O(n) for all t € R. Let vec(X) € R*™,
[ € ReM>*s() gnd let (vec(X (t)),T'(t)) denote the solution of (4.57), where F is defined
by (4.56). Then for pn > 0 sufficiently large and (vec(X(0)),1'(0)) sufficiently close to
(vec(X,(0)), DF(X.(0),0)71) the following statements hold:
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1. X(t)A(t) exponentially converges to P(t),
2. X(t)M(t) exponentially converges to Z(t),

8. M(t)" X (t)? exponentially converges to M (t)~*t.

Discrete tracking method

Since Getz’ approach bases on the continuous version of the Euclidean time-varying
Newton flow, we use the corresponding discrete tracking algorithm (2.59) to determine
Py, and Zj, approximating the polar decomposition of M (t) = P,(t)Z.(t) at discrete
times tp = kh for k € N and step size h > 0. Thus for (Fp, Zy) sufficiently close to
(P.(0), Z.(0)), the sequences (Fy) and (Z;) are recursively given by

Pry1 = XpaAter)
(4.58)
Zir1 = X1 M (tgs1),

where X, is obtained by discretizing the ODE (4.57) for u := % Hence,

{ VGC(X]C_H) = vec(Xk) — FkVGC(XkA(tk)Xk — I) — thVGC(XkALL(tk)Xk)

Ty = Tk = Te(DF (X, t)Tx — I) — W4 (L DF (Xy, 1 L'y

>>‘Xk=*FkveC(XkAQ(tk)Xk)
Here, A"(t) denotes an approximation of A(t).

In the next section, we will compare the results of this tracking algorithm with that
one defined in Theorem 4.5.

4.2.3 Numerical results

At first, we computed the polar decomposition of a sequence of matrices M (t;) € R"*™
by using the algorithm of Theorem 4.5. To be able to compare the computed values
with the exact ones, we defined (M) in the following way.
We set n = 10, 3(t) = diag (01(t), ..., 010(t)), where o;(t) := 2.5i+sin(it) for i = 1,..., 10
and ty ;= kh for k =1,...,N. Here h := 0.05 is the step size and N = 40 is the number
of steps.
Then M(ty) is given by

M (ty) = Vi(te) S (k) Uiltr),

where
cos(t) sin(t) 0 cos(t) sin(t) 0
V.(t) =R/ | —sin(t) cos(t) 0 | Ry, UJt)=R, | —sin(t) cos(t) 0 | Ry
0 0 [8 0 0 [8

for fixed random orthogonal matrices Ry, R, € O(10). In all simulations, we used a
second order approximation M" for M.
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Since our algorithm works by determining the SVD of M (t), we used about 10% per-
turbed initial values Vj, Uy to demonstrate the robustness of the used method. Figure
4.6 reflects the error plots of this simulation, where we observe an initial convergence
of the errors to zero, where they remain at a small level (< 0.08).

Note that the error of the orthogonal factor ||Z;, — Z,(t)|| = ||VaU, — Vi(tx)Us(ts) ||
is considerably smaller than the error of the positive definite factor ||P, — Pi(t)|| =
|1Vi DV, — Vi(t1)X(t)Vi(tx) T||. This is as expected from the error estimates in The-
orem 4.5, where the error of the positive definite factor is about ||X,(¢x)|| times higher.

8-

error
»
T

0 E 10 15 20 2 20 35 40
steps
Figure 4.6: The errors of the factors of the polar decomposition of My: || P, — P.(tx)]||

and ||Zx — Z.(tx)|| (dashed). Our algorithm of Theorem 4.5 was used to compute Py
and Z,.

Next, we wanted to evaluate the second algorithm (Getz), as defined in (4.58). We used
the same setup as above and computed the factors Py, Z; of the polar decomposition
of M;j,. To check the robustness of this method, we used a 10% perturbed initial value
for Xo.

Note that in order to implement this algorithm, one particularly needs to vectorize
symmetric matrices and use the corresponding matrix representation of DF'. For ex-
ample, we can use the standard vectorizing operation for matrices in R™*"™. Then the
matrix representation H € R™*"* of DF can be easily determined, and is given by

H (X, ty) = (XpA(tr)) @ I + 1 @ (XpA(tr)),

where ® denotes the Kronecker product.
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If one chooses a vectorizing operation without redundancies, one obtains a matrix
representation of DF of dimension "("2“) X ”(";1), which possibly leads to a faster
working algorithm. However, since the accuracy of such an algorithm would not be im-
proved, our particular choice of the vectorizing operation is valid to check the tracking
properties of this approach.

The resulting magnitudes Py, Z; of this algorithm are compared to the exact ones
P.(tx) and Z,.(tx), which is shown by the error plot in Figure 4.7. Similarly to the
first algorithm of Theorem 4.5, one also observes a fast initial convergence of the errors
towards zero, where they remain for the rest of the simulation. Although we used
comparable initial conditions to the first algorithm, the final error level is about twice

as high (< 0.17). An other advantage of the first algorithm is, that it works with

. . . . 1 1
matrices of dimension n x n instead of (at least) "("; ) % "("; ).

8,
77
67
57

S 4l

(]
37
27
17

N
0 - 1 1 1 | 1 | 1 J
0 5 10 15 20 25 30 35 40

steps

Figure 4.7: The errors of the factors of the polar decomposition of My: [P, — Pu(ts)l|
and || Z, — Z.(tx)|| (dashed). The discrete version of Getz’ algorithm, defined in (4.58),
was used to compute P and Zj.

4.3 Minor and principal eigenvector tracking

Many problems in control and signal processing require the tracking of certain eigenvec-
tors of a time-varying matrix; the eigenvectors associated with the largest eigenvalues
are called the principal eigenvectors and those with the smallest eigenvalues the minor
eigenvectors.
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In statistical analysis, the principal components of a covariance matrix C' are projec-
tions of the data vectors on the directions of the principal eigenvectors of C'. Therefore,
the major task in PCA is the determination of the principal eigenvectors of the covari-
ance matrix.

Here, we consider the more general task of determining minor or principal eigenvectors.
One interesting feature, inherited from a recently proposed minor eigenvector flow upon
which part of this work is based, is that the algorithm can be used also for tracking
principal eigenvectors simply by changing the sign of the matrix whose eigenvectors are
being tracked. The other key feature is that the algorithm has a guaranteed accuracy,
which bases on the particular choice of the tracking method.

We now consider the task of determining for ¢ € R the minor and principal eigenvectors
of a time-varying symmetric matrix A(t) € R"*". These are defined as the n X p-matrix
consisting of eigenvectors of A(t) associated with the p smallest or largest eigenvalues,
respectively.

In the paper of Manton et al. [48] a method was introduced, which was able to extract
the minor and principal eigenvectors of a constant matrix A € R™*"™. This was achieved
by finding the minimum or maximum of a suitable cost function. The minimization of
this function leads to a method, which determines the minor eigenvectors, hence the
eigenvectors associated to the smallest eigenvalues. We follow this approach in order
to derive a minor/principal eigenvector flow for time-varying matrices A(t).

In principal component analysis for time-varying data one is concerned with the as-
sociated eigenvector estimation task for a time-varying covariance matrix A(t). There
are at least two interpretations.

1. Let z(7) € R™ a curve of data points for 7 > 0. Then define for t > 0

A(t) = 1/0 z(T)x(r) dr.

t

2. Let x(t), ...,z (t) € R™ curves of data points for ¢ > 0. Then
AW = LS ety
- omi Z '

The subsequent analysis will not depend on any such statistical interpretation of A(t).
Thus, the developed eigenvector tracking techniques are also suitable to compute the
time-varying principal components of any covariance matrix A(t).

Consider the smooth cost function f: R™? xR — R
1
FX) = Str(ABXNXT) + %HN XX (4.59)

where N € RP*P 1, € R. To ensure that the extrema X,(¢) of f correspond to the
minor /principal eigenvectors of A(t), we make the following assumptions, cf. [48].
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A1 The scalar p is strictly positive.
A2 A(t) € R™™ is symmetric for all £ € R.
A3 N = diag(nq,...,n,) € RP*? with ny > ... > n, > 0.

A4 A(t) has exactly p minor (principal) eigenvectors and the corresponding eigen-
values are pairwise distinct for all ¢ € R.

A5 1 does not equal any eigenvalue of A(t) for all ¢ € R.

Assumption Al implies that the cost function (4.59) has compact sublevel sets and
therefore a global minimum X, (¢) exists for any ¢t € R. Furthermore, for fixed t € R,
assumptions A1-A3 imply that each column of a critical point X, = [x1...z;,] of f is
either the null-vector or an eigenvector of A(t) with eigenvalue \;, i = 1,...,p. The
following lemma holds.

Lemma 4.5. [{8] Assume A1-A5 hold. Fort € R, let \(t) < ... < A(t) < Apya(t) <
coo <A\ (t) be the eigenvalues of A(t) in ascending order and let vy(t), ..., v,(t) be the
corresponding normalized eigenvectors. Then for any t € R, X, (t) = [x1(t) ... x,()] is
a local minimum of f(X,t) if and only if

zi(t) = £%(H)ui(t) (4.60)

where

() = { VNG = NO/) i Mi(t) < p

0 otherwise
fori=1,...)p.

Let M denote an upper bound for A;(¢) for allt € Randi = 1,...,p. If u > M, then the
previous lemma shows, that for any ¢t € R, X, = [z7 ... 2] is a minimum of f(X,¢) if
and only if its columns are the non-trivial eigenvectors of A(t), which correspond to the
p smallest eigenvalues. Thus the global minimum of f gives the minor eigenvectors of
A. In contrast, the maxima of f correspond to the principal eigenvectors of A, i.e. the
minima of the cost function f_ obtained by replacing A by —A. Thus, by replacing A
by —A in the subsequent formulas, all results about minor eigenvectors are immediately
reformulated into equivalent results about principal eigenvectors. Thus, from now on,
we restrict ourselves to the minor eigenvector case. This duality between minor and
principal eigenvectors does not hold for the previously proposed cost functions for

principal eigenvector analysis and motivates our choice of the specific cost function
(4.59).

Proposition 4.4. Let t — A(t) be a smooth matriz valued map satisfying A1-Ab.
Assume that ||A(t)|], |A)|| and |Ni(t) — Xj(£)|~" for i # j are uniformly bounded on
R. Then there ezists a smooth map t — X,.(t) € R™P  which is a smooth isolated
minimum of f(X,t). Moreover, if p > M, then the rows of X.(t) are the p non-trivial
ergenvectors, associated to the p smallest eigenvalues.
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Proof. Under the conditions above, there exists a smooth map ¢ — V(t) € St(n,p)
such that V(¢)T A(t)V(¢) is a diagonal matrix with diagonal entries A\;(¢) < ... < A, (1),
cf. [41]. Here St(n,p) denotes the Stiefel manifold of orthogonal n x p matrices V.
Let the columns v (), ...,v,(¢t) of V(t) be ordered, such that they correspond to the
eigenvalues A (f) < ... < A\,(1).

