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Zusammenfassung

Optimierungsprobleme sind Bestandteil vieler mathematischer Anwendungen. Die herausfordernd-
sten Optimierungsprobleme ergeben sich dabei, wenn hoch nichtlineare Probleme gelost werden
miissen. Daher ist es von Vorteil, gegebene nichtlineare Strukturen zu nutzen, wofiir die Op-
timierung auf nichtlinearen Mannigfaltigkeiten einen geeigneten Rahmen bietet. Es ergeben sich
zahlreiche Anwendungsfélle, zum Beispiel bei nichtlinearen Problemen der Linearen Algebra, bei der
nichtlinearen Mechanik etc. Im Fall der nichtlinearen Mechanik ist es das Ziel, Spezifika der Struktur
zu erhalten, wie beispielsweise Orientierung, Inkompressibilitdt oder Nicht-Ausdehnbarkeit, wie es
bei elastischen Stédben der Fall ist. Auflerdem konnen sich zusétzliche Nebenbedingungen ergeben,
wie im wichtigen Fall der Optimalsteuerungsprobleme. Daher sind fiir die Losung solcher Probleme
neue geometrische Tools und Algorithmen notig.

In dieser Arbeit werden Optimierungsprobleme auf Mannigfaltigkeiten und die Konstruktion von
Algorithmen fiir ihre numerische Losung behandelt. In einer abstrakten Formulierung soll eine
reelle Funktion auf einer Mannigfaltigkeit minimiert werden, mit der Nebenbedingung einer C?-
Submersionsabbildung zwischen zwei differenzierbaren Mannigfaltigkeiten. Fiir Anwendungen der
Optimalsteuerung wird diese Formulierung auf Vektorbiindel erweitert. In der Literatur finden
sich bereits Optimierungsalgorithmen auf Mannigfaltigkeiten, meist ohne Beriicksichtigung von
Nebenbedingungen [AMS09]. Dabei ist der Einsatz von Retraktionen mafigeblich. Retraktio-
nen, die eine bedeutende Rolle bei der Schrittberechnung von Optimierungsalgorithmen spielen,
erlauben es, die involvierten Abbildungen auf lineare Rdume zuriickzuziehen, und machen somit
einige Ergebnisse aus dem linearen Fall nutzbar. Insbesondere sind iiber Retraktionen die KKT-
Bedingungen und Optimalitdtsbedingungen zweiter Ordnung erreichbar. In dieser Arbeit wird das
Konzept der Retraktionen auf Vektorbiindel erweitert, auf denen Konsistenzbedingungen erster und
zweiter Ordnung definiert sind. Andererseits ergibt sich auf jedem Punkt der Mannigfaltigkeit ein
1-Form Lagrange-Multiplikator als Losung des Sattelpunktproblems. Wir beweisen, dass die Ex-
istenz einer Potentialfunktion fiir den Lagrange-Multiplikator von der Integrierbarkeit (im Sinne
von Frobenius) der horizontalen Verteilung, d.h. der orthogonalen Komponente der linearisierten
Nebenbedingung, abhéngt.

Fiir die algorithmische Losung beschrankter Optimierungsprobleme auf Mannigfaltigkeiten wird die
affine kovariante Composite-Step-Methode, wie dargestellt in [LSW17], auf diese Rdume erweitert
und somit lokale superlineare Konvergenz des Algorithmus fiir Retraktionen erster Ordnung er-
reicht. Zuerst wird der Algorithmus an einem beschrinkten Figenwert-Problem getestet. Dann
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werden numerische Experimente in der Mechanik von elastischen nicht dehnbaren Stdben betra-
chtet. In letzterem Fall wird der Gleichgewichtszustand eines elastischen nicht dehnbaren Stabes
unter Eigengewicht berechnet. Der Fall, dass der Stab in Kontakt mit einer oder mehreren Flachen
kommt, wird in Betracht gezogen. Dabei wird die Riemannsche Struktur des positiven Kegels
im R3, wie in [NT*02] dargestellt genutzt. Zusitzlich wird ein Optimalsteuerungsproblem eines
elastischen nichtdehnbaren Stabs gelost als Anwendungsfall beschriankter Optimierungsprobleme
auf Vektorbiindeln. Schliefllich werden Retraktionen auf dem Raum von Orientierung erhaltenden
Tetraedern fiir finite Elastizitatsprobleme genutzt.






Abstract

Optimization problems are present in many mathematical applications, and those that are partic-
ularly challenging arise when it comes to solving highly nonlinear problems. Hence, it is of benefit
exploiting available nonlinear structure, and optimization on nonlinear manifolds provides a general
and convenient framework for this task. Applications arise, for instance, in nonlinear problems for
linear algebra, nonlinear mechanics, and many more. For the case of nonlinear mechanics, the aim
is to preserve some specific structure, such as orientability, incompressibility or inextensibility, as
in the case of elastic rods. Moreover, additional constraints can occur, as in the important case of
optimal control problems. Therefore, for the solution of such problems, new geometrical tools and
algorithms are needed.

This thesis deals with the setting of constrained optimization problems on manifolds and with the
construction of algorithms for their numerical solution. In the abstract formulation, we seek to
minimize a real function on a manifold, where the constraint is given by a submersion that is a
C?-map between two differentiable manifolds. Furthermore, for optimal control applications, we
extend this formulation to vector bundles. Optimization algorithms on manifolds are available in
the literature, mostly for the unconstrained case [AMS09], and the usage of retraction maps is an
indispensable tool for this purpose. Retractions, which play a fundamental role in the updating of
the iterates in optimization algorithms, also allow us to pullback the involved maps to linear spaces,
making possible the use of tools and results from the linear setting. In particular, KKT-theory
and second-order optimality conditions are tractable thanks to such maps. In this work, we extend
the concept of retraction to vector bundles, where first and second-order consistency conditions are
also defined. On the other hand, at each point in the manifold, a 1-form Lagrange multiplier arises
as a solution of a saddle point problem. We prove that the existence of a potential function for
this Lagrange multiplier depends on the integrability, in the sense of Frobenius, of the horizontal
distribution, i.e., the orthogonal complement of the linearized constraint map.

For the algorithmic solution of constrained optimization problems on manifolds, we generalize the
affine covariant composite step method presented in [LSW17] to these spaces, and local superlinear
convergence of the algorithm for first-order retractions is obtained. First, we test the algorithm
in a constrained eigenvalue problem. Then, we consider numerical experiments on the mechanics
of elastic inextensible rods. There, we compute the final configuration of an elastic inextensible
rod under dead load. The case in which the rod enters in contact with one, or several planes, is
considered. Hence, we exploit the Riemannian structure of the positive cone in R3, as pointed out

iv



in [NTT02]. In addition, we solve an optimal control problem of an elastic inextensible rod, as an
application to constrained optimization problems on vector bundles. Finally, we use retractions on
the space of orientation preserving tetrahedra for finite elasticity problems.
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Chapter 1

Introduction

In an important variety of fields, optimization problems benefit from a formulation on nonlinear
manifolds. For instance, applications to numerical linear algebra like invariant subspace computa-
tions, or low-rank approximation problems can be tackled using this approach [AMS09]. Optimiza-
tion problems for Machine learning [SH16, Bis06], are carried over structured spaces. Nonlinear
partial differential equations, in which the configuration space is given by maps where the domain
and target consist of nonlinear manifolds, are found in many applications. Further examples are
Cosserat materials [BS89, SS14, JLLO11, San12]|, where configurations are maps into the space
R3 x SO(3), which are particularly relevant for shell and rod mechanics. Liquid crystal physics
[Pro95, DGP93, HK87, LL89], where molecules are described as little rod- or plate-like objects; in
a PDE setting, a liquid Crystal configuration is a field with values in the unit sphere, or, depending
on the symmetry of the molecules, in the projective plane or the special orthogonal group. Various
numerical approaches to simulate liquid crystals and related problems from micro-magnetics can be
found in the literature [Alo97, AKT12, BP07, KVBP"14]. Numerical computations with shapes,
such as shape analysis [BHM10, RW12, Youl0] and shape optimization [Sch14, SZ92, Youl0, SO19]
are done using the inherent structure of the space of shapes. This structure originates from the
fact that deformations, i.e., diffeomorphisms, form a nonlinear manifold, rather than a vector space.
Similar insights have been successfully exploited in the analysis of finite strain elasticity and elasto-
plasticity [Bal02, Mie02]. Applications of fields with nonlinear codomain are models of topological
solitions [MS04, Kam82], image processing [TSCO00], and the treatment of diffusion-tensor imaging
[PFA06, LBMP*01]. Further instances can be found in [SS00, GG17] on geometric wave maps, or
[EL78, SY97, Ham06] on harmonic maps.

Unconstrained optimization on manifolds is by now well established, as can be seen in [AMS09,
Lue72, TSC00, HHLMO07, ABGO7|, where theory and applications are covered. One of the aims of
this work is to extend well known SQP-methods from the linear setting [CGT11, Deull, CGT00,
NWO06, Sch17, NP06], to the manifold case. In fact, many things run in parallel to algorithmic
approaches on linear spaces. In particular, local (usually quadratic) models are minimized at the
current iterate, allowing the computation of optimization corrections. The main difference between
optimization algorithms on manifolds and linear spaces is how to update the iterates for a given

1



2 CHAPTER 1. INTRODUCTION

search direction. If the manifold is linear, its tangent space coincides with the manifold itself and
the current iterate can be added to the search direction to obtain the update. If the manifold is
nonlinear, the additive update has to be replaced by a suitable generalization. A natural idea on
Riemannian manifolds would be to compute an update via the exponential map, i.e., via geodesics,
but in many cases, such exponential can be expensive to compute, therefore the use of cheaper
surrogates, so-called retractions is advocated in [AMS09]. These retractions have to satisfy certain
consistency conditions and the weaker these conditions are, the more flexibly the retractions can
be chosen. Based on these ideas, many algorithms of unconstrained optimization have been car-
ried over to Riemannian manifolds, and have been analyzed in this framework [HT04, Lue72]. In
general, the use of nonlinear retractions enables to exploit the given nonlinear problem structure
within an optimization algorithm. While this is true in particular for nonlinear manifolds, it may
also sometimes be beneficial to use nonlinear retractions even in the case of linear spaces.

In coupled problems, mixed formulations, or optimal control of the above listed physical models,
additional equality constraints occur, and thus one is naturally led to equality constrained optimiza-
tion on manifolds. Up to now, optimization algorithms on manifolds have mainly been considered
for the unconstrained case, in contrast, less research has been conducted on the construction of
algorithms for equality constrained optimization on manifolds. Recently, however, the study on the
constrained case has emerged. For instance in [YZS14, BH18, LB19], optimization problems on
manifolds with equality and inequality constraints are considered. There, the domain space of the
mappings describing the constraints is a known manifold. More specifically, in [YZS14], necessary
optimality conditions for these kinds of problems are discussed. In [LB19], algorithmic methods for
the numerical solution of such problems are proposed, and, in particular, augmented Lagrangian
and the exact penalty method on Riemannian manifolds are considered. Also, in the work [BH18],
the extension of a set of constraint qualifications from the Euclidean setting to the manifold setting
is presented. Further approaches can be found, for instance in [KGB16], where the alternating direc-
tion method of multipliers to the Riemannian case is presented with applications to dimensionality
reduction, data analysis, and manifold learning.

This thesis develops methods for the solution of equality constrained optimization problems on
manifolds. Throughout this work, we consider the problem:

min fl®) st clx)=y

where f: M — R and ¢: M — N are C?-maps, and ¢ is a submersion. In our setting, the objective
function maps from a manifold to the real numbers, and the constraint mapping, has manifolds as
domain and target. In addition, for optimal control problems, we consider the case in which the
constraint maps into a cotangent bundle space, which is an instance of a special manifold, called
vector bundle. For this reason, new theory over this structure has to be developed. In [AMS09],
suitable mappings for optimization algorithms on manifolds are introduced. These maps, called
retractions, serve as a way to pullback, both objective and constraint maps, to linear spaces and
compute optimization corrections. Afterwards, retractions can also be used to update the iterates.
For the case of vector bundles, we define suitable retractions operating over this structure, and new
consistency conditions are also introduced.



Concerning the algorithmic part, the employed approach is a generalization of an affine covariant
composite step method as in [LSW17], to the manifold case. This method was successfully used
in challenging applications to finite elasticity, including optimal control problems. In this work,
the resulting algorithm is tested in a nonlinear eigenvalue problem, as considered in [GGvMS9],
and in applications to finite elasticity, as in [GLT89, AR78, Ped00]. Finally, as an application to
constrained optimization problems on vector bundles, we solve an optimal control problem of an
elastic inextensible rod. There, the optimization process is performed on a specific instance of a
vector bundle, namely, the co-tangent bundle. This space arises, due to that, the constraint is a
minimizer of the elastic energy over the manifold. Finally, we introduce and test retractions on the
space of oriented tetrahedra. In Finite elasticity, the discretization of an elastic body into tetrahedra
is often used to solve numerical problems in mechanics. We consider an elastic body Q C R3, which
is in turn subdivided into several tetrahedra. There, we aim to minimize an elastic energy in the
discrete setting, and optimization corrections are computed. Here, the configuration is updated
using the retraction over the space of oriented tetrahedra. In this way, the updates are done in
a nonlinear way over this space, thus, preserving the structure, and avoiding self-penetration. We
show the convenience of using such nonlinear updates in comparison to the linear ones.
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1.1 Outline

Regarding the mathematical tools for the development of the thesis, and intending to make this work
as self-contained as possible, we start in Chap.2 with the necessary preliminaries on differential ge-
ometry. We take as main references [Lan12a, Klil1, Mic08, Leel3, Spi70, DC16, JJ08, Car92, Hel79],
where the basic differential geometry theory is developed. In Chap.2, the concepts of differential
manifold, tangent bundle, co-tangent bundle, vector bundle, Riemannian manifold, submersions,
transversality, integrability of distributions, sprays, and covariant derivatives are introduced. With
this, we have the prerequisites needed for our purposes.

We start Chap.3, with a review of the fundamental ideas for unconstrained optimization problems
on manifolds following the work of [AMS09]. We continue Chap.3, with an important tool for
optimization algorithms on manifolds, which was introduced in [AMS09] and whose use has become
customary, namely, the concept of local retraction. Nonlinear retractions play a crucial role in the
implementation of algorithms. A retraction R;"E/[ on a manifold M is a mapping:

RM .T,M — M

from the tangent space T, M at x € M to the manifold, that is first order consistent with the expo-
nential map. Retractions play two roles in optimization algorithms. They serve as a way to pullback
through composition the involved mappings into the tangent space at each point. Given that the
tangent space is linear, it allows the computation of optimization corrections. Once an optimization
correction dxz € T, M is computed, the update of the iterates will be performed by the formula
x4y = RM(6x) € M, which is again a point in M. Among others, examples for the n-sphere are
shown, and we introduce retractions over the space of orientation preserving tetrahedra, as well as
the space of volume preserving tetrahedra. These are important tools for the implementation of the
numerical applications performed in Chap.6. For the actual implementation in the computer, and
in order to increase manageability of the formulas, the notion of local parametrization is presented
(Sec.3.2.2). There, we use a representation of the tangent space through a map Oy : E — T, M,
where E is the linear model space of the manifold M. In this way, a parametrization

M (9) B — T, M
9 — pM(0) = (RM 0 O1p)(9)

will be defined as the composition of a retraction, with a linear map ©rs (Sec.3.2.2). Further
manifolds with additional structure, such as vector bundles p : E — M, are also considered. This
class of manifolds, which contains the distinguished cases of tangent and co-tangent bundles, will
be of importance for optimal control problems. We introduce retractions, R : TE — E acting over
this specific structure (Sec.3.3). A vector bundle p : E — M, can locally be regarded as a product
U x F, where U C M and F, the so-called fiber space, is a topological linear space. Assuming the
existence of a vector bundle connection kg (Sec.2.8), a retraction on a vector bundle is defined in
(Sec.3.3), as:

RE . TogeoB — E
(&,m) — (R (&), (Ao Ry (€)(eo + 1))
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where R% is a retraction on the base manifold M, and A : E;;, — E; is a linear isomorphism between
the fibers, in this case, the vector spaces, E,, and E,. As in the previous case, pullbacks and updates
can be done through retractions over this structure. Using the concept of vector bundle connection,
we define first and second-order vector bundle retractions (Sec.3.3.1). In a similar fashion, as in the
plain manifold case, we define parametrizations for the vector bundle context (Sec.3.88).

In Chap.4, the equality constrained optimization problem on manifolds is formulated (Sec.4.1).
Performing pullbacks to the cost and constraint mappings, at each point x € M, solutions to a
block linear system are found, obtaining, in particular, a 1-form Lagrange multiplier A, € T,,)N*.
We study the existence of a potential function A : M — R, such that dA = A, (Sec.4.4). The answer
(Sec.4.4.2), which is intimately related to the integrability of the horizontal subbundle (ker ¢/(z))*,
is positive for some special cases (Sec.4.4.1), and relates to the structure of M. Additionally,
with the help of retractions, KKT-conditions (Sec.4.2) and corresponding second order optimality
conditions (Sec.4.3) are derived. The framework of constrained optimization problems on vector
bundles is discussed (Sec.4.5), and an adequate setting of the problem, which involves the concept
of transversality, is developed.