Then define xy(t), ..., x,(t) as in (4.60). Thus X, := [z1(t) ... 2,(¢)] is a critical point
of f(X,t). If for some k € {1,...,p} and some t € R

H< )‘k(t)u

then this relation holds for all ¢ € R, due to A5. Hence, the corresponding row z(t) = 0
for all . This proves the claim. ]

Remark 4.1. The previous proof shows also, that the minimum of f(X,¢) is unique,
except for arbitrary time-varying signs and possible permutations of its columns.

4.3.1 Minor eigenvector tracking

Let A(t) and f as above and let X,.(¢) denote a time-varying minimum of f, i.e.
f(X.(t),t) is minimal for all ¢. We want to track this minimum by using the time-
varying Newton flow. Hence, we need to determine the ” X-gradient” and ” X-Hessian”
of f. Thus we consider for fixed ¢ the function X — f(X,t) and determine its gradient,
which is given as

VX, t)=At)XN — uXN + puXX'X. (4.61)
Moreover, the Hessian (with respect to X) reads
Hp(X,t) - &= A@)EN — N + p(XTX + XETX + XX T¢). (4.62)

In order to use the Newton flow for the tracking of the zero of the gradient, we have
to compute an inverse of the Hessian operator.

In the special case p = 1, X and £ are vectors of length n and (4.62) can be rewritten
as

Hp(X,t)- &€= A@)E — pé + p(XTX +2XXT)E, (4.63)

where we choose N = 1. Hence, the matrix representation of the Hessian is just given
as A(t) — pl, + p(XTX +2XXT).

But if p > 1, one needs more effort to determine the Hessian operator and we show
two different approaches.

4.3.1.1 Vectorizing the matrix differential equation

In this paragraph, we vectorize £ and V f(X,t) by using the VEC operation and com-
puting a matrix representation for Hy by employing the Kronecker product, denoted
by ®, cf. appendix. Thus

Hi(X,t)=N® (A(t) —pl) + u( X' XL, + (X" @ X)mp + [, XX ), (4.64)
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where 7w is such that vectorized matrices are mapped onto vectors, which equal the
vectorized transposed matrix, i.e.

- VEC(X) = VEC(X ), X € R™?.

Therefore, 77 is a permutation matrix, which is for p = 1 given as mp = I,,.

Once having determined the Hessian, we arrive at the tracking algorithm for vector-
valued X}, k € N.

Algorithm 1: Choose a starting point X close to the exact minimum X, (0) of f(X,0),
ty := kh. For k € N, the new point X}, which approximates the minimum of f at
tr+1 is determined by

X1 = Xp — Hi' (VF (X, te) + hGo(Xi, 1)) (4.65)

Here G}, denotes an approximation to %V f( Xk, tr) of order m > 1. Some valid choices
for this are given in Section 2.1.2.2. The following theorem gives necessary conditions
for the applicability of this algorithm.

Theorem 4.7. Let f(X,t) as defined in (4.59) and assume A1-A5. Let further t —
A(t) be a smooth map and let ||A)||, |A®)|, [A@®)|, |N(t) — X;(£)|7" be uniformly
bounded on R fori # j andi <pV j<p and let p > sup{\(t)] 1 <i<p, t €R}.
Then there exists a smooth isolated zero X,.(t) of Vf(X,t), whose columns are the
eigenvectors of A(t), associated with the p smallest values of the eigenvalues.
Moreover, for any sufficiently small step size h and ¢ > 0 with || Xy — X, (0)|| < ch, the
sequence X}, defined by Algorithm 1 satisfies for all k € N

1X), — X, (t)]| < ch. (4.66)

Proof. The existence of such a zero X, (t) is clear due to Proposition 4.4.
To show (4.66), we have to check the necessary conditions of Theorem 2.10. Therefore,
we consider the derivatives of Vf(X,t) = A(t)XN — uXN + uX X" X:

B .
SVF(XE) = A)XN

Hy(X,t)- € = A()EN — péN + p(XTX + XETX + XXT¢)

o2 .
o5 VI, 1) = ADXN

D’VF(X,t) - (&m) =plén" X +EXTn+nd' X + XEn+nX "¢+ Xn'€)
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o .
HS (X, )€ = A(D)EN

Lemma 4.5 shows that sup,cp || X«(t)| is finite. This shows, that for some r > 0 these
derivatives are bounded for all t € R and X € B,(X.(t)).

The only estimate which remains to show is, that there exists a M > 0 such that for
allt e R

[H(X.(t), )7 | < M (4.67)

According to [48], the eigenvalues of the Hessian at a critical point X, (t) are

{2N;i(p = Ni(1), i =1, ., py U{Nu(N; (1) = Ni(1)), i =1,..,p, j=p+1,..,n} U
{(Nig = Nj)(A(t) = Xi(t)), 1< i <j<ppU

{Nii(pe = Ni(t)) + Njj(p— A(t)), 1 <id<j <p}.

As we assumed the distances |A;(t) — A\i(t)], 1 < i # j < n to be uniformly bounded
in ¢, the smallest absolute value of the eigenvalues of H¢(X,(t),t) is lower bounded for
all ¢, which shows (4.67). O

Note that the matrix representation of H;(X,t) is of dimension np x np, which shows,
that standard way to employ the Newton flow by solving a linear system

Hi(X, )X = =V f(X,t) + hGn(X,1)

for X might, however, not be practical for large n and p. This motivates to look for
an other way to invert Hy.

4.3.1.2 Approximately solving the implicit differential equation

In order to derive a practical inversion formula for Hy,we consider the following equa-
tion for &

Hp(X, )€ := AB)EN — puéN + p(XTX + XETX + XX T¢) =R, (4.68)

where R € R™*P. If X,(t) denotes a minimum of f, we determine @) € O(n) such that
QD = X,, where D € R™? satisfying D;; = 0 for ¢ # j. Such matrices @), D exist,
as the columns of X, are pairwise orthogonal. Hence, D;; = +||z;||, and ¢; = x;/||=]|
where z;, ¢; denotes the ith column of X, Q), respectively for ¢ = 1, ..., p. The remaining
n — p columns Y of ) have to be chosen such that () is an orthogonal matrix, and the
columns of Y span the eigenspace of the n — p principal eigenvectors.

This is a quite restrictive assumption, however, if the n — p principal eigenvectors are
all equal, then Y € R™("P) can be any matrix with orthonormal columns such that
XTY = 0. Note further, that in the case of p = n, this assumption is not a restriction,
either.
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By defining n := Q "¢, we can rewrite the above equation in X = X, (t) = QD as
(A(t) = pl,)QnN + p(QnDTQTQD + QDn' QT QD + QDD 'Q'Qn) = R (4.69)
Multiply both sides with @ . Then
Q" (A(t) — uln)QnN + pQ"(QnD D +QDn' D+ QDD ') = Q'R,  (4.70)
which is for orthogonal @ and diagonal K = QT (A(t) — ul,,)Q equivalent to
KnN +pu(nD"D+Dn"D+DD'n)=Q'R (4.71)

This is a linear equation which we want to solve for 1. As we have assumed that X, is
a minimum of f(X, ), the matrix K = QT (A(t) — ul,)Q = QT A(t)Q — ul, is diagonal
with distinct eigenvalues. Thus, we can solve equation (4.71) by considering the entries
on position (7, 7) and (j,7) for 1 <i,j < p. We have

C1Mij + C2MNji = (QTR)ij
and

csnij + canji = (QTR)ji
Here C1 = Kiiij —{—ILL(D?j —{—Dlzl), Cy = DiiDjj7 C3 = ijNii +IU(D121 —|—D]2J), Cy = D]]D”
If i > p then D;; =0 for all j = 1,...,p. Hence, (Dn"D);; = 0 and we have only to
consider one equation to determine 7;;:

(er + cs)mij = (QT R)ij,

where ¢5 = ;LDJQ-j. Therefore, we get the following formula for 7:

-1
<(QTR)U o %(QTF{)]z) (Cl _ %) ) for1 < ,7<Dp
s = (4.72)
(QTR)y for 1<j<p p+1<i<n

ci+es

Noting that ¢ = @n shows that we have now found an explicit form of (4.68) in
X = X.(1).

If X is not the exact minimum of f, then @ = [XD Y] is not orthogonal, where
D,Y are chosen as described above. Moreover, Q' (A(t) — ul,)Q is not diagonal and
hence, K := diag (Q" (A(t) — ul,,)Q) is only approximation for that matrix. However,
by using this simplification, one can approximatively solve (4.70) by solving equation
(4.71), whose solutions in 7 are given by (4.72). Since the original system (4.70) is
well-conditioned in X = X,(t), these approximative solutions are expedient.

We arrive at the following tracking algorithm. Note that the implementation of this
algorithm is considerably cheaper than the previous one, as there is no need to compute
the exact inverse of the Hessian.
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Algorithm 2:

1. Choose a starting point X, close to the exact minimum X,(0) of f(X,0) and use a
sufficiently small step size h and t; := kh.

2. For k € N, suppose that X, is given. Choose a matrix ) € R™*", whose first
p columns result from the normalization of the columns of X;. The remaining n — p
columns Y of @) have to be chosen such that they are normalized and approximatively
span the eigenspace Y, € R™*("~P) of the n — p principal eigenvectors, i.e. there exists
a k > 0 such that if X = X, +¢, then ||Y —Y.|| < k|||

3. The new point Xy, which approximates the minimum of f at ¢;., is defined by

X1 = Xp — QW; (4-73)

where € R™*? is as defined in (4.72) for R = V f( Xy, tx) + hGL(Xk, tx) and G, denotes
the approximation to %Vf(Xk, t) of order m > 1.

Theorem 4.8. Let f(X,t) as defined in (4.59) and assume AI1-A5. Let further t —
A(t) be a smooth map and let |AQ)||, [|A@)]., [A@. [Xi(t) = X&) be uniformly
bounded on R fori# j andi <pV j <p and let p > sup{\;(t)| 1 <i<p, t € R}.
Then there exists a smooth isolated zero X.(t) of Vf(X,t), whose columns are the
eigenvectors of A(t), associated with the p smallest values of the eigenvalues.
Moreover, for any sufficiently small step size h and ¢ > 0 with || Xo — X.(0)|| < ch, the
sequence Xy, defined by Algorithm 2 satisfies for all k € N

1, — X, (t)]| < ch. (4.74)

Proof. The existence of such a zero X,(t) is clear due to Proposition 4.4. To show
(4.74), we have to check the conditions of Theorem 2.12.
As the boundednesi properties of |[Hy(z.(t), )|, |2V f(z(t),0)|, [Hy(z(t), )7,
IDHy(z,t)|| and || 25V f(z,t)|| already have been shown in the proof of Theorem 4.7,
we only show the additional assumptions.
The fact, that ||-2 Hy(z,t)|| is uniformly bounded for all t € R and « € Bg(z.(t)), can
be immediately seen by considering

P .

O (Hy(X.1)-€) = AN,
Thus it remains to show that the used approximation operator G(X,t) of DF(X,¢)™*
satisfies for some ¢ > 0

‘(1 ~ DF(X,t)G(X,1)) (%Vf(X, £) + Gu(X, 1) (X, t)) H <EVFX. D), (4.75)

for all t € R and = € Bgr(x.(t)t).
It holds for R(X,t) := (+Vf(X,t) + Gr(X,1)(X, 1))

I(I = DF(X,t)G(X, ) R(X, )| < |DF(X,)(DF(X, )" = G(X, 1)) R(X, )| <
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M||DF(X,t) 'R(X,t) — G(X,t)R(X,1)]
for some M > 0. Let v = DF(X,t)"'R(X,t) and w = G(X,t)R(X,t). Thus v is a
solution of (4.70), which is of the form
L(X,t)-n=Q"R(X,1).
while w solves (4.71), which is of the form.
L(X,t) - n=Q"R(X,1).
Note that L(X,(t),t) = L(X,(t),t) and moreover
(L(X,8) = L(X, 1)) -y =
offdiag (Q"(A(t) — p)Q)N + u(Q'Q — IN(nD" D + Dn' D + DD n).
Let X = X, + €. By construction,
QD =X =X, +¢,
for some matrix D € R™"*"P  defined by
D, :{ IIPE’H, z%;
Here, X*? denotes the ith column of X. Note that if X = X,, then we have that
| X7 = /Nu(1 — Ai(t)/n), where A;(t) denotes the ith eigenvalue of A(t).
Note that ||L(X,t) — L(X,t)| = O(]|€]|), since the following conditions hold:
1. offdiag (Q"A(t)Q) = O([l)
Note that Q@ = [XD Y| with Y =Y, + €, where ||¢/|| < k||| for some & > 0.
Thus,

Now consider the (1,1) submatrix
offdiag (DT XTA(t)X D) = offdiag (DT (X[ AX, + X[ Ae +€e" AX, +¢" Ae)D) =
offdiag (DT (X, Ae + € AX, + ¢ Ae) D).

The (2, 1) submatrix is the transposed of the (1,2) submatrix, which is given by
D'XTAM)Y =D'XTAQ)Y., + D" X A(t)d + DTeA(t)Y, + DTeA(t)e =
D'XTA(t)e + DTeA(t)Y. + DTeA(t)e.

Finally the (2,2) submatrix can be rewritten as

offdiag (YT A(t)Y) = offdiag (Y,T A(t)Y. + ¢ TA()Y, + Y. A(t)e + €T A(t)e'T) =
offdiag (¢'TA()Y, + Y. A(t)e + T A(t)e').

This shows that offdiag (QTA(t)Q) = O(||¢||), as |Dy| is bounded for 1 < i < p.
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2.Q'Q—1=0(|e])

It holds
QTQ—I— DTXTXD—]p D'X'Y
o YTXD YTy — Ly |-

By remembering that Y satisfies ||Y — Y.|| = O(|l¢||), where Y, consists of the
(n — p) principal eigenvectors, the claim gets obvious.

Since L(X,t) is well conditioned in X = X,, we can conclude that the solution w of
the approximative system is close to the exact solution v, i.e.

lv —wll < k]| X = Xl < ko V(X 1),

for some ky, ks > 0 which shows (4.75). Note that the right estimate follows from the
assumptions on f, cf. Theorem 2.12.

[
4.3.2 Principal eigenvector tracking
As mentioned above, the principal eigenvectors of A(t) are minima of
1
fo(X) = = (X 1) = =St (ADXNXT) - %HN ~ XTX|=2. (4.76)

Therefore, by replacing V f by =V f and Hy by —Hj in Algorithm 1 and Algorithm 2,
the resulting update schemes track p time-varying principal eigenvectors of A(ty) for
ty = kh, h > 0. Obviously, these modified Algorithms keep their original properties.
In particular, the claims regarding the accuracy of the update rules are preserved.

4.3.3 Numerical results

All simulations were performed in Matlab.

In the first simulation, we checked the tracking ability of algorithm (4.65) and we used
approximations G, for %V f of order 2. Moreover, we set h = 0.02, n = 10, p = 3 and
A(t) = O()K(t)O(t)", where K (t) = diag (ay, ..., a1g) and

cos(t) sin(t) 0
O(t)=R" | —sin(t) cos(t) 0 | R.
0 0 I

Here, R € O(10) is a fixed random orthogonal matrix and a; := 2.5i + sin(it) for
i=1,...,10. We moreover used N = diag (p, ..., 1).

Figure 4.8 shows the computed (dashed) and exact (solid) 3 minor time-varying eigen-
values. As it can be seen in the corresponding error plot (Fig 4.9), where || X5 — X.(tx)||
is depicted, we did not use perfect initial conditions but the computed values converged
fast towards the exact solution.
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steps

Figure 4.8: The evolution of the minor eigenvalues. Solid: exact eigenvalues, dotted:
computed values of Algorithm 1.
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Figure 4.9: The error plot, corresponding to Figure 4.8.
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Order m | Mean error Algorithm 1 | Mean error Algorithm 2
0 1.9-1072 1.8-1072
1 6.2-107% 5.2-107%
2 3.3-107* 2.6-107*
3 2.5-1074 2.0-1074

Table 4.5: The mean error of the two algorithms, computed for different order approx-
imations of 2V f(X,ty)

As mentioned in the previous section, it is of much less effort to compute an ap-
proximation instead of the exact inverse of the Hessian H;, which, however does
not work in the general case. Thus, we replaced in the simulation K(t) by K(t) =
diag (ay + sin(t), ..., ag + sin(3t), ay + sin(4t), ..., as + sin(4t)) € R1%*19 We computed
100 steps for h = 0.02 and t,,,, = 2.

Table 4.5 shows the mean accuracy of both algorithms (4.65) and (4.73) for different
choices of Gy (z,t). Here the mean error is given by + SV Xk — Xu(te)|), where N
denotes the number of steps.

Hence, using approximations for %F (X, tg) of order m > 1 significantly improves the
quality of the results in both algorithms. Note further, that the second algorithm pro-
duces more precise results, although it only uses an approximatively inverted Hessian.
Next, we wanted to check the computational effort of both methods. Therefore, we
made several simulations of both algorithms for different matrix dimensions n? and
number of minor eigenvectors p. We used a second order approximation for %F (X, tr)
and set K (t) = diag (a1 +sin(t), ..., ap +sin(pt), apr1 +sin((p+ 1)t), ..., apr1 +sin((p +
1)t) € R™™ N = 100, h = 0.02. We observed the computing time ¢; of Algorithm 1
and compared it with the elapsed time t, of Algorithm 2 for the same computation.
The results in Table 4.6 show, that the second algorithm has computational advantages,
which increase with the matrix size n? and the number of tracked minor eigenvectors p.

In our first application, we derived subspace tracking methods in Chapter 3. Since this
task is closely related to the problems considered here, we wanted to compare these
methods with each other. Note that the subspace tracking algorithms work under less
restrictive assumptions than the algorithms derived in this chapter. Thus, we used
the following setup, to assure, that Algorithm 1 and Algorithm 2 of this chapter are
applicable.

We used different n,p € N, step size h = 0.01, t, = kh, k= 1,...,100, and

Alt) = X, () K() X, (t)" € RV,

cos(t) sin(t) 0
for K(t) = diag (ap,...,a1), X.(t) = RT | —sin(¢) cos(t) 0 | R. Here, R € O(n)
0 0 I,
is a fixed random orthogonal matrix, a; := 2.5i + sin(it) for i = 1,...,p and a; :=
25(p+1)+sin((p+1)t) fori=p+1,...n.
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’ n \ P \ t1 (Algorithm 1) \ to (Algorithm 2) ‘
10| 3 0.1 0.1
10| 6 0.2 0.1
10| 9 0.5 0.1
20| 3 0.3 0.2
20| 6 0.7 0.2
201 9 1.8 0.2
20 | 12 4.2 0.2
20 | 20 21 0.3
40 | 3 0.8 0.7
40 | 6 4.3 0.7
40| 9 16 0.7
40 | 12 34 0.7
40 | 20 143 0.9
40 | 40 1033 0.9

Table 4.6: The computing time the two algorithms, determined for different values of
n and p

As done in Chapter 3, the task is to compute estimates P, of the principal subspace
P.(ty) of A(tg). Note that the isospectral representation P, of the principal subspace is
determined by the principal eigenvectors X, via P, = X, X *T . To measure the accuracy
of the algorithm’s output, we use the formula 5 S0 || P — Pu(ty)|]. Table 4.7 shows
the results of different test runs, where perfect initial conditions were used. It turns
out, that the subspace tracking algorithm of Chapter 3 shows the best performance
regarding the accuracy and it is faster than the general MCA Algorithm 1. Note that
Algorithm 2 is the fastest one, but, as mentioned before, it does not work for general
subspace tracking problems.

In the case that p = n, Algorithm 1 and Algorithm 2 perform a complete eigenvalue

MCA Algorithm 1 MCA Algorithm 2 Subspace Algorithm 4

p | Comp.timeMean error | Comp.timeMean error | Comp.timeMean error

20 2.5 4.8-107% 0.3 4.7-107* 0.2 1.0-107°
40 20.7 2.3-1074 0.8 2.4-1071 2.7 1.5-107°
80 140.3  2.0-107* 3.2 1.7-107% 27.0 1.6-107°

Table 4.7: The computing time and mean error of the minor eigenvector tracking
algorithms and the 4th subspace tracking algorithm of Chapter 3 (parameterized time-
varying Newton algorithm). We used n = 10 and different values for p.
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MCA Algorithm 2 EVD Algorithm
n Comp.time Mean error Comp.time Mean error
10 0.10 52-107* 0.03 2.0-107*
20 0.26 8.7-1074 0.04 2.7-1074
40 1.0 6.1-107° 0.16 3.2-107*

Table 4.8: The computing time and accuracy of Algorithm 2 for p = n vs. the EVD
algorithm of Section 4.1.

decomposition. Therefore, we finally wanted to check, whether the faster Algorithm
2 can keep up with the EVD algorithm, as described in Theorem 4.2. The calculated
results show, that this is not the case, as the original EVD algorithm produces more
precise results (for the same matrix A(t)) at lower computational costs, cf. Table 4.8.