In Chap.5, the affine covariant composite step method as presented in [LSW17], is generalized
from the linear setting to the manifold case. In the pure linear setting (Sec.5.1), the way the
composite step method copes with the double aim of feasibility and optimality, is done by splitting
the optimization step dx into a normal step én and a tangential step ot

dr=0n+0dt: Oteckerd(x), one (kerd(x))?,

where dn is a minimal norm Gauss-Newton step for the solution of the underdetermined problem
c¢(x) = 0, and dt aims to minimize f on the current space of the linearized constraints. The
generalization to manifolds (Sec.5.2), is done by performing the pullback of both, cost and constraint
mappings to linear spaces, their respective tangent spaces. The pullbacked mappings f and ¢, now
with linear spaces as domain and codomain, yield the problem:

ureralanf(u) st. c(u)=0

where £: T, M — R and ¢ : T, M — T, ,)N. Normal, tangential and simplified normal steps dn, ot
and ds are computed as elements of T, M (Sec.5.2.1), and subsequently updated using the formula:

x4 = RM(6n + 5t 4 6s).

Local superlinear convergence for first order retractions is obtained with the introduction of a second
order modified model (Sec.5.2.3). After this, the extension of the algorithm to the case in which
the co-domain N is a vector bundle is also considered (Sec.5.5).

In Chap.6, applications and numerical results are presented. We start with a constrained eigenvalue
problem, as treated in [GGvMS89]. There, we consider:

min 27 Az st. Cx=t
zeRnt+m

' x=1.
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where A is a symmetric matrix, CT is a matrix with full rank and ¢ a vector. The problem is
re-formulated as:
min z7Az  st. Cz=t

zesSntm
obtaining a constrained optimization problem on the manifold S**™, where the composite step
method is applicable.
After that, in the context of finite elasticity, we consider the problem of finding equilibrium config-
urations of elastic inextensible rods under different prescribed conditions. We consider three cases:
First, the forward problem of finding the final configuration of an inextensible elastic rod under a
prescribed force. For the second case, the mentioned rod can enter in contact with either one or
several planes, and, for the last case, we consider the optimal control problem.
For the forward problem (Sec.6.2), the stable equilibrium position of an inextensible transversely
isotropic elastic rod under dead load is searched. To this end, the optimization problem [GLT89]

. ]' ! " " !
min o2 ), W' y") ds — ; (9,y) ds

yeH2([0,1];R3) 2
lly'|I=1

is considered, and through a mixed formulation:

. ]‘ ! ! / ! !
gl;gJ(y,v)—z/o <v,v>ds—/0 (9y) st ¢ =0,

where Y = H2([0,1];R?) and V = H'([0,1],S?), we land in the framework of a constrained opti-
mization problem on manifolds. Here, J is the total potential energy, and the requirement v € S2,
enforces the inextensibility condition of the rod. Next, we consider the case in which the rod can
enter in contact with one of the planes that delimit the first octant in R3. We do this by considering
the space:

K, ={2zcR¥z;>0i=1,23}

together with the Riemannian metric

§i i

for x € Ky, ¢ € R3, and pu € R. This set, endowed with this metric, becomes a Riemannian manifold
without boundary [NTT02]. Here, we solve the following problem:

1 13
i ) ds — - log(o;) d b oy =
an&lih (Y, v, ) / (v',0") ds /0 (9,9) M/O ; og(oi)ds st. Yy =v,

@w\t

with K = H?([0,1], K1). In the above regularized problem, the barrier function:

1 3
o) = —M/O Zlog(ai) ds
i=1
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is as introduced in [Giil96], and the solution of the problem is found when the homotopy parameter
i — 0 is decreased. Suitable retractions for this space are used, avoiding the need for checking
feasibility of the iterates.
Finally, using the abstract setting for the optimal control of energy minimizers as presented in
(Sec.4.5.1), we consider the optimal control problem of elastic inextensible rods (Sec.6.4). There,
we consider the problem:

L1 a, 9
YU §||y = Yall Ly (0,17m3) + §HU||L2([0,1];R3)

1 1 1
s.t. min J(y,v,u) := 2/ (v, v') ds —/ (u,y)
0 0

Y XV xU

st. c(y,v) =9y —v=0.

which, through a KKT-reformulation, yields:

. 1
min = —

Q2 Yiry2
yoapm 5 1y = vall o o,ayr) + 5||UHL2([0,1];R3)+§||)\HL2([0,1];R3)

st J(y,v,u) + A (y,v) — Bu=0
c(y,v) = 0.

The latter, can be regarded as a constrained optimization problem on vector bundles:

i A) st ) =0
nglxuxwf(y,v?u,) st cr(y,v,\u)

c(y,v) =0

where
cr:Y XV XAXU —Y*xTV*x A*

and A € A = L?([0,1]; R?). We observe that the derivative of the elastic energy, which is a map that
belongs to the co-tangent space Y* xT'V*x A*, defines the new constraint ¢p. This is an instance of a
constrained optimization problem, where the constraint maps on a vector bundle. For the numerical
solution of this problem, we implement the theory developed for vector bundle retractions (Sec.3.3).
We end Chap.6, by testing the nonlinear updates for the space of oriented tetrahedra (Sec.3.2)
in finite elasticity problems. There, we proceed in the following way: the discretization of a body
Q C R? into tetrahedra is performed. Then, we compute a correction vector field 6 that lies at each
node of each tetrahedron, using the linear retraction. This is followed by a nonlinear update using
the formulas introduced in (Sec.3.2), for the space of oriented tetrahedra. By construction, this
procedure avoids self penetration of each tetrahedron. Besides, further structure such are rotations
are exploited, making the updates more efficient. We show the impact of these updates on numerical
simulations (Sec.6.5).






Chapter 2

Concepts of Differential Geometry

In this chapter, we do a review of the fundamental concepts of differential geometry (manifolds,
tangent spaces, vector bundles, Lie groups, differential forms, distributions, integrability, sprays,
covariant derivatives, exponential map) needed for the development of this work. Central to the
topic is the concept of differential manifold. In a broad sense, manifolds are sets possessing additional
structure with the property that locally, they resemble a linear space, the model space, which can
be finite or infinite-dimensional, Hilbert or even a Banach space. We start with the definition of a
manifold, followed by some examples. We continue with a rather succinct overview of the differential
geometric objects needed in subsequent sections. For a complete presentation on the topic, we refer
the reader to [Klill, Lan12a, Mic08, RS11, Leel3, AMR12, Spi70, KN63, Hel01, Ste99], which are
part of the vast literature on the field. Among the needed tools, we deal with mappings between
manifolds, and in particular, those that are submersions. We show the construction of such maps,
their differentials, and main properties. We also mention theorems concerning integrability of
bundles, results that will be needed in Chapter 4, where we study the existence of a potential
function for the Lagrange multiplier when it is considered as a 1-form on the target manifold of
the constraint mapping. We close this section with a central concept on differential geometry, that
of connection. Throughout connections, splitting of the double tangent bundle and the tangent
space of a vector bundle is possible. This provides a way to define a proper differentiation of vector
fields. The latter will be of importance for the construction of suitable mappings for optimization
on manifolds, which includes vector bundles.

2.1 Manifolds

We start by defining the central concept in differential geometry, namely, that of a differentiable
manifold. As we already mentioned, a manifold can be understood as a topological set that locally
resembles a euclidean space. We write this in a more precise way.

Definition 2.1.1. Let be M a topological space. An atlas of class (CP) p >0 on M is a collection
of pairs (U;, ¢i)icr, satisfying the following conditions:

i) Each U; is a subset of M and the U; cover M.

9



10 CHAPTER 2. CONCEPTS OF DIFFERENTIAL GEOMETRY

ii) Each ¢; is a bijection of U; onto an open subset ¢;U; of some topological vector space E;, and
for any i, j, ¢;(U; N U;) is open in E;.

iit) The map
¢jd; ' 2 0i(UiNU;) — ¢;(U; N U;)
is a CP-isomorphism for each pair of indices i, j.

Each pair (U;, ¢;) is called a chart of the atlas, and for any point « € Uy, it is said that (U;, ¢;) is a
chart at x.

Remark 2.1.1. If all the topological vector spaces E; are all equal to E, then we say that the atlas
is an E atlas and that the manifold M is modeled on E. The model manifold can be either a Hilbert
space, a Banach space, a Fréchet space or a convenient locally convex vector space. For more details
see [Lan12a, Mic08].

Remark 2.1.2. If M is modeled on R™ for some fized n, then we say that the manifold is n-
dimensional. There, the function ¢ maps from U to R™ and is given by n coordinate functions

(;Sla ERXX) ¢n'

It is possible to add more structure to a manifold, giving rise to a wide number of them. We
mention some examples that are oriented to our specific applications to optimization algorithms.
Before that, we define another central notion in differential geometry, that of a tangent vector.

Definition 2.1.2. Let M be a manifold of class CP (p > 1). Let x be a point of M. We call a
tangent vector to the equivalence class [U, ¢, €], where (U, ¢) is a chart at x and & is an element of
the vector space where U lies. Two triples (U, ¢,&), (V,1,n) are equivalent if:

(o1 (¢)€ = .

Where the usual derivative (1¢~—1)" between topological vector spaces is defined in A.2. The set of
such tangent vectors is called the tangent space of M at x and is denoted by T, M.

A new manifold can be constructed by gluing in a special way all the tangent spaces T, M for x € M.
This manifold receives the name of tangent bundle, and, as we will see later, is a special case of a
more general structure called vector bundle.

Definition 2.1.3. Let be a manifold M of class C? with p > 1. We call the tangent bundle to

TM = |_| T, M
xeM

i.e., the disjoint union of the tangent spaces T, M, which is a family of vector spaces parameterized
by M, with projection 7 : TM — M given by w(T,M) = .
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Approach via curves An alternative equivalent definition of tangent vector can be given using
equivalent classes of curves realizing the same derivation at a point.

Definition 2.1.4. Let be M a manifold. A smooth curve in M is a map
y:I =M
from an open interval I C R into M.

Definition 2.1.5. Let be M a manifold and let be x € M a point. A tangent vector of M at x is
defined as the equivalent class of curves on M

Y(®)] = {5(#) [z =4(0) = 7(0) and (¢ 04)'(0) = (¢ 2)'(0)}

with y(t) and 4(t) curves on M and (U, ¢) a chart around x. It can be seen that there is bijection
between tangency classes of curves and the tangent space T, M of M at x. For more details, see
[Lani2a,1V,§2].

It is possible to go further and define the second-order tangent bundle.

Definition 2.1.6. Let M be a manifold and let x € M be a point. The second order tangent bundle
of M at x € M, denoted by T2M, is the set of all classes of curves on M

(®)] = 3"l =4(0) = 4(0), ($24)'(0) = ($07)(0) and (¢ 0%)"(0) = (¢ 07)"(0)}

where A(t) : It — M and y(t) : Ix — M are curves on M, I and Iy are intervals containing the
zero, and (U, ¢) is a chart around x. This means that the second order tangent bundle consists of
classes of curves that agree up to their second derivative.

Definition 2.1.7. Let be M a manifold of class CP with p > 2. The tangent bundle of order two is
given by:
T°M = | | T}M.
zeM

The union of all tangent spaces of order two.

Remark 2.1.3. Let us consider a curve y(t) : I — M, where I C R is an interval that contains the
zero, with v(0) =x € M. Let be (U, ¢) and (V,v) two charts around x. We observe the following:

(po)(t) = (poyp " orpoy)(t)
= (®Poyoy)(t),

where ® = (¢pop™1) : (U NV) — ¢(UNYV), is the transition of charts map. Taking first and
second derivative at zero we get:

(¢ 07)'(0) = '(0)(s 0 7)'(0) (2.1)
(6 07)"(0) = "(0)((¥ ©7)'(0))* + '(0)(¢ 0 7)"(0) (2.2)
In (2.1), we observe that a tangent vector is transformed in a linear way under the derivative of
the coordinate transformation. In contrast, we observe in (2.2), that the second derivative does not

transform linearly anymore, and depends on the choice of charts. This shows the nonlinear nature
of the second order tangent bundle.
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One can go further and consider the dual space of the tangent bundle giving rise to a new manifold
structure, the co-tangent bundle TM* — M associated with M. For each x € M, let T, M* be the
dual of T, M. From there, the construction of the co-tangent bundle is done similarly as for the
case of the tangent bundle.

Definition 2.1.8. Let be a manifold M of class CP with p > 1. Let us consider the space T, M*,
the dual of T, M, for each x € M. The co-tangent bundle is given by:

MF:LJEM*
xeM

the disjoint union of the co-tangent spaces T, M*, which is a family of vector spaces parameterized
by M. The projection * : TM* — M, is such that 7" (T, M)* = x, i.e., maps into the base point.

In the tangent and co-tangent bundles, we see how, out of the manifold M, modeled on E, two
new manifolds were constructed, namely, the tangent bundle 7'M, which is a manifold modeled on
E x E, and the co-tangent bundle, which is a manifold modeled on the space E x E*. Now, we define
curves on the tangent bundle, that lie above curves on the manifold.

Definition 2.1.9. Let be w : TM — M the tangent bundle, and let be v : I — M with I C R a
differentiable curve. We say that the curve v : I — TM is a lift of v if Ty = . The set of lifts
of v is denoted by Lift(~).

Example 2.1.1. In particular, if v : I — M is a differentiable curve, then, the derivative curve
v (t) = ~'(t) is a lift of 7, called the canonical lift of v(t).

Riemannian Manifold We can have more structure, and for many purposes, it is needed a
notion of length that applies to tangent vectors at each point x in a manifold M. We can do that
by endowing every tangent space 1, M with an inner product

() TeM x T,M — R

this is, a bilinear, symmetric positive-definite form that smoothly varies on M, which we will call,
Riemannian metric.

Definition 2.1.10. A Riemannian manifold is a couple (M, (-,-),), where M is a manifold modeled
on a Hilbert space, and (-,-), is a Riemannian metric on M.

The symmetric positive definite form M(z), denotes the Riesz isomorphism between the spaces T'M
and TM*, i.e., at x € M, the isomorphism is given by:

M(z) : TuM — T, M*

£ M)t (23)

hence, M(z)¢ € T, M* is an element of the dual, endowed with the dual pair (M(x){,n), where
(,) : E x E — R, is the inner product on the Hilbert space E. We use the notation

(M(2)&,n) = (&M(2)n) = (&),

for £&,m € T, M, to denote the inner product of two tangent vectors.
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2.2 Examples of Manifolds

We now provide some examples of manifolds that will be particularly useful in the subsequent
development of this work. For instance, we define the sphere, which will play a role in the mechanics
of flexible rods, describing the inextensibility condition. We also mention some examples of matrix
Lie groups, which are closely related to nonlinear mechanics.

The n-Sphere Let be || - [|2 = \/(:,) the 2-norm on R"*!. The n-Sphere
§"={z e R | |z]2 =1},

is a manifold. Let be N = {0,..,0,1} and S = {0,..,0,—1} then we consider the stereographic
projections:

on:Un — R" and g : Ug —s R”
where Uy =S \ {N} and Ug = S™ \ {S} and they are given by:

1 1

ON(T1,y ey Tpy1) = (X1, .eyy) and  @g(x1, .y Tpy1) = ——— (21, ..., Tn)
1 + Tpt1

1- Tn+1

1 n
¢]_V1(x17 -.-7x’ﬂ) = W (21’17 ceey an’ (Z x?) — 1>
E i=1

1 n
qﬁgl(:cl,...,:cn) = —F— | 224, ..., 22y, 22| +1
(a2 + 1 2o

Thus, we see that Uy and Ug are two open subsets covering S™, and that the transition maps
dns = N o dg', dsn = ¢s 0 @' where dns = dsn

ons : oN(UnNUs) — ¢s(Un NUg)

with inverses

and

are given by:
1
(.’,Ul, ,.’L’n) — m(.ﬁl, ,l’n)

Finally, its tangent space is given by:

T,S" = {v € R""Y (v, z) = 0}.

The Positive Cone Let be the positive cone
Ki={zeR" | z;>0, i=1,..n}. (2.4)

Then, for x € K, if we consider the metric:

n

Eme=> % (&ismi) (2.5)

i=1 "1
for £,n € R™. The set K, together with (-,-), becomes a Riemannian manifold without boundary.
For more details see e.g., [NT102].
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Lie Groups We now introduce Lie groups, which are manifolds that possess a group structure
and where the group operation is differentiable. A group manifold, or a Lie group G, is a manifold
with a group structure, such that

GxG—G
(9.h) — gh™*

is differentiable. For more material on the vast theory of Lie groups, see e.g., [Ada82, BR58, Tay02,
Mil84, Chel8, Nomb56]. Next, we show some important examples of matrix Lie groups.