Chapter 5

Application III: Pose Estimation

In this section, we consider the problem of time-varying motion reconstruction, which
arises in the area of computer vision. Since we are able to formulate the particular task
as a time-varying optimization problem, the previously introduced tracking algorithms
are applicable. At first, we need some preparatory results.

Assume that we have a sequence of image points of a rigid object, which results by
either a motion of this object or equivalently, a motion of the camera.

optical axis

Figure 5.1: Epipolar geometry.

Thus we have for each time ¢ € R two sets of N camera image points (2, ..., 2y)
and (z1(t), ..., zn(t)), and we assume that the correspondence between image points
z; « z;(t), 1 < i < N, is known. The goal is to reconstruct the 6 Euclidean mo-
tion parameters of 7(¢) (translation) and of ©(t) (rotation) by evaluating the two sets
of image points. As corresponding points of the same scene are related by epipolar

141
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geometry as depicted in Figure 5.1, we have for ¢ = 1, ..., N the fundamental relation
(Longuet-Higgins):

50D (W), = 0, (5.1)
where
0 —Tg(t) Tg(t)
Qt) = | m3(t) 0 —71(t) |, O(t) € SO(3).
—Tg(t) Tl(t) 0
This formula shows, that one can obtain the direction of 7(t) = (71(t), 72(t), 73(t)) "

but not its length by this approach: if QO satisfies (5.1) for some t € R, then Q0O is
as well a solution for any ¢ € R.

Due to relation (5.1) we define essential matrices, which can be also considered for
dimensions n # 3.

Definition 5.1. An essential matrixz is of the form

E =0Q0,
where Q is n X n skew symmetric and © is n X n orthogonal.
These essential matrices can be characterized as follows.

Proposition 5.1. A matriz E € R™ " admits a factorization
E =00, Qecso(n), ©cO(n)

if and only if the nonzero singular values of E have even multiplicities.
If zero is a singular value of E, © can be chosen from SO(3).

Proof. "=" Let E' = 0, where © € O(n) and (2 is skew symmetric. Thus, the non-
zero eigenvalues of () are all purely imaginary and come in pairs £); for ¢+ = 1,..., k,
k <mn/2. This shows, that the SVD of Q is given as

Q=UxV", (5.2)

for some U,V € O(n) and ¥ = diag(oy,01,09,09, ..., 0k, 0%, 0,...,0) € R"™"™ where
k
n—2
o; = |\ for i =1, ..., k. Thus,
E=U%(V'O)

is a singular value decomposition of £, which shows the claimed property of the singular
values of E.
<" Let

E=UxV"T

for some U,V € O(n) and ¥ = diag (o1, 01, 02, 02, ..., Ok, 0%, 0, ..., 0) € R™™™,
——
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Define R := 0 —1 and B; := 0 o fort=1,...,k. Then, B;R = o 0
1 0 —0; 0 0 g;

and we get . = BR, where R = diag (R, ..., R,1,...,1) and B = diag (B, ..., By, 0, ..., 0).
S—— N——
k n—2k n—2k
Thus, R
E=UBU'URV",

where UBU is skew symmetric and URVT € O(n). Moreover, if n > 2k then 0 is
a singular value of E' and we can choose U,V such that U,V € SO(n), which implies
© € SO(n), as det R = 1.

[

Since we are interested into smooth decompositions of time-varying essential matrices
E(t), we also need the following proposition.

Proposition 5.2. Let E(t) € R™" with vk E(t) = 2k for allt € R and let the non-zero
singular values of E(t) have even multiplicity, s.t. they are given by (o1(t), 01(t), oo(t),
oo(t), ..., ok(t), ok (t)). We further assume, that the non-zero singular values satisfy for
i # j either o;(t) = o,(t) for allt or o,(t) # o;(t) for all t.
Then for smooth t — E(t), there exist smooth curves Q(t) € so(n) and O(t) € O(n)
such that

E(t) = Qt)O(t).

Proof. According to Proposition 4.2, there exists a SVD of E(t), i.e

where U (t), 3(t ) V(t) are smooth curves in t.
Let R := { 0 , R =diag(R,...,R,1,...,1) and B(t) := 2(¢t)R~'. Thus, Q(t) :=

! k 2k
UBB®U®)T and O(t) := U(t)RE)V(t)T are smooth, as well. By construction,
E(t) = Q(t)©(t), which shows the claim. O

Now we have the necessary tools to reconsider the original problem (5.1), where we
want to reconstruct the motion parameters €(t) € so(3) and ©(t) € SO(3).

Recall that we can not compute the length of the translation, which motivates to define
the normalized essential manifold:

g5 := {Q0O| Q € 50(3), | = V2,0 € SO(3)},

which can be equivalently characterized as

sgz{U[[Q O}VT’ U,VESO(3)}.

cf. Proposition 5.1. Moreover, it has already been shown in [35], that €5 is a smooth
5-dimensional manifold, which is diffeomorphic to {X € so(3)| ||X||? = 2} x SO(3).
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By using these concepts, we can reformulate the time-varying pose estimation problem
into a minimization problem: Find E(t) € €3 such that

Z(Ii(t)TE(t)xé)z (5:3)

is minimal for all t € R. Note that in that case where the image points x;(t) are exactly
determined (called noise free case), the minimum of (5.3) is zero, due to relation (5.1).
For fixed t € R, this is a quadratic optimization problem on the manifold of 3 x 3
matrices with fixed singular values 1,1 and 0, cf. above. Geometric optimization
algorithms for solving this problem have been recently proposed by Helmke et al. [32]
and Ma et al. [45]. For time-varying data however, such methods cannot be directly
used and different approaches are required. Therefore, tracking methods basing on
the Newton flow will be used to derive different algorithms to solve the minimization
problem (5.3) for time-varying image points z;(t), ¢ = 1,..., N. This is equivalent to
determine (Q(t),0(t)) € {X € s0(3)| || X]|* = 2} x SO(3) such that

DN | —

_ %Ztrz(Ai(t)Q(t)@(t)) (5.4)

is minimal for all ¢ € R, where A;(t) := zlz;(t)" for i = 1,..., N. Subsequently, we
derive extrinsic and intrinsic methods to get a solution of this time-varying optimiza-
tion problem by employing the time-varying Newton algorithm to modifications of the
cost function (5.4). At the end of this chapter, numerical results demonstrate the
applicability of these approaches.

5.1 Working in the ambient space

At first we want to solve the time-varying minimization problem (5.4) on a manifold
by using an extrinsic method, i.e. we embed the algorithm into the ambient Euclidean
space. Hence, we work in s0(3) x R**3 (instead of £3), which can be identified with
R!? and we define for x> 0 the modified cost function f : s0(3) x R¥*® x R — R by

LM H
f(Q,0,1) Ztr Z(HQH2—2)2+ZH@T@—IHQ. (5.5)

Note that this function differs from (5.4) by including a so-called penalty term to
produce a flow towards the manifold. The following two Lemmas are necessary to
justify this particular choice of f.

Lemma 5.1. Fort € R and p > 0 the function f has compact sublevel sets and a
minimum exists.
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Proof. For any ¢ >0 and t = t; € R,

CZf(Q7@’t) >

(o) —2) < 2\/5

f<e ={(Q,0) € 50(3) x R¥® | {(Q,0,t9) < ¢}

=

(1el* —2)*

implies
and thus the sublevel sets

are compact. The result follows. Il

Minima of f are not exactly the minima of ® (5.4), as we added penalty terms to
the original function. However, it is easy to see, that f(€Q,0,t) = 0 if and only if
$(2,0,t) = 0 and (2,0) € €3, which shows, that the global minima coincide in the
noise-free case.

We now prepare to apply Theorem 2.9 to the function f. Hence, we need the differential
of f(£2,0,t) with respect to (€2, ©), which is given for fixed ¢ as

df (2,0 t) - (1,0) = u([|Q* = 2)tr (27 )—l—utr ©'6 - tr(070) + (5.6)

Ztr HQO)tr ((OA;(t)) k) + Ztr £)QO)tr (A;(1)Q6),

where By, := (B — B").
To compute a gradient of f, we use the standard Riemannian metric in Euclidean
space. Thus for tangent vectors & = (11, 01),& = (12, O2) we set

(61,&) = tr (] n2) + tr(6] ©,)

and the gradient of f is given by

[ a9l =20 = St (A()96) (O A1),
VI8N =] Leere n - YT wameeaann) | O7

It is a necessary condition, that (5.7) is equal zero, to have a minimum of (5.5). This
enables us to reformulate the original minimizing problem into a more general zero-
finding problem, as isolated minima (£2,(t), ©.(t)) of (5.5) are isolated zeros of (5.7),
ie.

V(Q(t),0.(t),t) =0 VteR. (5.8)

The following lemma reveals some more properties of the critical points of f.

Lemma 5.2. Fort € R, any critical point (2, 0.) of f satisfies

(i) p(I2]7 = 2)IQu|* = = 327, tr(Ai(6)€2.0.),
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(ii) u(|©7O.> — [10]7) = = 3211, tr2(A4;(1)2.0.).

In particular
0 <l < Va2

Note that for N > 5 and generic A;(t), the right side of (i) and (ii) is smaller than
zero, which implies ||| < v/2.
Proof. Use the critical point condition (5.8) and obtain

(@) Q1P =2)2 =35, tr (Ai(H)Q0)(OAi(t))ur,

(i) O(OTO — 1) =31 tr (A(1)QO)(QT A:(1)7),

The result follows by multiplication on both sides with € in (i) and with ©7 in (ii) and
applying the trace function to both sides of the equation. O]

For the purpose of deriving the Newton flow, we determine the derivative of V f(Q, ©,¢).
Thus

D1Vf(Q,@,t) =

{ 2ptr (QT)Q A+ u((|QU = 2)n — SN tr (OA:(6)n) (OA(t))sk ]
— S (OAMN(QAMT) = SN, tr (A4,1)Q0)(nAi()T) |

D,VF(Q,0,1) -0 =

{ - Sy tr (Ai()Q0)(OA;(t)) o — S tr (Ai()20)(0A(1)) s ]
pO(OTO — 1)+ 0070 + 07T0) — N tr (A;(H)Q0)(QA(1)T) |
Let

Hi(Q,0,t) := [DiVF(Q,0,t) D,VF(Q,0,1)] (5.9)

denote the Hessian of f(£2,©,t). Now we are able to formulate the tracking algorithm,
as a consequence of Theorem 2.9. To preserve readability, we first give a matrix-valued
form of the differential equation. A way to vectorize the occurring ODE is shown later
in this section.