The General Group The general linear group GL(n), is the set of all real n x n invertible
matrices. GL(n) is a Lie group of dimension n?, and its tangent space at the neutral element # is
given by:

T;:GL(n) = M,(R)

which is the vector space of all n x n matrices as defined in A.4.

The Special Linear Group The special linear group SL(n), is the set of all real n x n invertible
matrices with determinant equals to one

SL(n) ={z € GL(n)|det(x) =1}
and its tangent space at the neutral element z, is given by:
T:SL(n) = {x € R™"| tr(x) = 0}

the space of traceless matrices.

The Orthogonal Group The orthogonal group O(n), is the subgroup of GL(n) given by:
O(n) = {z € GL(n)| 2Tz = I}.

n(n—1)

5— - The tangent space at the neutral element 2 is given by:

O(n) is a Lie group of dimension
T:0(n) = {z ¢ R 2T 4 2 = 0}.

The Special Orthogonal Group The Special orthogonal group is defined as:
SO(n) = {z € O(n)|det(x) = 1}.

The tangent space at the neutral element % is:

TjSO(n) = T@SL(TL) N T@O(n)
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The Real Projective Space On the space R™*1\ {0}, we define the equivalence relation ~ by:
v ~ w if and only if, there exists a A € R\ {0} such that v = Aw. Then, the projective space
RP™ := (R™!/ ~) is a manifold of dimension m. For k € {1,...,m + 1} we define the open subset
Uy C RP™ by:

U = {[p] € RP™ |py, # 0}

and the local chart ¢y : U, — R™ as:

p1 Pk—1 Pr+1 Pm+1
ok : [p] = (—, ..., .1, ey ). (2.6)
Pk Pk Pk Pk
In particular, we have that:
m+1
RP™ = U U
k=1

For more details, see e.g., [Gud04, LCCT09, O’'n14, CCL99, Kiih15, Apé13].

The Space of Orientation Preserving Tetrahedra Consider a tetrahedron T in R® with
nodes {v1, v2, v3,v4}, and with non-zero volume. We embed each vector v; € R3, into the projective
plane RP?, i.e.,

v — |
7 1 .
Next, we arrange the embedded nodes as an element of GL(4), which we denote by z, namely:

V1 V2 V3 V4

I I
11 1 1

(2.7)

€r =

and denote by T, the set of all tetrahedra as defined above. It can be checked that det(z) # 0. We
denote by 7T,s, the sub-manifold:

Tpos ={x € T C GL(4) | det(z) > 0}. (2.8)

Concerning the tangent space of 7p,s, we use the characterization given in Definition 2.1.5 for
tangent vectors. We take a curve y(t) : (—e,&) = Tpos contained in this manifold, with v(0) = «.
The curve (t) has the form:
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Now, we consider the derivative v/(t) : (—¢,&) — T'(Tpos). We see that:

which, evaluated at ¢ = 0, becomes

| | | |
7/(0): ’Ul‘(o) UZ?O) 03’(()) ,U4‘(0) (29)

0 0 0 0

therefore, the tangent space of 7p,s denoted by t,,, is given by the 4 x 4 matrices such that the
last row is filled with zeros. In (2.9), each v(0) € R3 represents a perturbation vector attached to
the vertex v;, for 1 = 1,2, 3, 4 respectively.

The Space of Volume Preserving Tetrahedra We now consider the space of oriented tetra-
hedra T with fixed volume. Let be p > 0, we define the space of volume preserving tetrahedra
by:

To = {x € Tpos | vol(T) = p}. (2.10)

Recall that T denotes the tetrahedra, and z € Tpos, its representation as in (2.7). In fact, given
that each € Tpos is as defined in (2.7), then we have that vol(T) = 1 det(z). Therefore, for given
x € T,, in order to characterize the tangent space T5(7,), we consider a curve contained in this
manifold, i.e., 4(t) : (—,e) = T,, with 4(0) = 2. We know that vol(¥(t)) = % det(§(t)) = p, we
differentiate this expression, obtaining:

d
—det(4(t)) = 2.11
@ det(3(1) = 0 (2.11)
and using Jacobi’s Identity (see, e.g., A.4.6):
d . NN
—det(3(t)) = tr (Adj(3(1))7'(1)) (2.12)

dt

where, Adj(5(t)) denotes the adjugate of the matrix 4(¢), and tr (-) the trace operator. Then, we
get that:

tr (Adi(3(1)3'(8)) = 0 (2.13)
which, evaluating at t = 0, becomes:
tr (Adi(3(0))7/(0)) = 0
tr (Adj(x)3'(0)) = 0.
Therefore, the tangent space to 7, at x is given by:
Tu(Tp) = tap = {€ € tpos | tr (Adj(z)€) = 0} (2.14)

The following manifold example, which is central in Hydrodynamics, is used to describe the motion
of a fluid in a compact manifold.
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The Group of Diffeomorphisms of a Manifold Let be M a n-dimensional compact manifold.
The group of diffeomorphisms

Diff(M) = {¢ € W*?(M, M) | ¢ is one-one, orientation preserving and ¢ ' € W*2(M, M)},
(2.15)

where, W*? is the Sobolev space as defined in A.3, is a manifold, for s > 5 + 1. For more details,
see e.g.,[Mar74].

2.3 Vector Bundles

We introduce the concept of vector bundles. These manifolds possess a special structure, locally,
they are a product of an open set and a topological vector space. Vector bundles will be relevant for
us, in particular when we consider the case of optimal control of energy minimizers. The tangent
bundle, which is an instance of a vector bundle, was constructed by gluing the tangent spaces as
the base point varies along the manifold. This procedure can be used to construct more general
manifolds.

Definition 2.3.1. Let be M a CP manifold and let be p: E — M be a mapping. Let be {U;} be a
open covering of M, and for each i, suppose we are given a mapping

Ti Zp_l(Ui) — Uz’ x E
satisfying the conditions:

VB1. The map 7; is a fiber respecting CP-isomorphism, i.e., the diagram

p~ L (U;) T U xE

U;

commutes. In particular, we get an isomorphism T, on each fiber

T

¥ p Hx) — {z} x E.

VB2. For each pair U; and U; of open sets, the map

TE = (Tf) ) (7'{’”)71 E—E

is a fiber linear CP isomorphism, which receives the name of transition map associated with
the covering.
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VB3. If U; and U; are members of the covering, then the map of U; N U; into L(E,E) given by
T — T

is a morphism. (This condition is needed for the infinite dimensional case, otherwise, VB2
implies VB3). This means that, for i # j, the map 75; has the form

(x,e) = (x, gji(x)e) (2.16)
wherever it is defined, and in addition, the transition maps
gji : UinU; — L(E,E) (2.17)
are all CP-maps.

Here, {(U;, i)} is called a trivializing covering for p, and the 7; are the trivializing maps. A vector
bundle (E,p, M), consists of the total space manifold E, the base space manifold M, a smooth
mapping p : F — M and an equivalent class of trivializing coverings. In this case, we say that the
vector bundle has fiber E or is modeled on E.

We say that a vector bundle is trivial if it is isomorphic to a product M x E. This is relatively rare
although, by definition, it is always trivial locally. If we restrict ourselves to the finite-dimensional
case, this is, if we assume that E has dimension n, then a trivialization is equivalent to the existence
of sections &1, ..., &p, such that for each x € M, the vectors & (z), ..., &, (x) form a basis of E,. This
choice of sections is called a frame of the bundle.

Next, we see how the tangent bundle is a particular case of a vector bundle.

Example 2.3.1. Let be a manifold M of class C?, p > 1 with atlas (Uj, ¢;)icr, then the tangent
bundle TM, is a vector bundle of class CP~1, where the trivializing maps:

Tji - QZ)Z(UZ N Uj) xE — (ﬁ](Ul N Uj) x E
are given by the formula
75i(2,0) = (¢4i(z), Dji(x) v)
forz € U;NUj, v €E and ¢;0; " = bji.

Example 2.3.2. Let be p: E — M a vector bundle. For each x € M, consider the fiber E, at x,
then, the dual bundle of & denoted by E*, is given by:

E = || E; (2.18)
xeM

i.e., the disjoint union of E7, where is E the dual space of the fiber E,. Therefore, the dual bundle
is given by p* : E* — M, where p*(E}) = x. For more details on the construction of the dual bundle
see [Lani2a, I11, §4].

Remark 2.3.1. The second order tangent bundle T? M as defined in 2.1.6, fails to be a vector bundle
over M, in contrast to the previous case of the tangent bundle TM. Incompatibilities between the
nonlinearity of the second tangent map and vector bundle structure, arise as shown in Remark 2.1.3.
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A very useful operation between vector bundles is the direct sum or Whitney sum, which takes as
fiber, the direct product of the bundles.

Definition 2.3.2. Let be p: E — M and p' : E' — M two vector bundles over M. The Whitney
sum, or the direct sum bundle of the bundles p and p’, is a vector bundle E® E’ over M whose fiber
at x € M s the direct sum E, ® E!, of the vector spaces E, and E.,.

We now show, how maps between vector bundles are defined in the correct way.

Definition 2.3.3. Let p; : E1 — My and ps : Es — My be two vector bundles. A wvector bundle
morphism p1 — pa, consists of two mappings

fo: My — My and f:FEy — Es
satisfying the following conditions.

i) The diagram

M1$>M2

is commutative, and each map between fibers fy : Bz — Ea 4, is linear and continuous.
ii) There exist trivializing maps
el :pfl(Ul) — Uy x Eq
21y (Us) = Us x Ko

for each xo € My and f(xg) respectively, such that f,(Uy) is contained in Uz, and such that
the map of Uy into L(E;,Eg), given by:

—1
T T2 @) 0 fe o

where
TQ,fb(:c) Ofr 07—1_1 : Ul X El — U2 X E2
s a well defined bundle map.

Proposition 2.3.1. Let p1 : By — My and ps : Eo — My be two vector bundles. Let f, : My — My
be a map between My and Ms, and suppose that we are given for each x € My a continuous linear
map

fa D1 = P2 gy ()

such that, for each xo, condition ii) in the previous definition is satisfied. Then the map f form p;
to po defined by fr on each fiber is a vector bundle morphism.
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Proof. The proof, which we remit to [Lanl2a, III, §1], defines the map f as

(1‘, U) - (fb(x)7 f:c(v))

as the required vector bundle morphism. O

The Pullback of a Vector Bundle We now introduce the notion of the pullback of a vector
bundle. This is an object that is a vector bundle itself and will be useful for the splitting of bundles
of order two. Let p: E — M be a vector bundle, and let be g : N — M a map from the manifold
N to M. The pullback g* of p: E — M, is a vector bundle g*p : g*E — N satisfying the following
properties:

i) For each x € M, we have (¢"E), = Ey(y).

ii) The diagram

g (E) ———

FE
g*(p) hp

N— M
is commutative and the top horizontal map is the identity on each fiber.
iii) If E= M x F, ie., if E is trivial, then ¢*(E) = N x F and ¢*(p) is the projection.
iv) If V is an open subset of M and U = g~(V), then

9" (Ev) = (9" E)u,

and we have the commutative diagram:

g Ey Ey

NN

g'E E

U Vv

NN
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Examples

Tangent Bundle If we apply this concept to the tangent bundle p = 7w : TM — M, and if we
choose g = 7, then we may take the pullback:

()

™(TM) ——" 5 TM

™ ———— M

In a chart U of M, for £ € E, a point of TU consists of a pair (z,£). Then we may identify the fiber
(7*T'M)y.¢ with (T'M), = T,M. Then, we have that:

(m*TM)y +—=—— (UxE)xE

(TM)y +— UxE
shows the vector bundle chart for the pullback, meaning that a point of #*T'M in the chart is a

triple
(x,€,m) € (U xE) xE.

General Vector Bundle We consider a vector bundle p : E — M, and we choose g = p. Then,
we take the pullback:
E
hp
P

E———M

p*(E) p*(p)

Therefore, we now consider a point (z,e) € U X F in a vector bundle chart. For this case, we identify
the fiber (p*E) ;) with E, and we get the pullback:

(p*E)y +——— (UxF)xF

Ey UxT
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so that a point of p*E in the chart is given by the triple:

(x,e,n) € (U xF) xF.

2.4 Immersions, Submersions and Submanifolds

This work aims to consider constrained optimization problems on manifolds, where the constraint
mapping is a submersion. We introduce this concept and recall its main properties. First, we
define maps between manifolds and the corresponding differentiation, which is done through charts.
The concept of immersion is also introduced in order to define subsets of manifolds with manifold
structure, i.e., submanifolds.

Definition 2.4.1. Let M, N be two manifolds. We say that g is a CP-map between the manifolds
M and N, if for given x € M, there exists a chart (U, ¢) at x and a chart (V,v) at g(x) such that
g(U) C V, and the map

gvu =togod l iU — PV

1s CP-continuously differentiable.

Remark 2.4.1. Let be g : M — N a map from the manifold M to the manifold N. Then at
x € M, we can interpret the derivative of g by means of charts, i.e., the derivative on each chart at
T 1S a mapping

g(x) = Tpg : TeM — Tyy) N (2.19)

with the property that, if (U, @) is a chart at x and (V,4) is a chart at g(x) such that g(U) C V and
0 is a tangent vector at x represented by v in the chart (U, ¢), then T,g(0) is the tangent vector at
g(x) represented by Dy (x)v.

Remark 2.4.2. Let be g : M — N a CP-mapping between the manifolds M and N. We can define
Tg:TM — TN

to be Tpg on each fiber T, M. Locally, the map Tg takes the form:

Tg(z,v) = (9(z), g'(x)v) (2.20)

forx € M and v € E, with E the model space of M. This mapping is known as the tangent map,
and will be of importance for the computation of derivatives of maps between manifolds.

Immersions and embeddings are special kinds of maps between manifolds, which, in particular, are
useful to define subsets of a manifold that posses manifold structure.

Definition 2.4.2. Let be h: M — N a smooth map between the smooth manifolds M and N, and
let x € M. We say that h is an immersion at x, if its derivative T, h is injective. The map h is
called an immersion, if it is an immersion at every point.

Definition 2.4.3. Let be h : M — N be an immersion. Then the map h is called an embedding
if h : M — h(M) is an homeomorphism, i.e., h is bijective, continuous and with inverse h™1 :
h(M) — M continuous.
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Definition 2.4.4. Let be M a manifold, and M a subset of M. If M can be given the structure
of differentiable manifold such that the inclusion i : M — M is an embedding, then M is called a
submanifold of M.

Next we show a characterization for submanifolds.

Theorem 2.4.1. A subset M of a manifold M modeled on E is a submanifold if and only if the
following condition holds:

There exists a splitting E = By X Eqo, and, for every x € M, there exists a chart (U, ¢) of M around
x of the form

qb:U—)(UlXUQ)

with ¢(x) = (0,0), and where U; is an open neighborhood of 0 € E;, j = 1,2. In addition the
restriction @), s gien by
UNM — Uy x {0},

¢|Uﬂlw

Proof. See e.g., [Klill, 1,§3], [Lan12a, I1,§2]. O

Definition 2.4.5. Given a vector bundle p : E — M, we say that p|p : D — M is a subbundle of
E if the restriction p|p : D — M s a vector bundle, and D is an embedded submanifold in E. We
denote by D, the subbundle at the point x € M.

Next, we define the concept of submersion.

Definition 2.4.6. A map g : M — N will be called a submersion at a point x € M, if there exists
a chart (U, @) at x, and a chart (V,1) at g(x) such that ¢ gives an isomorphism of U on a products
Uy x Uz ( Uy and Uz open on the model spaces), and such that the map

Yg¢ ' =gvu =g: U1 xUs —V (2.21)
s a projection. We say that g is a submersion if it is a submersion at every point.
Proposition 2.4.1. Let be M, N manifolds and let be g : M — N a mapping between M and N.

We say that g is a submersion at x € M if there exists a chart (U,¢) at x and (V,¢) at g(x) such
that g{,?U =T,g s surjective and its kernel splits.

Proof. See [Lanl2a, I1,52]. O

Definition 2.4.7. We say that g : M — N is a submersion if g is a submersion for every x € M.
Example 2.4.1. Let be (E,p, M) a vector bundle, then the projection p is a submersion.
Finally, we introduce the concept of Riemannian submersion.

Definition 2.4.8. Let be M, N Riemannian manifolds, we say that g is a Riemannian submersion,
if for each x € M, the differential

1s an orthogonal projection.

For more details on the study of submersion maps see [Bes07, Lan12a, Mic08, PT06].
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TyN Yy

Figure 2.1: Submersion

2.5 Transversality

The notion of transversal maps will be used, in our context, for the setting of optimization problems
over more structured manifolds.

Definition 2.5.1. Let N be a submanifold of the manifold M, and let g : R — M be a mapping
from the manifold R to M. We say that g is transversal over the submanifold N of M if the
following condition is satisfied:

Let © € R such that g(x) € N. Let (W,) be a chart at g(x) such that ¢ : W — W1 x Wy is a
diffeomorphism on a product, with

P(g(x)) =(0,0) and Y(INNW)=W;xD0.
Then, there exists an open neighborhood U of x such that the composite map

U2, w Y

pr
>W1><W24>W2

is a submersion.

We say that ¢ is transversal over the submanifold N of M if the condition stated above holds
and it will be denoted as ¢ M N. As a consequence, we can split the space into the direct sum
TyyM = (Tyo)N) @ (Tge)M/Ty(z)yN). In particular we have the following proposition.
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Proposition 2.5.1. Let be g : R — M a mapping between the manifolds R and M, and let be N
a submanifold of the manifold M. The map g is transversal over N if and only if for each x € R
with g(x) € N, the map

Tzg

1s surjective and its kernel splits.
Proof. See [Lanl2a, I1,52]. O
The following theorem characterizes manifolds as pre-image of transversal maps.

Theorem 2.5.1. Let be N a submanifold of M, and g : R — M be transversal to N. In addition
if S =g Y(N)#W0, then S is a submanifold of R.

Proof. See [Klill, I, §3]. O

2.6 Vector Fields, Differential Forms and Integrability

Definition 2.6.1. Let M be a manifold of class CP with p > 2. A wector field & on M is a map of
class CP~1

E:M —TM
such that £(x) lies in the tangent space T, M for each x € M, i.e., m& = idyys.
Definition 2.6.2. We denote by I'T'M the R-vector space of vector fields over M.

Let be £ : M — T'M a vector field. If T'M is trivial, this is, if TM = M x E, then £ is completely
determined by its projection onto the second factor, {(z) = (x,&(x)) and this projection will be
called the local representation of £&. We say that £(x) is represented locally by & if we are working
over an open set U of M where the tangent bundle admits a trivialization, more frequently, we will
use the £ itself to denote this representation.

We can regard vector fields as derivations on real functions over a manifold, as we see in the next
proposition.

Proposition 2.6.1. Let be £ : M — TM a vector field, and let be ¢ : U — R a differentiable
function defined on an open set U of M. Then, there exists a unique function £ on U such that if
& denotes the local representation of the vector field on U, then

(&o)(x) = ¢/ (v)&(x).
Proof. See [Lanl2a, V, §1]. O

For given two vector fields £,7 on M, we define a new vector field [¢,7n], known as the bracket
product of £ and 7.
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Proposition 2.6.2. Let be £, n two vector fields of class CP~' on M. Then, there exists a unique
vector field [€,m] of class CP~2, such that for each open set U, and a function @ on U we have:

[§:nle = &nlp)) — n(&())- (2:22)

and the local representation of [, n] is given by
€, n)(z) = ' (2)&(2) — & (z)n(=). (2.23)
Proof. See [Lanl2a, V,§1]. O

We see how the tangent map of a Riemannian submersion g : M — N, acts on the bracket product
of two horizontal vector fields &, 1 € ker(T,g)™*.

Remark 2.6.1. Let be g a Riemannian submersion between the Riemannian manifolds M and
N. Its differential, gives an isomorphism at each point between the spaces ker ¢'(x)* and Ty) N,
namely:

d(z) : ker g/ (z)t — Ty N, (2.24)
with its corresponding inverse, denoted by:
9 (2) : Ty)yN — ker g/ (z) " (2.25)
We say that a vector field & on N lifts uniquely to a horizontal field Ens, i.e., a vector field such that
§u (@) € kerg'(2)" and g'(v)€n () = £(9(2)),

at each point x € M.
In addition, for given n1, n2 vector fields on N, if we consider ni,,, 12,,, their corresponding liftings,
then:

g/(33)771M - 771(9(90))
g/(x)772M = 772(9('%'))

then taking derivatives of the first in direction 12,, and the second in direction 11,,, we get that:

g//('r)(n2l\/[n1]\/[) + g/(x)nlanzM = ni(g(m))g'(m)ngM
9" (@) My 2ar) + 9 (@020, M0r = 12(9(2))g ()11,
subtracting the last two equations we obtain
9 (@), 20 — 9 (@), M = M1 (9(2))g (202, — n2(9(2))g (@)1,
implying

9 (@) [M2ps My ) = m(g(@))n2(g(x)) — ma(g(x))m(g(z)) (2.26)
= [z m1]. (2.27)

Finally, we point out the induced isomorphism:
g (@) (Ty@yN)* — (kerg/(x)")*

between the adjoint spaces.



2.6. VECTOR FIELDS, DIFFERENTIAL FORMS AND INTEGRABILITY 27

We now turn our attention to differential forms. We know that tangent vectors are elements that
belong to the tangent space of a manifold M. Differential 1-forms, on the other hand, are elements
that belong to the dual of the tangent space. These objects will be used in section 4.4, there we
study the existence of a potential function of the Lagrange multiplier when defined as a section
of the co-tangent bundle. A vector field &, is a section of the tangent bundle =« : TM — M, i.e.,
it is a map & : M — T M, satisfying 7w o £ = idy;. In a similar way, we say that a section 7 of
the co-tangent bundle 7 : TM* — M, is a map 1 : M — TM¥*, that satisfies 7 o) = idps. The
object 7 is also known as a 1-form, and at * € M, we have that 7, : T, M — R. This can be
generalized to the set of r-multilinear alternating continuous maps. For x € M, an r-form on M
at x is a continuous, multilinear, alternating map 7 : T, M x ... x T, M — R, which we denote by
ne Ly(T,M) (see A.1.8).

Definition 2.6.3. A differential form of degree r, or an r-form on a manifold M, is a section of
Ly (TM), alternating multilinear forms on T M.

For our purposes, we need to differentiate on the latter space. We have that, for a function g : M —
R, its differential T,g(z) : T,M — R , is a continuous linear map, i.e., Tpg € LL(T,M). Tt is a
1-form which will be denoted by dg. Then dg, is the unique 1-form such that for every vector field
& we have (dg, &) = T,g(x)§. We extend the definition of d to forms of higher degree, this operator,
receives the name of exterior derivative.

Proposition 2.6.3. Letn be an r-form of class CP~' on M. Then there exists a unique (r-+1)-form
dn on M of class CP~2 such that, for any open set U of M and vector fields &, ..., & on U we have

r

(.o % &) =D (=1)'6 (060 X o x & % o X &)

= (2.28)
+ Z(—l)”j <n, [€6,&5] X €0 X oo X & X Ej X X §T>.
1<j
where [&;,&;] is the bracket product between &; and &;.
Proof. See [Lanl2a, V, §3] O

Pullbacks of differential forms by maps, and their differentials, will be of importance for our needs.

Definition 2.6.4. Let be g : M — N a mapping, and let be n a differential form on N. Then, we
get a differential form g*(n) on M, which is given at a point x € M, by the formula:

(g"n(z), &1(2) x ... x & (2)) = (n(g(2)), g'(@)61(x) x ... x ¢'(2)&()) (2.29)

if &1(x), ..., & (x) are vector fields. In particular, if n is a differential 1-form on N, then we obtain
a differential 1-form g*(n) on M, which is given at a point x € M by the formula

with the corresponding local representation formula

(g"n(x), &(x)) = (n(g(x)), ¢ (x)&(x))

where £ is a vector field.
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A differential r-form 7 that satisfies dn = 0 is called closed, and if there exists an (r — 1)-form )
such that n = di, then we say that n is exact. The Poincaré Lemma asserts that locally, every
closed form is exact.

Theorem 2.6.1 (Poincaré Lemma). Let U be an open ball in E and let n be a differential form of
degree > 1 on U such that dn = 0. Then, there exists a differential form b on U such that dip = 7.

Proof. See [Lanl2a, V, §4]. O

Distributions and Integrability

Let be & a vector field on M and a point zg € M. An integral curve for the vector field £ with
initial condition xg, is a curve v : I — M, mapping an open interval of R containing 0 into M,
such that v(0) = zo and 7/(¢) = £(7(t)). Those curves, which are solutions to the previous problem,
are called integral curves. Theorems for the existence and uniqueness of integral curves are famous
in the literature, see for instance [Lanl2a, IV]. We can generalize this idea, from curves to higher
dimensional submanifolds. If we consider a subbundle of the tangent bundle T'M, which we call
a distribution on M, we formulate the following question: Is there a submanifold whose tangent
space at each point, is the given subbundle at the point x7 If the answer is affirmative, we say that
this submanifold is the integral manifold of the distribution. For smooth sections £ € D and n € D,
defined in a subbundle D of TM, we say that D is involutive if [{,n] € D. It turns out that the
condition of being involutive will be necessary and sufficient for a distribution to be integrable. In
other words, we say that a subbundle of the tangent bundle to a smooth manifold is integrable if
its space of sections is closed under the bracket operation.

Definition 2.6.5. Let be D a tangent subbundle of TM. A nonempty immersed submanifold
M C M is called an integral submanifold of D, if T, M= D,., at each point x € M.

The theorem of Frobenius, which is the fundamental base for the theory of foliations, see e.g.,
[Ton12b, CN13, MC88, HH81, Ton12a, MMO03, Reil2, Her60, Bot72], gives us conditions for inte-
grability of distributions.

Theorem 2.6.2 (Frobenius). Let be M a manifold of class CP p > 2, and let be E a tangent
subbundle over M. Then, E is integrable if and only if, for each point x € M and vector fields &,
n, at x which lie in E, the bracket [£,n] also lies in E.

Proof. See [Lanl2a, VI, §1]. O
The distribution given by ker ¢'(x), for a submersion g : M — N, is integrable.

Example 2.6.1. Let be g : M — N a smooth submersion. For each x € M, we call the subbundle
ker ¢'(x) the vertical distribution. At everyx € M, we have that the vertical distribution is integrable.
Indeed, let be &, n € ker ¢'(x), we get that, [&,ne] € ker ¢'(x). In fact, we have that:

g (@)&m = g" (@) (&, me) = g (@)n}&e
yielding

g' (@), me] = 0.
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Therefore, by Theorem 2.6.2, we have that this subbundle is integrable, which illustrates that indeed,
each fiber g~1(y) is a submanifold of M, for every y € N. As an alternative, it is also consequence
of Theorem 2.5.1.

It turns out that, in general, subbundles of the tangent bundle are not always integrable, or iso-
morphic to an integrable one. See e.g., [Bot68].

2.7 Sprays, Exponential Map and Covariant Derivatives on the
Tangent Bundle

We go further and define special kinds of second-order vector fields, which are vector fields over
the tangent bundle T'M, that are homogeneous of degree two, called sprays. These objects give
rise to the notion of connection over a manifold, and henceforth the notion of geodesics, concepts
that we use as references for the construction of suitable mappings for optimization algorithms on
manifolds.

Definition 2.7.1. A second-order vector field S over M is a vector field on the tangent bundle such
that:

TnS(v) =v, forallveTM
where m: TM — M, is the canonical projection of TM on M.

Remark 2.7.1. The representation in charts of the above statement is as follows. Let be U open
in the model space B, so that TU = U x E, then, T(T'(U)) = (U x E) x (E x E). The map 7 is the
projection w: U x E = U, and the tangent map of w is given by:

Trm:(UXxE)x (ExE)— (UxE)

(z,v,u,w) = (z,u)

which means that locally, if the vector field S has representation S(x,v) = (S1(z,v), S2(x,v)), then
the condition TwS(v) = v implies Si(x,v) = v.

We define Sprays as in [Lan12a, IV, §3] and [APS60], i.e., as second-order vector fields which satisfies
an homogeneous quadratic condition.

Definition 2.7.2. Let be S a second-order vector field, and S : U x E — E x E its local repre-
sentation in the chart U x E with S = (S1,S2). We say that the mapping S represents a spray

if:
So(z, tv) = t255(x, v)

for allt € R.
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If we define Sy(z,v) := B(x;v,v), then Sy is quadratic in its second variable, and the map S defined
by:
S(z,v) = (v, B(z;v,v)) = (v, So(z,v))

represents the spray over U. B is the symmetric bilinear map associated with the spray. In par-
ticular, we say that a curve v on M is a geodesic, if and only if, is a solution to the differential
equation:

7' (t) = B(y(t);7/(t),7/(t)) for all t.

With geodesics, we can define the concept of exponential map.

Definition 2.7.3. Let be S an spray over M. Let be B, the integral curve of the spray with initial
condition v. We define the exponential map

exp: TM — M
as
exp(v) = 76,(1)
where v € Ty M is such that B, is defined at least on the interval [0, 1].

If z € M and 0, is the zero vector in T, M, then S(0,) = 0 therefore, exp(0;) = z. And exp, will
be the restriction of exp to the tangent space T, M, Thus

exp, : IxM — M.

We return to sprays and give the transformation rule for the quadratic part of a spray under change
of charts. Let be (U, ¢) and (V,1) charts on M, and let be h : U — V|, the corresponding change
of charts maps, which is and isomorphism. The derivative, T'h is represented by:

H:UXxE—-EXE,
and it is given by:
H(z,v) = (h(z), ' (z)v). (2.30)
Taking one more derivative, this is, a lift to the double tangent bundle TTU, we get that
(H,H'): (U xE) x (ExE)

is given by:

H'(z,v) [ Z } = [ h}’l’,((:f))v h/?l‘) } [ Z }

which is the Jacobian matrix operating on [u, w]”, with u,w € E. Therefore, we have that

(H,H) : (z,v,u,w) — (h(x), b (z)v, b (2)u, h" (z)(u,v) + h'(:L‘)w) )
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Thus, if Sy is the second-order vector field representing the spray on the chart U, we get that its
first component, is such that Sy i(x,v) = v, and its second component is given by Sy a(z,v) = w.
Finally, if Sy is the vector field on the chart V', then we get that Sy and Sy are related by:

Sy (h(z), b (x)v) = (B (z)v, B (z)(v,v) + B/ (x) Sy 2(z, v)).
With the previous considerations we get:

Proposition 2.7.1. Let be (U, ), (V,) two charts around x € M, and h = (¢ o p~1) the cor-
responding change of charts map. Then, the quadratic part of a spray transforms in the following
way:

By (h(z); i (z)v, b (x)w) = b (z)(v,w) + h'(z) By (x; v, w). (2.31)

We need to define a proper way to differentiate vector fields. The main difficulty lies in the fact
that the tangent map, or derivative of a vector field, is mapped into T?M, which is not a vector
bundle over M. The following theorem shows an isomorphism between the double tangent bundle
T?M and the direct product 7*TM @7y 7*T M, which is a vector bundle over M. This is done
through a spray on M.

Theorem 2.7.1 (Tensorial Splitting Theorem). Let be given a spray on the differential manifold
M and its corresponding quadratic part B. For the map

kry TTM — 7" TM Oy ¥ TM

which, in the chart
(TTM)y = (U xE)x (ExE)

s given by:
K'TM,U(:U7U727U)) = (I‘,’U,Z,’UJ—BU(JU;U,Z)). (232)
We have that kps is a vector bundle isomorphism over TM .

Proof. We compute krary o (H, H') with the notation used in (2.30), obtaining

kray o (H, H')(x,v,z,w) = (h(z), k' (z)v, K (z)z, 1" (z) (v, 2) + I (z2)w — By (h(z); K (z)v, 1 (z)z))
= (h(x), B’ (z)v, B (x)z, b (z)(w — B(z;v, 2)))
(2.33)

where the transformation rule (2.31) has been used. The family {sk7,7} defines a vector bundle

morphism over T'M, and in addition, the expression (2.33) of the map rrys over a chart is a vector
bundle isomorphism. ]

Remark 2.7.2. The last component of the map defined in (2.32), can be seen as the 2 X 2 matriz
acting on [z, w]’, given by:
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Covariant Derivatives on the Tangent Bundle

Differentiation of vector fields presents some difficulties. As we have mentioned, by taking the
derivative of a vector field £ : M — TM, we get that T¢ : TM — TTM, i.e., it takes values in
TTM, which is not a vector bundle over M. Therefore, in order to define a proper derivative, we
need some additional structure that yields the covariant derivation V¢ of a vector field & with values
on a vector bundle over M. This can be done via sprays or with the help of a Riemannian metric
in case that such a structure is available. First, we mention the properties of a covariant derivative,
then, we see how from a spray a covariant derivative can be obtained. In the case of the manifold
being Riemannian, we can get the corresponding spray from the metric, also called, the canonical

spray.
Definition 2.7.4. A covariant derivative V on a manifold M is a mapping

V:I'TM xI'TM — TI'TM
which is denoted by (§,m) — Ven and satisfies the following conditions:
i) §-linearity in n: Vpprg€ = V€ + gViE, fLg€F.

i) R-linearity in & : Vy(a& + bv) = aV,y & +bV,v, a,beR.

ii) Product rule: V., (f&) = (nf)€ + fViE,

w) Symmetry: Vp& — Ven = [n,€].
Where § is the space of C*°-real functions over M.
Given a spray, we can define a covariant derivative satisfying the previous conditions.