Theorem 5.1. Let f as above and let A;(t) a C?*-map such that for some ¢ > 0,
140 < o |24 < ¢ and AWM < cfori=1,..,Nandt e R. Let

ot?
t— (Q.(t),0.(t)" be a smooth isolated solution of (5.8) and let M be a stable bundle
map. Assume further, that H;(Q.(t), 0.(t),t) is invertible and ||H(Qu(t), ©.(t), 1)
is uniformly bounded for all t € R.

Then the solution (Q(t), O(t)) of the ODE

{ g } — Hy(©2,0,0) " (M(Q0)Vf(2,0,1) - %Vf(Q, 0,1)) (5.10)

converges exponentially to ((t), O.(t)), provided that (2(0), ©(0)) is sufficiently close
to (€2.(0), ©.(0)).
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Proof. As Vf is a polynomial in €2 and ©, the assumptions regarding the derivatives
of Vf in Theorem 2.9 are obviously satisfied. The claim follows. O]

Discrete tracking algorithm
We now give a discrete version of the continuous tracking algorithm of Theorem 5.1,
where a matrix-valued dynamical system is considered. Thus, before we discretize
the occurring ODE, we give an equivalent vector-valued equation by employing some
vectorizing operations to transform matrices into vectors, cf. appendix. Note that we
particularly use different notations VEC(+) and vec(-), where the first one applies to all
matrices, while the latter is only defined for skew symmetric matrices X € so0(3) C R3*3
by
VeC(X) = \/E(Xlg, )(137 XQg)T.

VI - R3X3 12 VEC vec($2)
We further need VEC : R**® x s0(3) — R'#, defined by VEC(2,0) := { VEC(O) } :
By using these tools, we transform the differential equation (5.10), which is defined in
matrix space so(3) x R3*3 into an equivalent ODE in R'2 i.e.

—_ s o a
VEC (| g |) - #r @00V (Me)vs 0.0 - ZYr@.) . (511
Hy Hy 12x12 : : ) .
where Hy(2,0,1) := H. H eR is the matrix representation of the Hessian
3 4

of f with respect to the used vectorial representation. Thus

{Hl Hg]‘[ vec(n) ]_{ vee(DVF(Q,0,t) - 1) ]

Hy H, VEC(©) | ~ | VEC(D,Vf(Q,0,t)-0)

and the submatrices of H; are given by

Hy = 2uvec(Q)vec' () + u(||Q —2)I + ZVec((@Ai(t))sk)vecT((@Ai(t))sk) (5.12)

i=1

Hy =) vec((©Ai(t)) VECT (QA;(1) ") (5.13)

-3 >t (AOO)LAW &1 16 A0 )
Hy =Y VEC(QA;(t)vec ((OA;(t))) — Y tr (A()20)(Ai(t) @ L' (5.14)
Hi=pO®0-N@I+p0" @01 +u(l 200" (5.15)

+ 3" VEC(QA (1) )VECT(QA4,()T)

i=1
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Here, L is a linear map such that
LVEC(Q) = vec(Q)

for a skew symmetric matrix Q and 77 maps VEC(X) onto VEC(X "), cf. appendix.
We arrive at the following discrete tracking algorithm, which is a direct consequence
of Theorem 2.10. The proposed update scheme computes approximations ({2, ©y) of
the exact minimum (€, (t), ©.(t)) of f at discrete times t; = kh for k € N and h > 0.

Theorem 5.2. Let f as above and let A;(t) a C*-map such that for some ¢ > 0,
14;(0)] < ¢ [[2A®)] < ¢ and ‘g—;Ai(t)H < ¢ fori=1,.,N and all t € R.

Let t — ((1),0.(t)" satisfy (5.8) and let G,(Q,0,t) denote an approzximation of
%Vf(Q, O,1) satisfying for some R,c >0

i

for all (2,0) with dist((£2,0), (2.(t),0.(t))) < R, t € R and h > 0. Assume fur-
ther, that the Hessian H;(Q(t),0.(t),t) is invertible and || H;(Q(t), O.(t), )7 ] s
uniformly bounded for all t € R.

Then for ¢ > 0 and sufficiently small h > 0, the sequence

[ ]

Okt

Q —~——1 —~—

[ o } ~VEC " (Hy(Q% Ok, ) 'VEC(V S (U, Op, 1) + hGa(Q, O, 1))

GH(Q,0,1) — %Vf(ﬂ,@,t)” < ch

satisfies for k € N and t, = kh
1% — Qu(t) * + |8k — O (ti)|1* < 12,

provided (20, ©g) is sufficiently close to (£2.(0),©,(0)).

5.2 Intrinsic pose estimation

In this section we derive an algorithm, which works directly on the manifold in order
to track the minimum of the cost function (5.4).
Recall that the normalized essential manifold €5 can be described as

€5 = S x SO(3),

where S = {Q Q € s0(3),[|Q = V2} = S%.. We therefore consider the task of
minimizing the function

®:59xS0(3) xR — R,
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defined by
N
B(Q,0,¢) = % S tr2(4,(6)90) (5.16)
i=1

where A;(t) := x}x;(t)" for i = 1,...,N. In order to employ the time-varying Newton
flow for this optimization problem, we need to compute the intrinsic gradient and
Hessian of ®. Let therefore (1;,01;) € T(q,6,€3, ¢ = 1,2 denote tangent vectors of
€3. We define a Riemannian metric by

(1, ©9n), (n2, Otha)) := tx (n 1) + tr (Y] o). (5.17)

To derive formulas for the intrinsic gradient and Hessian of ®, we will use the same
approach as Ma [45], who used Newton’s method to compute the minimum of ®(£2, ©,t)
for fixed ¢ € R. We extend this approach by using the time-varying Newton flow in
order to derive a tracking algorithm for the time-varying minimum of ®.

At first, we need the description of an orthogonal basis B of the tangent space of €3,
which is given in the following lemma.

Lemma 5.3. Let (2,0) € S x SO(3) = €3. Let mat : R® — s0(3) denote the
inverse of the vec operation (cf. appendiz) and let u = vec(Q), v = (vy,v2,v3) " and
w = (wy,wy, ws)" such that v'w =0, w'u=0,v"u=0 and ||Jv]| = ||w| = 1.

Then By := {mat(v), mat(w)} is a orthogonal basis of the tangent space TS of S and
a basis of the tangent space ToSO(3) of SO(3) is given by B, = {@mat(l,O,O)T,
Omat(0,1,0)", ©Omat(0, 0, 1)T}.

Proof. As S C s0(3) can be identified with S C R?® we obtain the basis B; by
considering the situation in S?. For u € S? holds u'y = 0 if and only if y € T,S?.
Therefore, we get an orthonormal basis of the tangent space T,S? by using vectors
v,w € R? satisfying v,w # 0, v'w = 0, v'u = 0 and w'u = 0. Thus, T,,S* =

A

span(v, w), which shows the structure of Bj. ]

Lemma 5.4. Let (2,0) € €3, let { By, Ba} denote an orthogonal basis of ToS and let
{Bs, By, Bs} denote an orthogonal basis of ToSO(3) as defined in Lemma 5.3. Then
for any t € R, the intrinsic gradient of ®(£2,©,t) in terms of B is given as

5
grad ®(2,0,t) = Z bi(t) B,

=1

where
bi(t) = { Zi\il tr (A;(1)Q0)tr (A;(1)B,©O) i=1,2
TSNt (A(0)Q0)tr (A (HD0B;) i = 3,4,5

Proof. We use that the gradient of ® is uniquely determined by

do(Q,0,t)(n, ) = Z tr (A;(1)20)tr (4;(1)nO + A;(1)Q0y) =

=1
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(grad (2,0, 1), (n,O1)) .

The claim gets obvious by noting that 1 € span(B;, By), while O € span(Bs, By, Bs).
O

Recall, that for fixed ¢ the Hessian form of ® : €3 — R at a point (£2,0) € &3 is the
quadratic form
H@(Q, @) : T(Q7@)€3 X T(Q@)é‘g — R

defined for any (1, ©) € T(a,e)c3 by
H@(Q, @)(<n7 @w)v (777 @w)) = ((I) S I)”(O)

Here x : I — €3 denotes the geodesic z(s) =: (Q(s),O(s)) with (£2(0),0(0)) = (22, 0)
and velocity z/(0) = (€'(0),0'(0)) = (n,©). It is given by

(Qs), O(s)) = <Qcos(as) + Usin(os),0 (1 + Sinf;ﬁ)w L1 C?;’f(w)w?)) L (5.18)

where 0 = I and U = 2.0, 9 = /4% + 0% + ¢, of. [45].

([l *
By using these expressions, we obtain explicit formulas of the Hessian form and Hessian

operator.

Lemma 5.5. Let (Q,0) € €3, let {By, Ba} denote an orthogonal basis of TaS and let
{Bs, By, B5} denote an orthogonal basis of ToSO(3) as defined in Lemma 5.5.
The bilinear form, associated with the Hessian form of ® is given as

Hao(2,0,1) - (1,01, (s, Ohy)) =

N

1 (32 0 (n IO+ QO +12)) = D 62 (A(0) (1 — 1) O+ QO vy —1)) )+

=1
N
Z tr (A ()Q0)tr (Ai (1) (= Q(l[m+n2l* = llm—ne ||2)@+4Q@¢1¢2+4(771@¢2+772@¢1))))
=1

Moreover, the 5 x 5 matriz representation with respect to the basis {Bj, ..., Bs} of the
Hessian operator of ® is determined by

(H@(Q, @7t>>1j — H@(Q, @,t) . (B,L',Bj), 1 S ’l,j S 5

Proof. Let (2,0) € €3 and let (n,0v) € T(ge)E3 denote a tangent vector. Let fur-
ther (Q(s),O(s)) denote a geodesic on €3 with (£2(0),0(0)) = (©2,0) and velocity
(€'(0),0'(0)) = (n,0¥), i.e. (2(s),O(s)) is as given in (5.18).