Theorem 2.7.2. Let be given a spray over M, together with its corresponding quadratic part B.
Then, there exists a unique covariant derivative V, such that in a chart U, the derivative is given
by the formula:

Ven(z) =1'(2)é(z) — B(z; (), n(x)) (2.34)
where n and & denote the local representatives of the vector fields in the chart.

Proof. See [Lanl2a, X, §4]. O
If in addition, if we suppose that the manifold M is Riemannian, with metric M, and product

(& m)y = (& M(z)n) = (M(x)¢,n)
then we can obtain a spray, the canonical spray.

Proposition 2.7.2. In a chart U, let be B = (By, Ba) the vector field representing the one form
dK, where K(n) = § (v,v), is the kinetic energy functional, then By(x,v) given by:
1

(Ba(z,v), M(x)wy) = 3 (M (z)wyv,v) — (M (z) v, wy)

represents a spray.

Proof. see [Lanl2a, VII, §7]. O
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The Covariant Derivative on a Submanifold

We need to make some observations concerning covariant derivatives and connections on subman-
ifolds. In the following, we assume that M is a Riemannian manifold, and NV is a submanifold of
M, with the induced Riemannian structure. At a point x € N, we have the following orthogonal
decomposition:

T,M = T,N + (T,N)*

where (T, N)* is the orthogonal complement of T,,N in T, M, called the normal bundle. We denote
by:

Pry:T,M —T,N  and  Piy:T,M — (T,N)* (2.35)

the orthogonal projections from TM to TN and (T'N)* respectively. In this way, a section over N
has two components (v,r), where v is a vector field over N, and v is a normal field, i.e., a section
of the normal bundle. We have the following theorem.

Theorem 2.7.3. Let be vy, vy extensions of v, v to M, and let { a vector field over N. The
covariant derivatives of vy and vy on N can be expressed in the form:

V¥oy = Vv + hia(¢,v) (2.36)
V?VM = Vé‘u + ha1(¢,v), (2.37)
where:
VM is the covariant derivative on M
hi2 is a symmetric bilinear bundle map TN x TN — (TN)L
ho1 is a bilinear bundle map TN x (ITN)* — TN.
Vévv = PTNVéVIU.
Véy = P%NVéwu is independent of the extension vyrof v.
Proof. See [Lanl2a, XIV §1]. O

In the literature, the map hio is known as the second fundamental form on the manifold NV, see e.g.,
[Lan12a, XIV,§1], [RS11, I1,§4], and it will be relevant for us, in particular, for the construction of
connections and vector bundle retractions for optimization algorithms on submanifolds. In order
to illustrate Theorem 2.7.3, and thinking in our applications, we consider the particular case where
M = R3 with the euclidean product and N = S2.

Example 2.7.1. Let be the 2-sphere S? regarded as a Riemannian submanifold of the Euclidean

space R3, in which Bgs = 0, i.e., the spray is zero everywhere. Then, in Theorem 2.7.3 making
M =R? and N = S?, for x € S?, we have that:

v'¢ = Pr,g(v'() + (I — Pr,s2)(v'C) (2.38)
= V¥ + hiz((,v) (2.39)
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where:
Prge 1 R® — T,8?
o o (2.40)
§—= (I —aa )¢
is the projection from T,R® ~ R3 to T,S?, and (I — Pr,s2) = zzT, maps from R? into (T,S*)*.

The formula (2.39) is known as the Gauss-Weingarten formula, see e.g.[RS11, II,§4], [Lanl2a,
XIV,81]. In addition, in example 2.7.1, we observe that:

Vv = 0'¢ — hia(C, ). (2.41)

Therefore, we obtain the spray on the submanifold S?, given by Bpg2(¢,v) = h12(¢,v). In fact, if
v(t) : (—e,e) — S? is a geodesic, then VE?(O)V’(O) = 0, yielding in (2.41) that:

7"(0) = h12(7'(0),7(0)). (2.42)

We also observe that differentiating the equality:

Pr sev =0 (2.43)
in direction ¢ € T,S?, we get that
T,52(Co ) + Prgav'¢ = v'¢ (2.44)
which implies:
152 (G v) = (I = Prg2)v'C. (2.45)
Meaning that the second fundamental form can be expressed as:
hi2(¢,v) = Pp (¢, ). (2.46)

Splitting for T7S? We now provide a connection map for the sphere S? as a submanifold R3.
Let be (x,€) € TS?, for perturbations (0, 6n), we observe that, if we apply the tangent map to

(UxE)— (UxE) (2.47)
(xag) — (x7PTzSQ§) '

we get:
(UXxE)x(ExE)— (UxE)x (ExE)
(:177 fa 567 677) — (CE, PTQUS2€7 567 le"ISQ (657 5) + PTxSZ(Sn) (248)
= (2,&,08, h2(8€, ) + Pr,s20n).

With that, as a consequence of Theorem 2.7.3, we get a splitting of T(T'S?) as in Theorem 2.7.1,
via the connection map:

rrs2(, &, 08, 6n) = (x,€, 68, Pr,s26m + h1a(§, 65)). (2.49)
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Second Tensorial Derivatives For SQP-algorithms on manifolds, second-order information is
needed, making necessary the concept of second tensorial derivatives.

Definition 2.7.5. Let be M a manifold with covariant derivative V. For vector fields n, & we define
the second tensorial derivative Q(n,§) as:

Q(n, &) =VyVe —Vy,¢. (2.50)

We now address the discussion on derivatives of real functions on manifolds. Let be f : M — R
a differentiable function. Then, we say that the first derivative of f in direction ¢ is given by the
formula:

Vef = f(z)¢.
The Hessian of f, denoted by H f, is given by:
Hf(n,§) = Q&) [ (2.51)

Let be n, & the representations of the vector fields in a chart U, and let be B the quadratic part of
the spray on M. Then we have that:

H f(z)(n,€) = f(x)(n(z),{(x)) + f'(z)B(z;n(=),§(2)). (2.52)
which is symmetric, by the symmetry of f” and the symmetry of the bilinear map B. For more
details on the tensorial Hessian, see [Lanl2a, XIII, §1].

Proposition 2.7.3. Let be x € M and let be v € Ty M. Let o be a geodesic with «(0) = = and
o/(0) =v. Then
d\ 2

H50,0) = (§) Se@lo (2:53)
Proof. This follows by applying the operator

Q(alv O/) =VuVy — VV&/O[I
to f, recalling that « is a geodesic i.e., Vo' = 0. O
In a similar way, through the operator @ as introduced in (2.50), we define the second tensorial

derivative of a twice differentiable function g. Let be g : M — N a C? function, then we define the
tensorial second derivative of g as:

(D?9)(n,€) = Q(n, &)g. (2.54)

Again, if n, £ are representations of the vector fields in a chart, then the local representation of D?g
is given by:

Dg(x)(n.€) = g"(x)(n(x), &(x)) + ¢ (2) B(asn(x), £(2))- (2.55)
And finally, a similar formula for the derivative through geodesics.

Proposition 2.7.4. Let be g : M — N a C? function and x € M. Let be v € T, M and o a geodesic
in M with «(0) =z and o/(0) = v. Then

2
Dg(0.0) = () sla(®)l-o (2.50

Proof. We use the property for geodesics Vo = 0 and the chain rule. O
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2.8 Connections and Covariant Derivatives on General Vector Bun-
dles

So far, we have defined connections on manifolds through bilinear maps B : E x E — [E, where E is
the model space of the manifold M, satisfying certain transformation conditions. We generalize the
concept of connections, to the case where the manifold is a vector bundle p : E — M, with fiber
F. Here, we do it through bilinear maps, that are of the form Bg : F x E — F, i.e., mapping into
the fiber space. Through these maps, we will be able to define propper differentiation on the more
general context of vector bundles, as mappings from the direct sum £ & TM to TE.

Definition 2.8.1. Let be p: E — M a vector bundle over a manifold M, and consider the tangent
bundles ng : TE — E and T(p) : TE — TM. A connection is a mapping from the direct sum
E®TM into TE:

H:EeTM —TFE

such that
(7, T(p)) o H = idparm-

The latter means that, if we consider a chart U on M, and if we suppose that M is modeled on E
and that the vector bundle fiber is the space F, then:

TU =UxE and T(UxF)=(UXxF)x(ExF).
Then H maps as:
H(z,e,€) = (x,e, Hy (2, €,€), Hy(w,0,))  for (z,e,¢) € M x F x E.

The condition (7, T(p)) o H = idgera implies that Hi(z, e, &) = £. Additionally, for fixed x, the
map

Hy(z,e,§):FxE —TF (2.57)
is bilinear, and if we denote the latter bilinear map by Bg, then, in charts, it takes the form:

H(z,e,&) = (z,e,&, Bp(z)(e,§)) . (2.58)

With this, we can define the covariant derivative of a section v(z) : M — E of the vector bundle in
the direction of w € TM, as:

VE(z)w = v/ (x)w — Bp(x)(v(x),w).

As a final remark, we see that if we take the special case £ = T'M, and if the map Bg is symmetric,
then we land on the case of a spray on M. For more details on vector bundle connections see
[Klill, ET67, Lan12a, PT06, JJ08, Dom62, V167, KN63, Kow71, Sas58, Sas62, YL64, Hus66]. For
simplicity, we will refer to Bg as the spray for the vector bundle p : E — M, where in fact By = Hy
as in (2.58).

We now define the map Ks : TE — p*E with the help of a spray

Bp:FxE—-TF
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as follows:

Ky :TE — p'E (2.59)
(z,e,&,m) = (x,e,n — Bp(x)(e, §)). (2.60)

It is important to observe that Ko defines a mapping from T E, which is a vector bundle over E but
not over M, to p*E, which is a vector bundle over M. The above representation is given locally,
with respect to charts, but it can be verified that it transforms correctly and thus gives rise to a
global mapping. This observation follows from the fact that if we consider a change of charts on F,
namely:

(har,hE)
—E

UxTF VxF

such that, for (z,e) € U x F, it maps:

(2, ¢) ZEZIE), () (), hip(a)e)

the derivative of the previous map is represented by:

h];;/]\gﬂ(?;;?.e hE((]m)' } [ 757 }

this means that, for ({,7) € E x F we get the transformation rule for T'E:

(Hp, Hi)(x,e,&n) = (ha(x), hp(@)e, My ()€, Mg (2)(E, €) + hp(z)n). (2.61)

Concatenation with the map Ko yields:

(z,e,&,n) = (har(2), hp(x)e, Kp(x) (€, €) + he(z)n — Bpy (hp(x)e, My (2)E)). (2.62)

In a similar fashion, as in the tangent bundle case, from (2.61), we see that a vector bundle spray
Bp over E obeys the transformation rule:

Bgy(hg(x)e, Wy (2)€) = Mp(z)(§,e) + he(x)Beul(e,§) (2.63)

and thus, in (2.62), we obtain:

(z,e,&,m) = (hy(2), hp(z)e, hp(x)(n — Beu(e,)))- (2.64)

Thus, a change of charts in the preimage space yields a matching change of charts in the image
space. We now make use of the map Ky to construct an isomorphism over the vector bundle that
splits the space TE.

First of all, we have the canonical mapping:

Tp:TE — TM
(z,e,§,m) = (1,8).
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Gathering T’p and K5 into one mapping, we obtain the following splitting of T E:
kp = (K, Tp): TE - E:=TM & p*E
(%,6,5,77) — (%,6,6777 - BE(IL’)(@,&))

This is the desired splitting of T'E into a vector bundle § : E — M over M that consist of a direct
product of TM and p*E. We now state the vector bundle version of Theorem 2.7.1.

(2.65)

Theorem 2.8.1. Let be B : FXE — F a vector bundle connection on the vector bundlep : E — M.
And let be p*E the pullback of the vector bundle. Then the map:

kp:TE —-TM & p*E
1$ s a vector bundle isomorphism over E, where in the vector bundle chart
(TE)y =(UxXxF)xExF
this map s given by
fi (@6, 60m) = (2,6,6,1 — Bpu(e.€) (2.66)

Proof. Similarly as in the tangent bundle case, using the formula for (Hg, H};) given in (2.61), and
the transformation rule (2.66) for Bg, we have that:

ke o (Hp, Hp)(@,e,&,n) = (hi(2), ha(z)e, ki (2)€, ha(2)(n — Beu(e,€))) (2.67)
obtaining a family of vector bundle morphisms {kg 7} over E, and the expression of the map in a
chart, yields a vector bundle isomorphism. ]

In particular, the splitting of Theorem 2.8.1 will allow us to define suitable mappings for optimization
algorithms on vector bundles in an invariant way under change of charts.

Remark 2.8.1. We observe that the last component of the map (2.66) can be expressed as:

_;dg(ﬂé ) isE } [g] (2.68)

2.8.1 Splitting of (double) Tangent Bundles

Let us consider a vector bundle p : & — M, where the base manifold M is modeled on E and the
vector bundle has as fiber space F. In a chart, let be (z,e) € U xF. Our aim is to split T'E, a vector
bundle over F, into a product of vector bundles over M. Once this is done, we proceed to split
TTFE into a product of vector bundles over the base manifold M. We assume the existence of sprays
Bra for M and Bpg for the vector bundle E, which are associated to covariant derivatives VI™M
and V¥ respectively. We make use of p*E, the pullback of E via p, which adds to each element of
E at x another fiber E,. Finally, TE can be represented in charts by (z,e,&,n) € U x F x E x F.
Here (£,n) represent perturbations of (z,e).

In the following, we use the notation to write down mappings between manifolds, giving their
algebraic definition with respect to charts.

We use the following notation:
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e The representation of F in charts is U x F = U x (F x E x F).

e There is a spray By : F x E — F that consists of three components:

Bg(x)(é,6x) := (Bg(x)(e, 6x), Bry(x) (&, 0x), Be(x)(n, 6x)), where é = [e,&§,n] € F x IE( X IF)
2.69

Application to a Section F' : Z — E. Let be Z a differentiable manifold, and with it, consider
a differentiable section, which locally in charts is given by:

F:Z—-FE

2 = (Fu(2), Fe(2)) (2.70)

where (p o F')(2) = Fi(2), so Fe(2) € Ep,(.) is in the right fiber. Then, the tangent map of F is
given by:

TF:TZ - TFE
(2,0) = ([Fal2), Fe(2)], [F1(2)C, Fi(2)¢]) = (F(2), (T-F)C).

And composition with kg yields:

(2.71)

VEPF :=kpoTF:TZ - E
(2:Q) = ([Fu(2))s [Fe(2), F(2)¢, Fo(2) — Be(Fu(2))(Fe(2), Fi(2)Q)])  (2.72)
= (Fu(2), [Fe(2), (T2 Fx(), V?Fe(z)]) = (Fu(2), Fe(z, Q)

where the map Fy(z,() is given by:
Fe(za ¢) = (Fe(2), TR Fx(, VfFe(Z))-

The mapping kg o TF, yields in the last component a proper way to differentiate sections on
general vector bundles, of course, for the case of the tangent bundle ' = T M, we get that Bpys
is the bilinear map mapping from E x E to E. Thanks to the transformation property of the map
Bpg given in (2.63), we get that the last component transforms in a covariant way under change of
charts see [Lanl2a, VIII, §2]. In this way, the last component of the above defined map VF', defines
the covariant derivative of a section F' in direction (, which is represented as:

VEFe(2) = F(2)¢ = Br(Fu(2))(Fe(2), Fy(2)C). (2.73)

We go one step higher and consider the second derivative.

Computation of the Second Derivative From now on, we use [...] to group variables. This is
just notation to make things more readable. Also for E, we have a mapping x that is just defined
as before:

RE:TE—>TMEBp*E

(x, 8], 6z, [66]) — (x,[¢], 6z, [6¢ — Bp(x)(E, 52)]). (2.74)



40 CHAPTER 2. CONCEPTS OF DIFFERENTIAL GEOMETRY

In detail this yields:
ﬁE:TE%TM@p*E
(@,]e, & n], oz, [de, 0&, on]) (2.75)
— (z,[e,&,n], 0z, [0e — Br(x)(e, dx), 6 — Brar(x) (€, 0x),0n — Br(z)(n, 0x)]).

If we apply Kk oT to kg o T'F we obtain:
V*EF =kzo0TokpoTF :TTZ - TM @ p*E

~ (2.76)
(Z’ Cv 527 5() — (Fl’(z)v Fe(zv C)v (T(z,C)Fx)((SZ 5€) v (62 JC)F ( 7())

In particular, we obtain (using the structure of Fe) that:
(T(o.0)F2) (02, 8C) = (T2F,)82 + 08¢
V(E(;Z,(SOFe(Za C:) = [véE,‘zFe(z) + 0547 V?;;M((TzFx)C) + (TzFx(SC), V(SE,;;(VQEFG(Z)) + V(;ECF@(Z)]

We can write these relations in matrix form:

[ (TRE)() oz | (el 0 0z
MI(Z)C = [ VE)FE(Z) :| [C] M2(Z,C) [ 5C :| - VTM((TzFx)g) (Tqu;)() |: 5C ] . (2.77)

V%(vgn(z ) V{Fe(2)

It can be seen from the block structure of these matrices, that the following quantities fully char-
acterize the first and second derivative:

(T-Fo)v, VIF.(2), ViM(T.F;)), VI(VEF.(2) veT.Z
We can even go further and write:

Ml(Z) 0

Ms(2,¢) = Mis(z,() Mi(2) :| , Mia(z,¢) = (2.78)

VLR
V(.)(V?Fe(Z))
In the above approach, we were able to define covariant derivatives V¥ of sections on general
vector bundles, making use of the composition kg o T. Moreover, by iterating the process and by
performing the composition map g o T o kg o T, we got the iterated covariant derivative VZE,
These considerations will be useful for our work, in particular when we define consistency properties
for suitable optimization mappings on vector bundles.

2.9 Derivative Along A Curve

Here, we return to the tangent bundle context. One can consider covariant differentiation applied
not only to vector fields but also to curves, with this, we can define the important concept of
parallelism. Let be I C R an interval, and let be the curve v : I — M, we wish to define V.,
where v, : I — TM is a lift of v as in defined in 2.1.9. The next theorem assures the existence of
such operation.
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Theorem 2.9.1. Let be By the bilinear map associated to the spray in a chart U. Then there exists
a unique linear map
V. : Lift(y) — Lift(y)

which in a chart U has the expression
(Vary) () = L) — Byy (' (£), 7L (1) (2.79)

Definition 2.9.1. Let be v : I — M a differentiable curve. We say that a lift v, : I — TM of vy is
v-parallel if Vyp, = 0. This means that in a chart U we have that:

V() = By (7' (1), 7L (1)) (2.80)
= B(y(t);7'(t), (1)) (2.81)

In particular, we have that, a curve is a geodesic for the spray if and only if V.7 = 0, that is, if and
only if the canonical lift 4" is y-parallel. The next theorem assures that for every curve v : I — M
and a vector on the curve at a point ¢y € I, there exists a lift that is y-parallel and takes the value
of the vector at the point .

Theorem 2.9.2. Let be v : I — M a differentiable curve in M. Let tg € I. For given § € T, )M,
there exists a unique lift vr, : I — T M which is y-parallel and such that vr,(ty) = €.

Proof. The existence and uniqueness follows from the existence and uniqueness of solutions of
differential equations. For more details see [Lanl2a, VIII, §3]. O

Theorem 2.9.3. Let be v: 1 — M a curve and ty € I fixed. The map
P{ =P T M — T,yM
defined by
P'(&) = 71(t.€)

where vy (t,€) is the unique curve in TM which is vy-parallel and ~(tog, &) = &, is a linear isomor-
phism.

Proof. See [Lanl2a, VIII, §3] O

The map P! defined above is called parallel translation along .






Chapter 3

Optimization on Manifolds and Retractions

With the previous background on differential geometry, we go on with an overview of optimization
on manifolds and especially the tools needed for this purpose. In this section, we consider the
concept of retractions, mappings that can be understood as approximations of the exponential
mapping. Retractions will play a crucial role in the implementation of algorithms and the consequent
numerical solution of optimization problems on manifolds. For constrained optimization problems,
the idea is to pullback cost and constraint maps to linear vector spaces through retractions, and
use optimization methods to get corrections, which lie in linear spaces. After that, the updates are
performed in a nonlinear way via retractions. Thus, the use of such mappings is then, twofold. In
the literature [AMSO09], the concept of nonlinear retraction is introduced and its use has become
customary. We remind this concept as defined there. Several examples are shown, we remind the
well known retractions for the sphere, and we construct retractions for the space of orientation and
volume preserving tetrahedra, which are useful in the context of finite elasticity and for the numerical
solution of mechanical problems on the space of volume preserving diffeomorphims. After this, we
introduce the concept of vector bundle retraction, as well as corresponding consistency properties.
Specifically thinking in our applications, we construct retractions for the bundles TS? and (T'S?)*.
For implementation purposes, and in order to work with representations of the tangent spaces, we
introduce the concept of local parametrizations, which will be of special importance in Chapter 6
when numerical applications are discussed. We begin with a very short overview of unconstrained
optimization on manifolds motivated from [AMS09], as a prelude to the subsequent section on the
constrained case.

3.1 Unconstrained Optimization on Manifolds
In the present section, we do a short review of optimization on manifolds for the unconstrained case,
and for the sake of presentation, we recall the most important concepts and ideas. For a detailed

exposition, we refer the reader to [AMS09]. In the following, we consider the problem:

mip f(z) (3.1)

43
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where M is a differentiable manifold and f(x) is a real differentiable function on M. In linear
spaces, iterative methods for minimization are based on the update formula:

Tht1 = Tk + 0Tk

where dzj is the search direction, and ¢ is the step size. If we try to perform this procedure on
manifolds we find some differences. If dxj is found as a correction by using gradient or Newton’s
method, then dzp must belong to a linear space E. On manifolds, we encounter the problem of
updating the actual point zp € M on the manifold, to the correction dxp € IE, which belongs to a
linear space. To overcome this problem, we need a suitable generalization of the sum, assuring that
we can update the iterates in a nonlinear way, and such that the new iterate belongs to the manifold.
The proposed generalization in [AMS09], is to take dxj as a tangent vector to the manifold at the
point x; and perform a search along a curve contained in M in the direction of §xy. This can be
done by using the concept of retraction mapping as defined in section 3.2. Roughly speaking, a
retraction RM at the point z € M, is a mapping RM : T,M — M that is first order consistent
with the exponential map exp,. Optimization algorithms can also be constructed by using the map
exp, as a way to update iterates along its flow, however, often exp, is hard or very expensive to
evaluate, this is why in the optimization literature [AMS09], the notion of retractions has become
customary, which can be seen as an efficient surrogate for exp,. We show how to use retractions in
optimization algorithms for the unconstrained case.

3.1.1 Optimization Algorithms on Manifolds

The retraction mapping R can play two roles, RM not only transforms points of 7, M into points
on M, it also transforms the cost function defined in a neighborhood of x € M into a cost function
defined on the linear space T, M. Let be f : M — R, we achieve this by performing the pullback of
the function f through RM, this is, at « € M, we have

f:=foRM.T,M —R.

We note that f defined in this way is a real valued function on a linear space. This makes possible
to compute derivatives locally, in the usual way, and corrections can be computed by gradient,
Newton’s method or even as minimizers of quadratic models of f within some trust-region defined
over the model tangent space. The latter means that with the help of the pullback, we can construct
local models for fleading to the implementation of SQ P-methods for the solution of the optimization
problems.

3.1.2 Computation of Corrections

In Algorithm 1, the correction step dx can be computed in different ways and depending on the
method, and the retraction employed, the algorithm will experience a different behavior. It is, of
course, well know from the linear setting, that second-order methods are more efficient for this task,
but the effect of the employed retractions on the algorithm is a new effect that has to be considered.
Advantages and disadvantages known from the linear case, will be inherited to the manifold case
(for the case of second order retractions). In the following, we show how the steps can be computed,
and we mention some properties of the algorithm corresponding to the method employed, for more
details see [AMS09].
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Algorithm 1 Unconstrained Optimization on Manifolds

Require: initial iterate zg

repeat// NLP loop
Choose a retraction RY at x
repeat// step computation as usual

compute dx € T, M
until trial correction dx accepted
x <+ RM(5z)
until converged

Gradient Method Let us suppose that M is a Riemannian manifold with metric M. Then, the
gradient vector field grad f(x) € T, M of f(z) is defined as

(grad f(z),v), = f(0y)v forall v e T,M.

The latter makes sense, indeed f'(0,) € (T,M)*, and given that the metric can be interpreted as a
map
M(z) : T,M — (T, M)

then (M(z))~'f(0,) € T,M. Therefore, in Algorithm 1, the search direction dz € T, M is chosen
as
dxr = —grad f(x).

Newton’s Method In Newton’s method, second-order information on the cost function is used,
and the zeros of the gradient vector field are searched. In Newton’s method, the corresponding
search direction dz, is picked as the solution to

Hf(x)dx = —grad f(z)

where, the general Hessian operator H f is as defined in (2.51). The case in which the retraction
satisfies Ve DRM (0,) = 0, then:
Hf(x) = H(f o R;")(0)

as it is shown in formula (2.53).

Trust-Region Methods For the case of vector spaces, in trust-region methods, the correction
dxy is chosen as a minimizer of the quadratic Taylor expansion of the function f around an iterate
xk, subject to norm bound constraints. In [AMS09], the proposed generalization to the case of
a Riemannian manifold, takes the pullback of the cost function using a retraction around the
current iterate. After that, the local quadratic model is constructed and minimized over the current
tangent space subjected to bound constraints. The norm is induced by the Riemannian metric over
the tangent space of the current iterate. This is how we get the desired correction, which will be
updated using the retraction map. Of course, the quality of the model will depend on how good the
model approximates the true function, this, in turn, will depend on the quality of the retraction.
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Therefore, in [AMSO09], the proposed trust region method algorithm on Riemannian manifolds, aims
to find a correction dx as a solution to the trust-region subproblem:

. 1
s m, (6z) = £(0;) + (f(0,),6x) + 3 (Adz, o)

st (dz,0z), < A?

where (-, ) denotes the Riemannian metric and A is some symmetric operator on T,;M. A possible
choice for A, is the Riemannian Hessian Hf(0;).

In a nutshell, as stated in [AMS09], in order to apply a Riemannian trust-region method to optimize
a function f: M — R, we need the following:

i) Tractable numerical numerical representation for points z in M, for tangent spaces T, M and
for the inner products (-,-) in T, M .

ii) A retraction RM : T,M — M.
iii) Formulas for f(z), grad f(z) and the Hessian H f, or at least a good approximation of it.

An exact formula for the Hessian H f is not needed, and we could choose A = H(f o RM) for any
retraction RM.

As we saw, retractions are a central tool for the implementation of numerical methods for optimiza-
tion on manifolds. We define this important concept as it is done in [AMS09], and as a new feature,
we extend the definition to the case where the manifold has the structure of a vector bundle.

3.2 Retractions and their Consistency

As we already mentioned, we need suitable mappings for optimization algorithms that maps the
tangent bundle into the manifold, namely:

RM.T,M — M
£— RY(6).

for x € M and éx € T, M.
For our purposes, we need to take first and second derivatives T, RM and T 2Rfc‘4 of this map. For
the tangent map, and its representation in a chart we obtain:

TRM . T(T,M) — TM
(€,0¢) = (Ry'(€), DR (€)6¢).

Note, however, that DRM(0,) does not depend on the choice of chart on M and can thus be
interpreted as a mapping

(3.2)

DR (0,) : TuM — T, M.

Definition 3.2.1. A (first order) C*-retraction (k > 1) on a manifold M, is a mapping RM from
the tangent bundle TM onto M with the following properties: Let RM denote the restriction of RM
to T, M, then
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i) RM(0,) = z, where 0, denotes the zero element of T, M.
i) RM is k-times continuously differentiable.
i) With the canonical identification Ty, ToM ~ T,M, RM satisfies
DR (0;) = idr, (3:3)
where idr, ) denotes the identity mapping on Ty M.

For the second tangent map of the retraction, we take perturbations (62¢y, 62&2) of (£, 6¢), obtaining
the second tangent map and its representation in a chart:

T2RM . T*(T,M) — T>M
(&,0€,6%1,6%6) — (RY(€), DRY (€)6¢, DRY (€)6%&1, D*R) (€)(6%¢1, 6€) + DR (€)5°62).

As we observe, the latter formula tells us that the second-order derivative, in particular D2Ri\/l &),
depends on the choice of charts. We define the second-order consistency of retractions in a way that
is independent of such choice of charts, following the results from section 2.7.

(3.4)

Second-Order Retractions Using the map introduced in (2.72), we make Z = TM and F =
T M, the tangent bundle. If we define F(&,5¢) := (RM (¢), DRM (€)5¢), we can compute its covariant
derivative, for perturbations (62¢1,62&2) of (€, 6€), obtaining:

VIME(0,068)(0%¢1,8%€2) =(, 06, 6%61, Visg, (DR (0)56) + 6°62).

We say that a retraction is of second order if:

VIME(0,06)(6%€1,8%6) = (2, 0€,6%€1,6%62),
which can be written in short (suppressing the first two components) as

VIME(0,88) = Id .
This means that, in addition to the first order consistency condition DRM (0) = idr, »s, we impose:
Vi (DRY(0)66) =0 V6¢,66% € T, M.
or in short
VIM(DRM(0)5¢) =0, Ve T,M

for the linear mapping: VM (DRM (0)5¢) : T,M — T, M.

Certainly, the exponential map R} = exp, is the most prominent retraction of second order. Often,
first order retractions are easier to construct and compute than second order retractions. It is thus
of interest, in how far algorithmic quantities depend on the choice of retraction. In the context of
unconstrained optimization, it is known (cf. e.g., [HT04, AMSO09]), that first order retractions are
sufficient in many aspects.

Remark 3.2.1. If M is an embedded submanifold of a linear space E, then we can consider T, M
as a subspace of T,E ~ K. In particular, for x € M and € € T, M, where £ € T,[E ~ E, the element
x+ & € E is well defined. Therefore, the projection of the element x + & onto the manifold M yields
a retraction on M, as we see in the next example.
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Figure 3.1: Retraction map

3.2.1 Examples
The n-Sphere Let be M = S™ C R("*1) the n-Sphere. Then, the mapping

x+E
[z + £

R%(@ =
is a retraction for S”. For details see e.g., [AMS09, IV §1].

The Positive Cone Let be (K, (-,)

map:

) as defined in (2.5). Then, for x € K and £ € R, the

T

[ 21 exp(ifl) i

REF (&) = | wiexp(;-&) (3.6)

L Tn eXp(iEn) i

is a retraction for K, with exp() : R — R™ the real exponential map. Observe that T, K| ~ R".
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Using Matrix exponential Let be M = S? C R? the 2-sphere. The following alternative
parametrization uses a characterization of T,S? via the space of skew-symmetric matrices

s0(3) = {H c R¥3|H = -H"}

by:
T,S* = {Hz : H € s50(3)}.

This follows from (Hz,z) = —(x, Hz) = 0 by the fact that Hx can be written as w x x, which is
non-zero if 0 £ w L x.

Using the matrix exponential matrix operator, and setting £ = Hx we can define the following
retraction:

RY,(€) = exp(H)z.

where
exp :50(3) — SO(3)

is as defined in (A.40), with SO(3) = {Q € R¥3|QQT = QTQ = Ids, det(Q) = 1}, the special
orthogonal group as defined in A.4 . We remark that the retraction is well defined: if Hopx = 0,
then exp(Hp)r = z as can be seen by the series expansion of the matrix exponential, and thus
exp(H + Hp)x = exp(H)z.

The special orthogonal group For the special orthogonal group SO(n), we have the retraction
RIOM (&) = exp(§)z, with & = —¢7. (3.7)

where exp(-) is the matrix exponential map.

The next two retractions over the space of oriented tetrahedra and volume preserving tetrahedra
as defined in (2.8) and (2.10), can be used for structure preservation in the discretized versions of
problems in nonlinear mechanics. In finite elasticity, for instance, one seeks to avoid self penetration,
therefore, we must preserve the orientation of the tetrahedra that are part of the discretization, thus
we pick Tp,os as the space to work in. On the other hand, if one seeks to preserve the volume, as
in the case of Hydrodynamics of incompressible fluids, the space 7, becomes a potential candidate
to use in the discretized version. We construct retractions over the spaces 7,,s and 7, that can be
used for structure preservation algorithms.

The Space of Orientation Preserving Tetrahedra Let be x € 7,05 as defined in (2.8), where

V1 V2 V3 V4
N

1 1 1 1

(3.8)

and the v;, i = 1,2, 3,4, are the vertices of the tetrahedra T. Then, the map

RI™ () = exp(éx ) (3.9)
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is a retraction for T,.s, where £ € t,4, i.e., £ has the form

11 &2 S13 S

_ 521 522 523 §Q4
= §31 &322 &33 &4 (310)
o 0 0 O

and exp(-) is the matrix exponential map. In fact, by the structure of £ which has zeros in the last
row, we observe that £&z1 is such that the last row is also filled with zeros, as well as the matrix
(€z=H™, for every n € N. Indeed, the matrix exp(éx~!) has the form:

(Ez—)"
Kl

e:=exp(éa!) = Idixa+
k=1

€11 €12 €13 €14
€21 €22 €23 €24
€31 €32 €33 €34
o 0 0 1

and the matrix exp(éz~1)x is given by:

e11 el2 €13 el T11 Ti2 X13 T4

o “1y. | €21 €22 e23 ey To1 T2 X3 X4
y:=exp(fx )xr =

€31 €32 €33 €34 r31 I32 T33 T34

0 0 0 1 1 1 1 1

Yi1 Y12 Y13 Y4
Y21 Y22 Y23 Y24

Y3l Y32 Y33 Y34
1 1 1 1

Therefore, the last row of the matrix exp(£x~1)x is filled with ones. Additionally, we observe that
the orientation of the tetrahedra is preserved

det(RZ;’OS (€)) = det(exp(éz™1)) det(z) > 0
given that det(exp(éx71)) > 0, therefore Rl (&) € Tpos. Observe that
DR (&) = exp(¢a )z~ "a
= exp(éz ™)
which, evaluating at £ = 0, yields:
DRI (0) = id.