Then we consider the quadratic form He (€2, ©,1)

Ha(62,0,1) - (n,00) = (2(2,0,1) 0 (2(s),0(5).1)) (0) =
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Ztr 0)0 + QO'(0)))+
tr (A;(£)Q0)tr (A;(¢)(Q7(0)0 + QO”(0) + 2€'(0)0'(0))) =
Z tr2(A; (1) (0O + QOY)) + tr (A,()QO)tr (A;(1)(—Q[n]]*6 + QOY* + 27O%)),

since 2'(0) =7, ©'(0) = Oy, Q"(0) = —Q|n||* and ©”(0) = OY?.

Furthermore, the corresponding bilinear form is given by

Ha(2,0,1) - (1,01, (s, Othy)) =

(Ho(2,0,t) - (m + 12, 0(¢h1 + 1h2)) — Ho(Q,0,1) - (1 — 12, O(¢h1 — 1)) =

|

%(Z 60 2(Ay(8) (1 + m2)© + QO (4 + 1))

+ Ztr £)QO)tr (4; (1) (—Q|m1 + 72]?© + QO (1 + ¥2)? + 2(my + 12)O (1 + 1))

N

— ZtrQ(Ai(t)(Oh —12)0 + QO(Y1 — 1)))

—Ztr £)Q0O)tr (A;(t )(—Qum—772\\2@+Q@(¢1—w2)2+2(m—nz)@(w1—¢z)))> =

N

(Ztr )((n-+ )0 +00(Wr+12)) = D tr 2 (A(0)((11 — 1) O+ 0O (11— 2)))+

=1

Ztr £)Q0)tr (Ai(t )(—Q(|’771+772H2—H'fh—nz|’2)@+4Q@¢1¢2+4(771@¢2+772@”¢1))))

The last claim follows by noting that the Hessian operator is the linear map
Hy(Q,0,1) : Tig,0)€3 — T(0,0)€3

uniquely defined by

HCD(Q7 67 t) (57 77) = <H<I>(Q’ 6’ t)€7 77) v§7 ne T(Q,®)53
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Discrete tracking algorithm

We now give a discrete tracking algorithm, which computes approximations (€2, ©y)
of the exact pose (2.(t),0.(t)) at discrete times t, = kh for k € N and h > 0. The
sequence (§, Ok )ren is defined as follows:

1. For (£, ©y) € €3 choose the basis { By, By} of T, S and the basis {Bs, By, By}
of Te,S0(3), as described in Lemma 5.3.

2. By using Lemma 5.4, compute b := (by,...,b5)" and ¢ := (¢, ...,c5)" such that

grad ®(Q, O, t) = Y _b;B;

and

Gh(Qka 9k7 t) = Z CiBi7

where G}, (2, Oy, t) denotes an approximation for %grad (Q, O, t).

3. Determine the matrix representation of the Hessian operator He (€, O, t) €
R°*® with respect to the basis {By, ..., Bs}, cf. Lemma 5.5.

4. Compute
a = —Hcp(Qk,@k,tk)_ (b h )
and set v := ay By +ay By, w = (a3, a4,a5) ", |T U= % t(v), ¥ = mat(w)
and ¥ = /4T, + V75 + 3.
5. The new point is determined by
(Qk+17 @k+1> = (Qk COS O + USiIlO', ®k (I s1n19¢ + — 1= COSTS 2)) . (519)

Theorem 5.3. Let ® as above and let A;(t) a C*-map such that for some ¢ > 0,
A < ¢ ®)] < ¢ and ‘ smAi(t)|| < cfori=1,.,N and allt € R. Let

t— (2.(1),0,(t ))T be a smooth isolated zero of grad ®(£2,0,t) and let Gi(2, O,1)
denote approximation of %grad ®(Q,0,1) satisfying for some R,c >0

for all (2,0) € €3 with dist((2,0), (2(t),0.(t))) < R, t € R and h > 0. Assume
further, that He(Qu(t),0.(t),t) is invertible and ||He(Qu(t), ©4(t),t) Y| is uniformly
bounded for t € R.

Gr(Q,0,t) — %grad d(Q, @,t)H < ch
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Then for ¢ > 0 and sufficiently small h > 0, the sequence (5.19) satisfies for k € N
and t, = kh
diSt((Qk, @k)7 (Q*(tk), @*(tk))) S Ch,

provided (20, ©y) is sufficiently close to (£2.(0),©,(0)).

Proof. In order to apply Theorem 2.4, we show that ||(7D)?*grad ®(£2, ©,t)|| is bounded,
where 7 = mq,e) is the projection operator onto the tangent space of €3 at (€2,0). The
boundedness of the other derivatives of grad ® is obvious then.

Note that the tangent space of €3 = S x SO(3) is the direct product of the tangent
space of S and SO(3). The tangent space of S at 2 € S consists of all skew-symmetric
matrices, which are orthogonal to 2. Moreover, the elements 1 of the tangent space of
SO(3) at © € SO(3) are characterized by the condition © T € s0(3).

Thus for (n,%) € s0(3) x R3*3, the projection operator at (2, 0) € €3 is given by

e 0) = (1= 31 (7 G070~ v76) ). (5.20)

Hence, we can compute the gradient of ® by using the Euclidean gradient V®(Q2, O, )
€ s50(3) x R¥3 ie.
grad ®(€2,0,t) = mq,e) VP(Q2, 0, 1).

Note that V®(€, ©,1) is determined for (n,v) € s0(3) x R3*3 by

(VO(Q,0,1), (n,¢)) = d®(Q,0,1)(n, ¥),
which is equivalent to

N N

(VO(2,0,1), (n,1)) = Y tr (A(1)Q0)tr (OA;(t))akn) + Y _ tr (Ai(1)20)tr (A;(1)Q).

i=1 i=1

This shows that

VO(Q,0,1) = [ — S tr (A(DNO)(OAD)) } |

— 3Nt (A(H)QO)QA ()T
Therefore, the intrinsic gradient is given by

=Nt (A ()Q0) (B4 (1)) + Ltr (04:(1)) 5 Q)Q)
grad@(“’@’”‘[ S (A()20)0(0T QAN e ]

A simple calculation shows that Dgrad (2, 0,t)(¢,n) is a polynomial in Q,0,,n,
where coefficients of the form tr (p(Q2, ©, 1, 1)) occur. Here, p(£2, ©, 1, n) is a polynomial
in 2,0,¢,1n.

Equation (5.20) implies that 7 ¢)Dgrad (€2, 0,1)(1),n) is also a polynomial in €2, ©, 9,
n, where coefficients of the form tr (p(2, ©,, 1)) occur with polynomials p(€2, ©, 1, 7).
These reflections show that (m(o,e)D)*grad (2, ©,t)- ((¢1,m1), (¢2,72)) is a polynomial
in , 0,11, n1, 19, n2, where coefficients of the form tr (p(£2, ©, Y1, 1, 19, 172)) occur with

polynomials p(€2, ©, Y1, 11,19, 12).
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Hence,
||<7T(979)D)2grad (I)(Qa 67 t) ’ ((191, 771)7 <¢27 772)) ”

is bounded for (2,0) € €3 and ||¢1]] = ||m || = ||w2]| = ||me]l = 1, t € R.
]

5.3 Further approaches for time-varying pose esti-
mation

Here we develop alternative methods to derive update schemes to solve the time-varying
pose estimation problem. As they are closely related to the previously introduced
methods, we restrict to a short description.

5.3.1 Partially intrinsic method

The original optimization problem is defined on the normalized essential manifold €3,
which can be considered as the direct product of S x SO(3), where S = {Q] Q €
50(3), ||| = v2} = S?. Hence, €3 is a Riemannian submanifold of M := s0(3) x SO(3)
and we can embed the original minimization problem (5.4) into M by including penalty
terms into the cost function.

Thus the optimization task turns into finding Q(¢) € so(3) and ©(t) € SO(3) for given
matrices A;(t), i =1, ..., N, such that for u >0

2(0,0,):= A (0l ~ 27 + %Ztrz(Ai(t)QG) (5.21)

is minimal for all ¢ € R.

Obviously, dim M = 6 and the tangent vectors at (2,0) € M are (n,Ov) for n,¢ €
50(3).

In order to minimize ®, we need to compute an intrinsic gradient. Let therefore
(n:, ©¢;) € Tig,09 M, i = 1,2 and define a Riemannian metric by

((m, ©1), (112, On)) = tr (1] m2) + tr (¢ ©TOY) = tr (1) m2) + tr (91 ¥2).  (5.22)
The derivative of ®(2, ©,¢) with respect to (€2, 0) is given as

DP(Q,0,t)(n,0¢) =

n(||Q)1? = 2)tr (27 n) + Ztr £)QO)tr (4; ()10 + Ay (1)Q0y) =

u([|1Q)12 = 2)tr (27 n) —i—Ztr HQO)tr ((04;(1))skn + (Ai(t)20) 40" 0Y),

where we used, that ©"01 € s0(3) and By, := (B — B").

1
2
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Lemma 5.6. For any t € R, the intrinsic gradient of (2, 0,t) on M is given as

T R(I9IP =22 T, (A()90) (040,
mdain,00 = | M1 o 62

Proof. Let for t € R, grad ®(Q2,0,t) := { gl } Thus,
2
tr (G| n) +tr (G, O) =

. (mmu? ~2Q7y+ <Ai<t>ﬂ@><@Ai<t>>skn) +

r (Z tr (Ai(t)Q@)(Ai(t)Q@)sk@T@¢)

— u(||9QIf? = 2)tr (27n) +Ztr £)Q20)tr (O4;(t)n)+
Ztr £)Q0)tr (4;(1)Q00 T 0y)

= u([|Q)]> = 2)tr (27 n) +Ztr (H)QO)tr (OA;(t +Ztr £)Q0)tr (4;(t)QO)

i=1

=do(02,0,t)(n, Op).
O

To derive a Newton flow, we furthermore need to determine the Hessian operator which
is given by the following formula:

Hy(2,0,t) = 71, o, Dgrad (€2, ©, 1), (5.24)

where 77, o, i denotes the projection operator onto the tangent space T(q,e)M.
We compute at first the derivative of grad ®. Let therefore

Q

o
Dgrad (9,0, t)(n, 0¢) = {Bl(g O, 1)+ Ba(Q2, 0,1)0¢

Hence, the components of Dgrad ® are as follows:

A1(,0,8)n = 2ptr (T m)Q + (I = 2) = 3t (OA(1)skm) (OA(E)or (5:25)
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As(Q, Ztr ()Q0) (O A, (t sk—Ztr 1)Q0)(OVA; () (5.26)

Bi(Q,0,t) = (5.27)

-0 Z tr ((©A;(t)) ) (Ai(t)Q0) s — O Z tr (A;(1)20)(A;(t)10)

By(0,0,1)09 = -0 Ztr (A;(1)Q0)(A4;(H)Q0), — (5.28)

@Ztr ()QOY) (A;(£)Q20) Sk—@Ztr (t)Q20)(A4;(1)Q209) gk

=1

Using these formulas, we obtain the following equation for the Hessian operator

o Pl(Al(Qv@7t)77+A2(Q7@7t)@¢)
Ho($,0,1) - (n, O9) = { Py(B1(2,0,1)n + Ba(9,0,1)00)

where P, and P, are projection operators such that Hg(€2,0,t) - (n,09) € Tiae)M.
Thus,
P (Al (Q, @, t)?] + AQ(Q, @, t)@¢) S 50(3),

Po(BA(2,0, 1)1+ By(2,©,1)00) € ToSO(3).
Since A1(2,0,t)n + Ax(Q,0,t)01 € so(3), we have
Pi(A1(Q,0,t)n + A2(2,0,1)0¢) = A1(Q,0,1)n + Ax(Q, 0, 1)O).