Finally, the new updated tetrahedra T has vertices

Y11 Y12 Y13 Y14
Uf’:: Y21 | UJ’:= Y22 |, U§'=: Y23 | UI’== Yoa | - (3.11)
Y31 Y32 Y33 Y34
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The Space of Volume Preserving Tetrahedra Let us consider the space of volume preserving
tetrahedra as defined in (2.10). We construct a retraction for this space. Let be given « € 7,, where:

V1 V2 V3 V4

I
11 1 1

(3.12)

€r =

and the v; € R3, i = 1, 2,3, 4, are the vertices of the tetrahedra T, with Vol(T) = p. Let us consider
a perturbation & € t,,,, from (2.9), we have that £ has the form

& &2 &3 &

| &1 &2 &o3 &
= &1 &2 E33 & | (3.13)
0 0 0 0

And let be Adj(x), the adjugate matrix of x:

mir Mmi2 M1z Mi4
ma1 M22 Ma23 MM24

Adj(w) = m31 M3z M33 M34 (3:-14)
M4l M4z M43 My
whose entries are specified in (A.37). We consider the vectors N ,é € R'? given by:
mi1 ISH
ma1 §12
ma31 13
M4l §14
mi2 §o1
Mo : §22
N = mas | &= s | (3.15)
) o4
mi3 31
ma3 32
m3s3 §33
| a3 | | &34 |

Note that N is formed by stacking the three first columns of Adj(x) on top of one another and §~ is
formed by stacking the first three rows of £ on top of each other. Due to the invertibility of x we
get that || N|| # 0. We consider n = ”—]{,HN, and the projection matrix:

P=(I-nn"). (3.16)
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We apply the projection to the vector &, obtaining

q1
qz
q3
q4
as
Pé=ge=| (3.17)
qs
q9
q10
qi1
qi12

and re-arrange q¢ as the matrix:

q1 G2 43 44

95 46 47 g8
= . 3.18
Qg q9 dqi0 q11 qi12 ( )
0 0 0 0

With this, we define the retraction for the space of volume preserving tetrahedra as

Z;p(f) = exp(ngfl)x. (3.19)

We observe that for any given £ € t,,,, thanks to the previous construction, we get that Q¢ €t p,
the tangent space to 7, at x, as given in (2.14). The matrix Q)¢ satisfies:

tr (Qe Adj(z)) = 0. (3.20)

Indeed, note that tr (Q¢ Adj(x)) = (g¢, N), with (-,-) the usual euclidean product in R'?, then we
have that:

tr (Qe Adj()) = (ge, V)
= IVl {ge.m)
= V]| (£ = nn")¢,n)
=0.
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Figure 3.2: Different updates of the Tetrahedra Ty using the same perturbation §: Tpos = RTreos (£) preserves
orientation, and T, = R (£) preserves the volume.

The tetrahedra T obtained by the update Rl (), is such that:

vol(T) = G det(exp(Qea)a)

= % det(exp(Qez 1)) det(x)

= é exp(tr(Qga ™)) det()

= bexp (o Qe A ) det()
= é exp(0) det(x)

1
= vol(T)
=p

where the identity det(exp(Qez™!)) = exp(tr(Q¢z 1)) has been used (see e.g., A.4.6). Therefore,
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the volume has been preserved. As we know, the update RZ;" (&) has the form:
970; (5 ) = | ’ ‘ ‘ (3'21)

and the vertices of the updated tetrahedra T+ are the v;", fori=1,2,3,4.

The group of diffeomorphisms of a manifold Let Diff(M) be the group of diffeomorphisms
of the manifold M as defined in (2.15). Then, for ¢ € Diff(M) and § € T,,Diff (M) we have that

RJTOD(€) = o + e,

is a retraction, for a given sufficiently small € > 0 .

More generally, it would be sufficient and appropriate to define a retraction only on a neighborhood
U c T,M of 0, and not on all of T,M. However, this would add additional technicalities to
our study. For practical implementation in an optimization algorithm, retractions should have a
sufficiently large domain of definition, so that RY (§z) is defined for reasonable trial corrections dz.
If necessary, dx € U can be enforced by additional scaling.

Retractions: Basic Properties

Let be RM : T,M — M a retraction as in definition 3.2.1, in particular, by the inverse mapping
theorem, RM is locally continuously invertible and:

D(Ry") ! (z) = (DR} (0z)) ™" = idr, .

As we will see, the construction of an SQP method involves a pair of retractions. One of them (e.g.,
the exponential map) is used to establish a quadratic model of the problem on the tangent space.
The other retraction is used to compute the update x, = R (6x). These two retractions can be
consistent of first or second order. This frees us from the requirement to establish a Riemannian
metric or compute covariant derivatives.

Definition 3.2.2. On a smooth manifold M, consider a pair of C*-retractions at x € M
RY;:T,M—M =12
and their local transformation mapping:
Oy = (RY) P o RY, : T, M — T, M. (3.22)

The pair (R, R%Q) of Ck-retractions is called first order consistent, if k > 1 and ®',(0,) = idr, m

x,1
and second order consistent, if in addition k > 2 and ®',(0,) = 0.
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Lemma 3.2.1. Let be retractions (Ri\/ﬁ, Ri\/é) and ® s the local transformation mapping as before.
Then, if the pair (Rg/{l, R%Q) is a C' pair of first order consistent retractions, we get:

D(0,) =0, ®,(0,) = idr, a1,
and for C?-retractions we have in addition:
(P5r)"(02) = =274 (04).

Proof. The first result for first order consistent C'-retractions follows from chain rule. For the
second case, we get that

(@37)"(02) = [(@3) '] (0x)

and using the formula for the derivative of the inverse of a map
(@) (02) = = (@)™ (02) @3 (02) (®yr) (02
and by first order consistency, (®},(0;))~" = idr, v, We get
= (@)1 (02) @4 (0) (@)~ (0) = =D (02).
therefore
(@37)"(02) = —27(02).
O

As a special case, a retraction RM is of first (second) order in the sense of Definition 3.2.1, if it is
consistent of first (second) order with exp,. To prove this, we start with a formula.

Lemma 3.2.2. Let be (R%l, Rfc‘g) a pair of retractions that are first order consistent, then for the

transformation map ®p; = (RM)™1 o R%Q we have that:

Vet DRY5(0)5¢ — Vil DRY, (0)86 = ®7,(0)(6%¢1, 6¢) (3.23)
for all £,6€,8%¢, € TM.

Proof. We first define the maps:

Fy(&,68) = (RY5(€), DRYS(£)6¢)

)

Fi(£,68) = (Ra1 (@01(£)), DRY (®ar(€)) P (€)5€)
observing that:
Fy(¢,66) = F1(&, 6€). (3.24)

The maps DR} and DR are regarded as lifts of R} and R to the tangent bundle, meaning
that the maps F; and F, represent sections of the tangent bundle as in (2.70). Therefore, applying
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the map V™ defined in (2.72), to both sides of (3.24) in direction (62&1,62%&) at € = 0, we get
that:

DRQ{Q(O)ag = DRQ{l(o)ag
Ve, DRY5(0)6¢ + DRyY5(0)6%¢ = Vi DR} (0)6¢ + DRLY, (0)6%¢ + DR, (0)®7,(0)(5°61, 6)

where, the first order consistency condition ®’,,(0) = i¢dzrps has been used. Finally, from the last
line of the previous equations, and using DR} (0) = DR}!(0) = idrys, we obtain:

Vit DR5(0)0€ = Vi3 DR (0)5€ + @14,(0)(0°€1, 66)
obtaining the result. O

From the latter, we get that if a retraction is second order consistent with the exponential map
exp,, in the sense of Definition 3.2.2, then the retraction is of second order.

Proposition 3.2.1. Let be R%l a retraction that is second order consistent with the exponential
exp,. Then R%l is a second order retraction.

Proof. If we assume that Ri\/"g = exp, in formula (3.23), and given that the two retractions are
second order consistent, i.e., ®], = 0, we get that VEDR%I = 0, therefore, Ri‘ﬁ is a second order
retraction, from definition 3.2.1. ]

The following results also hold:
Lemma 3.2.3.
i) BEvery pair of first (second) order retractions is first (second) order consistent.

i) (R%l,R%Q) is first (second) order consistent iff (R%Q,Ri\/{l) is.

3.2.2 Local Parametrizations

Manifolds are locally described as linear spaces through bijective maps called charts. With the help
of these charts, one can also define pullbacks of functions over manifolds to linear vector spaces and
many concepts from the linear setting can now be transferred into this approach. For optimization
algorithms, where functions have to be represented in the computer, such chart maps can be rather
cumbersome to implement. Due to that, the complexity of such representations can be reduced
and more manageable formulas can be attained using, for instance, the concept of retractions. In
fact, for the actual implementation of retractions on a computer, we need to represent them with
respect to a basis of the tangent space. We do this using the concept of local parametrization. Local
parametrizations use local representations of the tangent space through a basis to map open sets
of R™ into a local neighborhood on the manifold. We define this concept and show some examples
that are oriented to the applications in section 6.
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Definition 3.2.3. Let RM : T,M — M be a retraction on the n-dimensional manifold M modeled
on E =R". In addition, at x € M let be

@TIM E— TxM (3.25)

given by:

\ ’ | \
Or,m = 51(‘@ 52(’@ ‘ §n‘($)

where the vectors {&1(x), -+ ,&n(x)} constitute a basis for the tangent space T, M. Then, we define
the local parametrization pM : E — M around x as:

pa' (€)= (R 0 ©1,m)(0). (3.26)

Proposition 3.2.2. Let be u} a local parametrization around x € M as in the previous definition.
Then we have that:

i) 43" (0) = .
ii) D' (0) = O,

Proof. This result follows from the properties of retractions and the chain rule, indeed, given that
©1,0 0 = 0, maps the 0 € R™ into 0, € T, M, then i) follows. For ii), we use the chain rule:

D" (¢)jc=0 = D(Rz 0 O1,11)(C)jc=0
= (DRe(O1,0 ¢) O1,0) =0
= DR, (0,)O1, M
= idr, M O, M

=Or,Mm-
given that DR, (0,) = idp, pr. O

Here we provide some examples of parametrizations, specially oriented to the applications in section
6.

3.2.3 Examples

The n-sphere Let be M = S® C R"*! the n-sphere, considered as a submanifold of R**!, and
let be

| |
Onsn=| & & . &
| |
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the matrix whose columns constitute a basis {1, &2, ...,&,} for the tangent space T,S™, then, for
¢ eR™

x + @TIS” ¢

sn _

is a parametrization around x, where first and second derivatives, using the linear connections, are
given by the formulas:

Dy (0)v1 = Or,gnvn (3.28)
D2M§71(0)(U2a v1) = —2 (O7,50v2, O7,5001) (3.29)

for v; € R", and i =1, 2.

Matrix exponential Let be M = S? C R3. For any given x € S?, we consider the matrix

o
@TZSQZ 0126 Czl’ (3.30)

whose columns constitute a basis for the tangent space T,,S?, where C; € so(3) are chosen in a way
that Cjz # 0 for j = 1,2. For ¢ € R?, such that, ¢ = [(1, (2], the map:

Masfz(o = exp ((1C1 + (2Co) . (3.31)

is a parametrization on the sphere S?. From the formula above, we can check that:
S? S2 S?
(150 152(0)) =1 and 15(0) = .
which means that uiz? (¢) € S2. First and second derivatives are given by the formulas:

DME?Q(O\C:OU = (11C1 + 1209)x (3.32)
DzMi?Q(OK:O(U»w) = (11C1 + 1202) (w1 C1 + w2Cs)x. (3.33)

where v = [v1,v9]T € R? and w = [wy, we]T € R2.

3.3 Vector Bundle Retractions

For some interesting problems such as optimal control of energy minimizers on manifolds, optimiza-
tion algorithms are carried out on vector bundles, which are, as we know, manifolds endowed with
special structure. In a vector bundle chart, there is a product in terms of a usual manifold chart
and a linear topological vector space. Consequently, vector bundle retractions have to be defined
acting over this specific structure. Let be p : E — M a vector bundle, using trivializing maps, the
vector bundle E can be written as:

r(p7lU)=UxTF
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for U open in M, and F the vector bundle fiber. Thus, locally, T E looks like the following product:
T({U xF)=(UxF)x (ExF)

where E is the space where M is modeled. In the following, for (zg,ep) € U x F, we need to define
a vector bundle retraction mapping RfmeO : Ty eo 2 — E. Our construction requires a splitting of
TFE into a "tangential component” £ and a ”fiber component” 7 to define it. While £ can be defined
via T'p: TE — TM, there is no natural way to find n, except for the case ey, which means that eg
is the zero element of the vector space Ej(c,). To overcome this gap, we need a connection. To be
precise, kg yields the required 7 in its last component, as done in (2.66).

We are now ready to define suitable retractions for vector bundles.

Definition 3.3.1. Let be p : E — M a vector bundle endowed with a connection kg as defined in
(2.65). Let be (zo,e0) € M x Ey,, and let be (§,m) € Tyy.co B defined via the splitting of TE through

kg. Then a vector bundle retraction Rfom is a mapping of the form:

RE . ToeE = E
(&) = (2, €) = (Rpg (§), A(Rpg () (eo + 1))

where e = A(z)(eg + 1) € By, A(z) € L(Ey,, E) is an isomorphism, and RM : TM — M is a
retraction on the manifold M. These mappings satisfy the following conditions:

(3.34)

R} (04,) = 0, (3.35)
and
DRM(04,) = idp, v, Alwo) = idp,, . (3.36)
Additionally, we have that its inverse is given by

(R,

Z0,€0

)L E = Ty eo B
(z,€) = (&m) = (R} (x), A(z)'e — eq).

With the above definition of vector bundle retraction, we operate over the specific structure of this

class of manifolds. The first component of Rfo,eo is such that p(Rfo’eO) = R% is a retraction on the
E

zo.eo 18 linear mapping in E,, — E, between fibers.

(3.37)

base manifold, and the second component of R

Remark 3.3.1. Retractions on vector bundles consist of two parts: an ordinary retraction RM on
the base manifold and a vector transport A, which maps vectors from fiber to fiber. If the vector
bundle is the particular case of the tangent bundle, i.e., if E = TM, and if a Riemannian metric
s given on the base manifold, then, we can use the canonical spray as given in Proposition 2.7.2
and the corresponding exponential map exp, together with the parallel transport Pt along geodesics
as defined in Theorem 2.9.3. With this, we can define a retraction on the tangent bundle, with
R% = exp and A = Pt, where:

expy, : TogM — M and P': Ty M — T, M.
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Figure 3.3: Vector bundle retraction

A vector bundle retraction R¥ : TE — F, induces a retraction R®™ : TE* — E* on the dual bundle
p* : B* — M as described in Example 2.3.2. This is done by using the same retraction on the
base manifold RM, and the contragradient isomorphism (i.e., the inverse transposed) determined
by A(z) € L(Ey,, E;), as we describe in the next example.

Example 3.3.1. Let be p: E — M a vector bundle, and let be RE . Ty, oo E — E a vector bundle

Z0,€0
retraction as described in definition 3.8.1. For (xq,€0) € M x Ej , the map

RE o i Toy e E* — E*
(&7) = (z,8) = (R (&), (Alx) 1) (80 + 7))

1s a vector bundle retraction for the dual bundle p* : E* — M. First of all, with the help of
a connection kg« on E*, we can recover 1 € E; . In addition, observe that, the isomorphism
A(z) € L(Eqy,, Ey) induces the map (A(x)~1)* € L(E},, E}), obtaining that (A(z)~1)*(éo+7) € Ej.
It can be seen that conditions (3.35) and (3.36), are also satisfied. The corresponding inverse is given

by:

(3.38)

(Rfo*,éo)_l P B = T g0 B
(x,€) = (&7) = (R2) " (x), A(x)*& — é).
We discuss the quality of vector bundle retractions, i.e., we define first and second-order retractions

for the case of a vector bundle. Due to that vector bundles carry additional structure, the properties
that these mappings should have, are, as well, more structured.

(3.39)
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3.3.1 Quality of Vector Bundle Retractions

We use the considerations of section 2.8.1, specially for the map F' : Z — E as in (2.70) with
z = (&n) and

F(2) = (Fu(2), Fe(2)) := Ry o, (1) = (Ryg (€), AR (€)) (€0 + 1))
We require different orders of consistency:

e RE

z0.¢0(0,0) = (70, €9): basic consistency.

o VERE (0,0)=1 dr,,MxE,,: first order consistency.

o V2ERE

Z0,€0

(0,0)(8&,0m) = Idr, MxE,, )2 ¥ (0&,0m) € TyuM x E,,: second order consistency.