Since P, is given by
Py X — 007 X)),

the Hessian operator turns into

A1(Q,0,t)n + A3(Q,0,1)0 _
SRS RS {@(@TB (Q2,0,t )Z+@TBQ( ©2,0,1)00) } -

A(Q,0, )0+ Ay(Q,0,1)01
[31(9,9 t)n + Bo(Q, 0 ,t)@@b}
where
By(0,0,1)0y = —@Ztr (Ai(DQO)((A()O)w)st = (5.29)

N

0 tr (Ai(t)200)(4:(H06) sk—@ztr (D20)(Ai()20¥).

i=1 i=1
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By vectorizing these magnitudes (cf. appendix), we could derive a 12 x 12 matrix
representation H of the Hessian operator. Having found a matrix representation of the
Hessian, we can use the time-varying Newton flow to obtain a dynamical system to
track the minimum of ®. This leads to a linear equation

mwon (el )= (V) b

where Ry, R, are the first and second component of M (Q0)grad ®(€2, ©,t) + 2grad ®
(©,0,1). As this linear equation is restricted to the 6 dimensional tangent space of M,
we can transform it into a simpler form. We have

00" o0 | (vdieton )| 1o0 ] (viderRy )

which is equivalent to

o0 o] (20 [ o (255

where L € R3*!2 satisfies vec(n) = Lvec(n) for n € s0(3), cf. appendix. This implies
that

\{ LI®eT) } (.0,%) [I (1®@)LT}(ng((qz))>:(v;e((é%z>2))’

=: Hg( @ t) € RO*6

= vec(n) vec(Ry)

He($2,0,) ( vec(1)) > - ( vec(OT Ry) ) '
We obtain a linear equation, which has a non-singular system matrix Hgp € R%%. Since
Hyg is nothing but a matrix representation of the Hessian operator with respect to a
suitable basis of the tangent space of M, the solutions of the reduced system also solve
the original system (5.30).
By using the equations (5.25), (5.26), (5.27) and (5.29), we get the matrix representa-

tion He(9,0,t) := [ gl gz
3 Gy

and therefore

of the Hessian operator by considering

1. Gyvec(n) = vec(A1(2,0,1)n)
2. Gyvec(1)) = vec(A3(2,0,1)O1)
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Hence, the submatrices Gy, ..., G4 of Hg are given by

N
Gy = 2uvecQvec' Q + u(||Q* — 2)1 + Z vec(OA;(t))svec (OA;(1)a,  (5.31)

i=1

Gy = vec(OA;(t))wvec (AQ0)y (5.32)
-2 > (AWRO)LAW ©O+0 AL
Gs =Y vec(Ai(t)Q0)gvec (OA;(t))u (5.33)

G, = Z tr (A;()QO)L((A;(1)20) 4 @ [ + 1 @ (Ai(t)Q20) ) LT (5.34)
+ Z vec(A;(1)Q20) g vec (Ai(t)Q@)sk

—%L ; tr (A(H)00)(I @ (A(1)QO) + (A()20) @ I)LT

Discrete tracking algorithm

We now formulate the resulting discrete tracking algorithm, which computes approxi-
mations (€2, ©) of the exact pose (Q.(t), ©.(t)) at discrete times ¢, = kh for k € N
and h > 0.

1.

For k € N, compute the gradient grad ®(2,O,t) and an approximation
Gh<Qk, @k,t) of %grad (Qk, @k,t)

Compute the Hessian operator qu(Qk, O, t) € R%*6 as described above and set

0= —H (Q O, t )_1 VeC(h(Gh)l(Qk, @k, ) + (grad q))l(Qk, @k; t))

' PRI vee(OT (M(Gh)2 (i, Ok, t) + (grad @)2(Q, Oy, 1)) |
where (Gp,)i(Q%, O, t) and (grad ®);(2, O, t) denote the upper or lower subma-
trix of G (S, O, t) and grad (S, Oy, t) for i =1 or i = 2.
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3. For n = mat(ay, as,a3) and ¢ = mat(ay, as, ag) the new point is given by

(1, Opr1) = (s + 1, Op (I + 2Blep 4 12092942 | (5.35)

where ¢ = \/@/’%2 + @Z)%s + ¢§3-

Theorem 5.4. Let M = s0(3) x SO(3) and let & : M — R as above. Let A;(t) be a
C%-map such that for some ¢ > 0, ||4;t)]| < ¢, ||24;(t)|| < ¢ and Hg—;Ai(t)H < c for
i=1,.,N,t€R. Lett — ((t),0.(t))" be a smooth isolated zero of grad ®(2, O, 1)

and let G(Q2,0,t) denote an approximation of %grad ®(Q,0,t) satisfying for some
R,c>0
0
HGh(Q, O,t) — agrad @(Q@,t)” < ch,
for all (Q,0) € M with dist((€2,0), (2.(1),0.(t))) < R, t € R and h > 0. Assume
further, that He(Qu(t),0.(t),t) is invertible and ||Hg(Qu(t), ©.(t),t)7Y| is uniformly
bounded for all t € R.
Then for ¢ > 0 and sufficiently small h > 0, the sequence (5.35) satisfies for k € N
and t, = kh
diSt((Qk, @k)7 (Q*(tk), @*(tk))) S Ch,

provided (2o, Og) is sufficiently close to (£2.(0), ©.(0)).

Proof. 1t can be easily seen, that the conditions of Theorem 2.4 are satisfied. This
shows that the sequence defined by

(Qs1, Onr1) = (e + 1, expe, V)

satisfies

diSt((Qka @k)a (Q*(tk’)a @*(tk))) <ch

provided (€29, ©p) is sufficiently close to (€2.(0),0.(0)). Here, n and ¢ are defined as
in step 3. By using Rodrigues’ formula for matrix exponentials in R**3, the update

scheme turns into (5.35), which proves the claim.
O]

5.3.2 Parameterization method

Again we consider the task of solving the pose estimation problem by minimizing a
cost function ® on the essential manifold. Here we use the following representation of
the manifold

@:{U{IQ O}VT‘ U,VESO(S)},
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and we define the cost function ® : €5 x R — R by

B(E, 1) = %ZtrZ(Ai(t)E).

According to Helmke ([32]), a family of parameterizations (vg)gee, of the normalized
essential manifold is given as follows:

Let
_ Y3
i Y ] 0 VL
Ry R —s0(3), | ¢ | — NG \y/_% 0 =un |,
Ys —Y2 N 0
and
Y3
5 y.l 1 Oys vz v
Ry R> — 50(3), : — ﬁ VG 0 —w
Ys Y5 Y+ O
Let further ¥ = Iz 0 } and U,V € SO(3) such that £ = ULV". Then a parame-
terization g : N(0) — €3 of €3 with vx(0) = E is given by
ve(y) = UeBrWye Ry T, (5.36)

Here, N'(0) C R® is a sufficiently small neighborhood of the origin.
The derivative of vx reads for h = (hy,...,hs)" € R®

Dys(y)-h=U- (5.37)
0 —h p, 0 o py
1 V2 1 V2
eRl(y)E \% 0 —h EefRz(y)_EeRl(y)ZefRz(y) _\% 0 —hy
—hy 0 —hs hy O
vl
and particularly,
1 0  —V2h3 —hs
-
Dvyp(0)-h=—=U| v2hs 0 hy | V' (5.38)

V2 —ho hy 0

Lemma 5.7. There exists a v > 0 such that for all E € €3 the parameterization vg is
injective on B,(0) C R5. In particular, there exist constants my, ms, mg > 0 such that

Omin(DyE(y)) > ma,

Umaw(D’yE(y)) S ma,

and
ID*ve(y)]l < ma,
for ally € B,.(0).
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Proof. The injectivity of the parameterization is implied if the smallest singular value
of Dyg(y) is lower bounded by m; > 0 for all y € B,.(0).
The claim regarding the largest singular value gets obvious by considering (5.37).
To bound || D?*vg||, consider
D*yp(y) - (h,h) = U-

(eRl(y)HfzefRz(y) — g ve W, — F1W) [ e R2W) fr, 4 eRl(y)ZefRz(y)HQQ) ivdl

0 2 hy 0 B ks
where H; = % f}—% 0 —h; | and Hy = \/Li —% 0 —hy |. This shows
—hg hl 0 _h5 h4 0

the existence of my > 0 such that | D*yg(y)| < ma for all y € N(0) and E € €.
Note that (5.38) shows that o, (Dyg(0)) > ¢, for some ¢ > 0 and all E € €.
We use the following equation (Taylor):

Dyg(y) = Dye(0) + R,

where ||R|| < ms]||y||. This shows that for r :=

5 We get that
Omin(DVE(Y)) 2 /2
for all E € €53 and y € B,.(0) N N(0). O

The previous lemma showed that the family of parameterizations (vg)peg, is such that
we can use Main Theorem 2.3 to track the minimum FE,(¢) of the cost function ®. In
order to do so, we still need formulas for the gradient and Hessian of (® o 45)(0, 1)
w.r.t. the first component, where Yg(y,t) := (ve(y),t). These magnitudes also have
been computed in [32] and are given for y € R® by

V(® o 95)(0, t Y= th (Az‘(t)U(R1<y>2 - ZRQ(y))VT) (5.39)

and

Y Hooye (0,8)y = Y tr” (AU (Ri(y)S — SRy (y)) V) + (5.40)

>_tr (A E)tr (AU (RI(Y)S + DR (y)° = 2R (y)SRa(y)VT)

In order to get an explicit vector-valued representation of the gradient, we vectorize
the above formulas. Thus we need operations L;, Ly such that for y € R holds

VEC(R:(y)) = L1y,

and
VEC(Ry(y)) = Lay,
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implying that

0 0 0 0 07
1
0 0 % 0 0
0O -1 0 00
1
R
1= —=

V2 1 0 0 00

0 1 0 00

-1 0 0 00
. 0 0 0 0 0

and
0 0 O 0 0 7
1
0 0 -7 0 0
00 0 0 -1
1
P A
2= —=

V2 00 0 1 0

00 0 0 1

00 0 -1 0
|0 0 0 0 0 |

Then the gradient in R can be computed and is given by

V(® 0 4)(0,t) = (5.41)

> tr(Ai(t)E) (L{ VEC(U T Ai(t)'VS) — Ly VEC(SU " 4;(t) V) .

Moreover, the matrix representation of the Hessian in R>*® reads

Hapoz, (0,) = Y i(t) "oi(t) — tr (Ai()E)L{ (U Ai(t)'VE) @ 1)Ly (5.42)

+3 tr(A(1)E) (—Ly (SUTAi(t) V) @ I) Ly + 2Ly (U Ai(t) V) @ T)Ly)
where Uz(t) = VEC(UTAZ(t)TVE)TLl - VEC(EUTAZ(t)TV)TLZ

Now we define the sequence (Ej) tracking the minimum FE,(f) of ® at discrete times
ty = kh for k € N, h > 0, by

Eior =5, (—Haos, (0,1) 1 (V(® 0 35,) (0, t) + hGE, (0,14)) ) (5.43)

where G'%(0,t) denotes an approximation of 2V (® o 4)(0,t).
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Theorem 5.5. Let ® and (Yg)gee, as above, let Ai(t) be a C*-map such that for

some ¢ > 0, [|4;(t)]| < ¢, [|[FA:i1)]| < ¢ and ‘ g_;Ai(t)H <cfori=1,.,N,teR.
Let t — E.(t) be a smooth isolated minimum of ®(E,t) and let G%(0,t) denote an

approximation of %V(@ 0 4g)(0,t) satisfying for R,c > 0

for all E € Br(EL(t)) == {F € &3] dist(E, E.(t)) < R}, t € R and h > 0. Assume
further, that the Hessian Hgos,(0,t) is invertible and that the norm of the inverse is
uniformly bounded for all E € Br(FE.(t)), t € R.

Then for ¢ > 0 and sufficiently small h > 0, the sequence (5.43) satisfies for k € N
and t, = kh

Gh(0,t) — %V@ ° ?yE)(O,t)H < ch

diSt(Ek, E'*(tk)) S Ch,
provided Ey is sufficiently close to E.(0).

Proof. We want to employ Main Theorem 2.3, where we only use one parameterization
instead of two (i.e. we use up = yg). In order to do so, we have to show for some
R, R > 0 the boundedness of

L |[Haosy, . (0,2)]| for all t € R,
2. |2V(®oqE)(0,1)]| for all E € Bi(E.(t)), t € R,

3. |13y Hoore (4 )ll, 152 V(@ 0 98) (5, 6)lI, |5 Haos (0,0)]] for all B € By(E.(t)) and
y e BR(O), teR.

These statements can be easily seen by considering (5.40) and computing the derivatives
of (5.39) and (5.40).
m

Remark 5.1. Note that the update scheme (5.43) can be efficiently implemented by
using additional sequences (Uy), (Vi) € SO(3) as described in the sequel.

1. For B, = UpXV,, compute V(P 0 4, )(0,t), G (P 0 9g,)(0,t) and Hopoqp, (0,1)
by using equations (5.41) and (5.42).

2. Solve
Haposg, (0,11) -y = =V(® 0 9, ) (0, t) — hG, (0, 1)

for y € R®.

3. Determine
Upt1 = Upe™ @),

and
Vipr = Vie2W),
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where the occurring matrix exponentials e¥, ¢ € s0(3) can be computed by using

the Rodrigues formula ¥ = I 4 222 ¢ 4 =50 92 for ¢ = /9, + }; + V3.

Then the new point is given by
Epsi = Uy SV,

5.4 Numerical results

We choose random values (z;,v;,2;) € [—1,1] x [=1,1] x [2,4] for i = 1,..., N and
t € R and set v, = (z;,9;, 2) . In order to compute v}(t) = O(t)u} + 7(t), we moreover
used

cost —sint 0 5—0.1-¢
O()=R | sint cost 0 | and 7(¢t) = 14+t
0 0 1 54 sint

for a fixed random orthogonal matrix R € SO(3). Then the camera image points are
given by u; = w}/(u})s and v;(t) = vi(t)/(vi(t))s, where (u;)s and (v}(t)); denote the
3rd entry of u; and v}(t), respectively.

The task was to reconstruct the rotation O(¢) and the translation 7(¢) by employing
the different algorithms which evaluate A;(t) := wv;(t)".

At first, we checked the tracking ability of the intrinsic algorithm as defined in Theorem
5.3. We used step size h = 1/100, n = 200 steps and perfect initial conditions to
evaluate N = 20 image points at discrete times t =t := kh for k=1,...,n.

Figure 5.2 depicts the error plot, i.e. the norm of the differences of the exact values
of E.(tx) = Qu(tr)O.(tx) and the computed value Ey = ;0. This shows that the
computed values stay close to the exact values E,(3), up to a small error < 8 - 1075.
The next graph (Figure 5.3) shows the same simulation for about 10% perturbed initial
conditions. Then one observes a fast convergence of the error ||Ey — E.(t)|| to zero
where it remains for the rest of the simulation.

At next we wanted to compare the different algorithms with each other, i.e. we used the
extrinsic (Theorem 5.2), intrinsic (Theorem 5.3), partially intrinsic (Theorem 5.4) and
parameterization method (Theorem 5.5) and computed the accuracy of each algorithm,
where the same values for A;(t;) and exact initial values were used for each method.
The results are shown in Table 5.1, Table 5.2 and Table 5.3, where we used different
numbers of points N or different step sizes h in each table. In the tables, the mean
error is defined as

1 n
- > Bk — Eu(t)]),
k=1

where n denotes the number of steps. It turns out, that all presented methods are
able to track the desired transformation. The parameterization method however, has
significant computationally advantages regarding computing time, while the intrinsic
algorithms work at a higher accuracy.

These simulations also confirm the expectation, that increasing the number of evaluated
points N or decreasing the step size h improves the accuracy of each algorithm.
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Figure 5.2: The error ||Ey — E.(tx)| during the algorithm, where perfect initial condi-

tions were used.

Method Computing time | Mean error

Extrinsic 1.0 1.8-1072

Intrinsic 6.3 4.3-1074
Partially intrinsic 1.7 4.1-107*
Parameterization 0.9 5.5-107%

Table 5.1: The computing time and mean error of different pose estimation methods.
We used N = 10, n = 100 and h = 0.01.

Method Computing time | Mean error

Extrinsic 1.9 7.4.1073

Intrinsic 12.8 6.7-107°
Partially intrinsic 3.4 5.5-107°
Parameterization 1.7 1.2-1074

Table 5.2: The computing time and mean error of different pose estimation methods.
We used N =20, n =100 and h = 0.01.
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Algorithm 1
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0.16 [ b

0.12f T
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Figure 5.3: The error ||Ey — E.(t;)|| during the algorithm. Here, perturbed initial
values were used.

Method Computing time | Mean error

Extrinsic 1.9 7.6-1074

Intrinsic 12.6 1.5-107°
Partially intrinsic 3.3 1.5-107°
Parameterization 1.7 1.8-107°

Table 5.3: The computing time and mean error of different pose estimation methods.
We used N = 20, n = 100 and h = 0.005.
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Appendix

Here we give some tools which are necessary to work with vectorized matrices.
At first we introduce the VEC-Operation in R™*" which transforms matrices into
vectors by stacking the columns of the matrix under each other, cf. Horn and Johnson

[36]. Thus for X = [X! ... X"] € R™*",

Xl
VEC(X):=| : |eRrm™
Xn
To deal with skew symmetric matrices X € so(n) C R™*", we define a modified opera-

. . . . T n(n—1)
tion vec : so(n) — R™" which maps skew-symmetric matrices bijectively onto R~z '

by

X1
vee(X) = V2 : eR
anl

n(n—1)
2

Here, NXZ denotes the upper diagonal part of the (i + 1)th column of X i.e. X1 =
X1727X2 = (X1737X273)T,...,Xn_1 = (Xl,na--anfl,n)T- Note that we used the \/5—
factor to ensure

IVEC(X)|| = [[vec(X)]],

where || - || denotes the Euclidean norm in R”™.
For the particular case n = 3, we need the inverse of the vec operation, denoted by
mat : R* — s0(3). Thus for matrices

0 QO
Q=1 -0 0 Q3 | €s0(3),
-y —Q3 0

we have

Q=2 mat(Q, s, Q)"

167
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In the area of computer vision, we further need to vectorize tuples of matrices (S, A) €
50(3) x R3*3, which we define as follows

e (1) [

To vectorize matrix-valued functions, we moreover use the following known formulas
for matrices X € R™*" Y € R"*", 7 € R"™**

VEC(XY) = (I ® X)VEC(Y) = (Y ® I)\VEC(X), (6.1)

VEC(XY Z) = (Z" ® X)VEC(Y), (6.2)

where ® denotes the Kronecker product. We further need an operation L such that
for any skew symmetric matrix S € so(n) holds

vec(S) = LVEC(S) (6.3)
and
VEC(S) = L"vec(S). (6.4)
Note, that LL"T = I and for n = 3,
110 -1 0 1.0 0 000
L=—1]0 0 -1 00 0 1 00
V2 0O 0 000 -1010
Note further, that for A € R™*" and B € R™*? holds
tr (AB) = VECT(AT)VEC(B), (6.5)
and for A € R™" S € so(n)
tr (AS) = tr (AgS) = vec' (A )vec(S) = —vec' (Ag)vec(S). (6.6)

Here, Ay, = 1(A — AT) denotes the skew symmetric part of A.
Finally, we need a matrix m € R™*™" such that

TVEC(Z) = VEC(Z"),
for all Z € R™*". Hence, 7 is a permutation matrix with 1’s at positions
(i—Dn+j, (j—1)m+1i), for1<i<m, 1<j<n.

In the case n = m = 3, 7 is given by

—_

SO DO OO o oo
Do o oo+, OO o
SO R OO oo oo
(vl e lel ool ™)
DO OO+ OO OO
O R O OO o o oo
OO O OO oo 0o
SO OO OO o oo
_ O OO o oo oo
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