A comparison with general retractions of manifolds reveals that already for first order consistency
we need to use covariant derivatives, and the discussion of second order consistency requires second
covariant derivatives. This is a consequence of the fact that we needed a connection map kg to
split TE and thus, define vector bundle retractions in an invariant way.
The computations performed in section 2.8.1 can be applied directly to obtain (splitting ¢ = (4, 7))
and abbreviating z = R (¢):
T.F,¢ = DR (€)s¢
VEF(2) = Vi A(z)(eo + ) + A(x)on.
For second derivatives, we split 6z = (62£1,6%n1) and 6¢ = (622, 6212)
VI (T2 F2)Q) = Vs, (DRyg (6)5€)
VE(VEF.(2)) = VEae, oy (VEA() (0 + 1) + Alx)on)
= Vize, (VEA() (eo + ) + A(x)dn) + VEA(2)8*m
Now, we evaluate these expressions at (0,0), imposing the requirements of basic consistency:
R} (0) = x0
A(ﬂfo) = IdEzo
obtaining
(ToFy)¢ = DRyq(0)
VEF.(0) = VEA(ro)eo + b
VIM((TF2(0))C) = Vs, (D Ry (0)5€)
V5 (VEF(2)) = Ve, VicAlzo)eo + Visg, Alwo)dn + V iz A(xo)d%m

(3.40)

Writing down the matrices M; and M, as they appeared in (2.77), with the expressions above, we
obtain:

DR% (0) 0

V(E)A($0)€0 IdEwO

M;(0,0) = (3.41)
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V(DR (0)5€) 0

Miol0.0,06,00) = | GB GE A(ag)eq + VE Alwo)n  VEA(wo)(")

(3.42)

To obtain a first order vector bundle retraction, we require that A;(0,0) = Id. This holds, if and
only if:

Idry = DRY(0)
0= VEA(zq)eo.
Then in (2.78) we obtain:

Ms(z,¢) = [ MlZI(i7<) Iod ]

For a second order vector bundle retraction, we would like to achieve My = Id, which holds, if and
only if M5 = 0. This yields the additional conditions:

0=VEA(zg)n forall n € Ey,
0= V"™ (DRY(0))
0= VE(VEA(I'())G())

Consistency of Two retractions

We generalize the consistency conditions given in Lemma 3.2.2 to vector bundle retractions. Con-
sider a transition mapping of the form:

@1—>2 : Txo,eoE — Ta?o,eoE

(&) = (B(), W(RY (€))(eo + 1) — eo0) (3.43)

where R (€) is the inner retraction of the second retraction. We define:
(&) = (Br") (2 (9))
U(z) = Ay’ (2) Az(x)

and obtain indeed:

RY(©152(6,m) = (B (@(€)), Ar(RY (®(€))(P(RY (€))(eo + 1) — €0)) = RY (). (3.44)

First Order Consistency
We now define consistency conditions for our vector bundle retractions. By applying the tangent
map to (3.43), we obtain (using RM (¢) = R} (¢)) that:

TO152 : TTyy o B = Ty oo B

, , o (3.45)
(& m, 08, 6m) — (2(&), ¥(x)(eo + 1) — eo, D'(£)0€, W' (z) DR™ (§)5¢ (€0 + 1) + ¥(z)dn)
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as first order conditions, we require 750012 = Id. This yields apart from the basic conditions
®(0) =0 and ¥(xg) = Id, the first order consistency conditions:

Idra = ®'(0)
0= W'(z0)(")eo

Theorem 3.3.1. A vector bundle retraction is first order consistent to a first order retraction if
and only if it is a first order retraction.

Proof. We consider the formula (3.44), where:

and apply the tangent map to both sides of this equality followed by application of the operator kg
as described in (2.65) to compute VZ. From the chain rule we get that

TRYTO:152(¢,m)(-) = TRy (§,m)(")

and applying the map kg to both sides, yields:

VE(RY (©152(6,m) = VE(RZ (€,m))-

We make use of the equalities provided in (3.40) in direction (0&,dn), which evaluated at (£,7) =
(0,0), yields:

DRM(0)®'(0)6¢ = DRY (0)6¢ (3.46)
V(;E£A1($0)60 + A (.To)\IJ/(.T())(DRéw(O)(Sf, 60) + A (a:o)\lf(xo)577 = V(gEgAg(l’o)e() + Ag (.T())(Sn (347)

from the latter, if the pair is first order consistent, i.e., if ®'(0) = idryr and W' (xg)(-)eg = 0, we get:

VfEAl (LUQ)@O = V6E§A2(£UO)€0. (348)
Since kg o T is invertible, the converse follows as well. ]

In the important case eg = 0, first order consistency already follows from idpy; = ®'(0).

Second Order Consistency

We now derive second-order consistency conditions. As for the second derivative of ©1_,9, we apply
the tangent map to (3.45), obtaining:

T?01 42 : T?Ty o B — T?Tig oo E

(&,m,0¢,6n,6%E1, %1, 6%&2, 8%n2)

— ((&), U(z)(eo + 1) — eo, D' (£)6E, W' (x) DRM (£)6¢ (e + €) + U (2)on,
()81, W' () (DRM (£)6°61, (e0 + 1)) + U ()67 n1, D" (£)(8%€1, 6€) + D'(£)6°Ea,
V" (x)(DRM (£)6¢, DRM (£)8°¢1, (e + 1)) + W' (2) D*RM (£)(5¢, 6°€1) (e0 + )+

U (2)(DRM(£)6¢,6%m) + W' (x)(DRM (£)6°¢1, ) + V' (2)(DRY 6%&,, (eo + 1)) + U (x)6%n)
(3.49)
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Using the conditions for first order consistency, we obtain the simplifications:
(07 07 553 577’ 62517 527717 52525 62772) — (Oa 05 655 677) 52517 527]15 <I>”(O)(52§1, 55) + 52523
III”(Q;O)<5§7 52517 60) + 62772)

where (£,7,5¢,0m,8%¢1, 8211, 6%62,6%n2) € (U x F) x (E x F) x (E x F) x (E x F). Thus, we obtain
the additional conditions for second order consistent retractions:

0 = U'(z0)(-)on for all on € E,,

0=2"(0)(,)

= " (x0)(-,)eo

Theorem 3.3.2. A first order retraction is second order consistent to a second order retraction if
and only if it is a second order retraction.

Proof. We consider again the formula:

and apply the map V*¥ =k ;0T okpoT introduced in (2.76) to both sides of the previous equation
in direction (&, 7, 8¢, m, 62&1, 6201, 0%€2,6%n9) at (€,71) = (0,0). Using the formulas given (3.40) and,
in addition to the formula (3.47), we get:
Viae, DR (0)0€ + DRy (0)6°€2 = Vg, DRy (0)3€ + DRy (0)2"(0)(6%61,66) + DRy (0)57¢5
Ve, (Ve Az(wo)eo + Aa(w0)0n) + Ve Az (w0)8*m = Viae, (Vi A1 (wo)eo + Ar(x0)on)
+ Ve A1 (20)8%m + C(2"(0), W' (wo), ¥ (x0)).
Where the basic conditions DR} (0) = DR (0) = idrar, A1(zo) = As(xg) = idg,, and the first
order consistency condition for the base manifold ®(0) = idrys have been used. We observe that
the term C(®”(0), ¥/ (z0), ¥’ (z0)), which is given by:
C(@”(O), \IJ,($O), \I’”(l'o)) :DA1 (%0)(1),/(0)(5251, 56)60 + DA1 (%0)55‘1”(%0)(6251, 60)

+ DA (0)0%61W (0) (8¢, e0) + 0" () (671, 6€, eo)

+ W' (o) D*RM (0)(8°¢€1, 86)eo + W' (20) (6°¢1, 01)

— Bp(eo, ®"(0)(8%€1,66)) + W' (0) (8¢, 8%m) + W' (0) (82, o)

— Bp(V'(20)(6¢, e0), 5°61) — Bp(¥'(20)(6%¢1, €q), 6)

vanishes when the conditions ®”(0) = 0, ¥/(zg) = 0 and ¥”(x¢) = 0 are satisfied. Therefore, if the
pair (R¥, RY) is second order consistent, we get:

Vs DRY(0)6¢ =V izt DRY(0)8¢
v5£A2(560)60 :V(;gAl(a:o)eo
Ve, (Vi Aa(x0)eo + Aa(20)6n) + Ve Az (w0)0%m =V o (Vi Ar(zo)eo + A1 (w0)0n) + Ve Ar(z0)5m.

On the other hand, since k5 o T o kg o T is invertible, the converse follows as well. O
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3.3.2 Retractions for the Tangent and the Co-Tangent Bundle

For our applications, we will be particularly interested in the cases where the vector bundles are
the tangent and the co-tangent bundle over the manifold. In this section, we construct vector
bundle retractions for these special cases. We begin with the construction of a vector transport on
the tangent bundle using a retraction on the base space as proposed in [AMS09]. Then, with the
knowledge of transports on the tangent bundle, we proceed with the construction of retractions for
the co-tangent bundle. Different alternatives are shown, and we make use of the adjoint operator
or the Riesz isomorphism as ways to map into the dual space of the tangent bundle.

Tangent Bundle Retraction Let us consider the case where the vector bundle p : £ — M is the
tangent bundle, i.e., E = TM endowed with a connection k) as in (2.32). Let be RM : TM — M,
a retraction for the base manifold M, then we define the retraction on the tangent bundle

Ry« Tooeo(TM) = TM (3.50)
given by the map:
R, (6n) = (R2A(E). R +tteo+ ) ) (351)
= (R21 (&), DR (&)(e0 + ) (3.52)
= (z,e). (3.53)

The second component of the above retraction mapping corresponds to the vector transport of
(eg +n) along &, induced by the retraction RM on the base manifold. This transport is given by
the map:

Te(eo+n): TM&TM — TM
defined by:
Te(eo +m) : = DRy (§)(eo + )
d o
- %Rx‘o (f + t(e() + 77)) =0
From DRY = idpy, we get that To., (€0 + 1) = (eo + 1), and Te(eo +n) € TR%(@M. Therefore,
the isomorphism A(x) € L(Ty,M,T,M) is given by

A(z) = DRM(¢). (3.54)
In addition, using the considerations from section 3.3.1, we have that this retraction is of first order
if:

Idy, v =DR}(0) (3.55)
0 =V""DR(0)eo (3.56)

and the retraction is of second order, if additionally, we have that:
0=V""DRM(0)n for all 7 € Ty, M (3.57)
0 =V""(V"™DRI(0)eo). (3.58)
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Co-Tangent Bundle Retractions We turn our attention to the co-tangent bundle, and we
construct transport operators on this space, for this, we follow the idea for the construction of
retractions on the dual bundle, as in example 3.3.1. As we know, the co-tangent space is the dual
of the tangent space, therefore, we construct transport operators through the adjoint operator and
the Riesz isomorphism. In the following, we assume that R% : TyoM — M is a retraction on M,
and that we have in hand a connection krps+ for the co-tangent bundle.

Retraction Induced by the Adjoint.
Let be A € L(T,,M, T, M) a transport map on the tangent bundle:

A(z) : TyyM — T, M. (3.59)
From the latter, we construct a transport
(A7) € L((Twe M)"), (ToM)*).
We use the adjoint of the inverse of the primal vector transport, indeed we note that:
Alz)™r: ToM — TpyoM

therefore its adjoint maps
(Alx)™)" s (T M)* — (T M)

and this map has the property that, for given 7 € (T, M)* and ¥ € T, M then:
(A@@) 1) 0)d = n(A(z)"1D).

The latter, induces the vector bundle retraction

RIM Ty a(TM*) — TM* (3.60)
given by:
Ry (€)= (R (6), (A(2) 1) (8o +10)- (3.61)
where
R :T,,M —-M and  (A(x)™)*: (TooM)* — (T,M)* (3.62)

with x = R%(é), ¢ € TyyM and 7j € (T, M)*. Observe that we may choose A(x) = DR%(E)
as in the previous section. The inverse of the previous retraction is needed for optimal control
applications. This map, which was defined in (3.37), for this particular case:

(REMANTL . TM* — Ty o0 (TM™) (3.63)

Z0,€0
is given by:

(RIMY =Yg 6) = (RN (x), A(z)*€ — &) - (3.64)

z0,E0
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Retraction Through the Riesz Isomorphism.

We continue assuming that we are given a vector transport A(x) € L(Ty,M,T, M), a retraction
RM . TM — M on the base manifold, and a connector map rraz+ for the space TM*. We construct
a vector transport mapping from (77, M )* to (T, M )* using the Riesz Isomorphism. Here, we assume
that the base manifold M is Riemannian with metric M,. At any x € M, we have the isomorphism:

M, : T, M — (T, M)".
Based on this, for z¢,z € M and é € Ty M, with x = R%(é), we introduce the transport:
M, A(z)Mg) : (ToeM)* — (T, M)*.

We see that MgcA(ac)M;O1 € L((Ty,M)*, (T M)*) induces the vector bundle retraction on the co-
tangent bundle

RIM Ty oo (TM*) — TM*
which is given by:
RIM™(€,7) = (RM(€), My A(x)M (e + 7)) (3.65)

where
R TyM — M and  M,A(x)My) : (TyM)* — (T,M)*

for n € (Ty,M)* and = = R%(é) We may also choose A(x) = DR%(E) as in (3.54).

3.3.3 Retraction for the Tangent Bundle T'S?

For our specific applications, the special case of the bundle T'S? is considered, and we write explicit
formulas for this retraction. In the following, we consider the 2-sphere S?, as a Riemannian sub-
manifold of R3. Thus, we follow the considerations made in Theorem 2.7.3 and the Example 2.7.1,
where the connection kg2 is given in terms of the second fundamental form his. In the following,
we first write formulas for the map his as defined in (2.39), when Pr, g2 = (I —z2”) and z = Riz &),

for a given retraction RS . TS? - S2.

Proposition 3.3.1. Let be S? the 2-sphere regarded as a submanifold of the space R? endowed with
the usual euclidean product. In addition, for xo € S* and & € T,,S?, let be

RS i Ty, S? — §?
S2
{—a =Ry (¢
a retraction for S*. For each x € S? as defined above, consider the projection map
PTZSQ . Rg — TxSQ

n— (I—a:a:T)

n.
Then, at xq, for ¢, 0n € Ty, S?, we have that:
hlz((sf, (577) = — X <(5£, (5’!7> . (3.66)
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Proof. We use the characterization of the second fundamental form hj2 given in formula (2.46). For
given 6¢ € T,,S?, by differentiating the expression:

Pp, 206 = (I — za)s¢ (3.67)
= (I — (B3, (€)(R5, (&)7)s¢ (3.68)

in direction dn € T,,S?, we get:
52 (01, 06) = —DRS, (£)on(RS, (€))7)8¢ — (RS, ()(DRS, (£)")onde (3.69)
we use that at & = 0, we get Riz(O) = xo and DRiz (0) = idr, s2. Then the formula for (3.66)
follows from the fact that 6¢ € T,,,S?, i.e., 6¢ L xo. O

We now provide a tangent bundle retraction for T'S?, namely:

RIS T o TS? — TS?

woeo o o (3.70)
(&m) = (z,e) = (R, (§), (Ao Ry ) () (eo + 1))
Where RS is a retraction on S?, and the transport operator A : R? — T, S?, is given by:
Alz) =T — 22 (3.71)
with z = Riz (€). The corresponding inverse is:
RIS V1. TS? 5 Ty oo TS?
( ac(),eo) 0,€0 (372)

(z,e) = (&,n) = (BS) " (z), A(z)"te — ep).

Observe that A(z) = P, g is the projection onto the tangent space T,S?, as introduced in (2.40),

TS2

zoeo 11 direction

and the splitting given in (2.48) applies. Indeed, we see that the tangent map TR
(6&,9m) is given by:

TRTS ' T(Tyy e TS?) — T(TS?)

Z0,€0

(€,7,6€,6m) = (RS*(€), (Ao B¥)(€)(eo + 1), DR (€)3€, D(A 0 B¥)(€)5€(eo + 1) + (A o BS")(€)dn)
(3.73)

which evaluated at (£,7) = (0,0) takes the form
TR?QS,Qeo (0’ 0)(5£a 577) = (3:0’ €, 0§, DA(:Z:O)((SEa 80) + A($O)577) (374)
== (an €0, 65) Pj/"IOSQ (55’ 60) + PTIOSQ(STI) (375)
— (20, €0, 3¢, h1a(6€, e0) + P, 520n) (3.76)

which coincides with the connector map kpg2 given in (2.49), yielding a splitting for T(T'S?). For
implementation purposes, we now show explicit computations of first and second derivatives of the
transport A(z) : R — T,S? as a map defined on a linear space. From

Az)n = (I —az’)n
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we get:
DA(z)(m.,n) = —ma'n—znin (3.77)
D*A(z)(n2,m1,m) = —mma 0 — n2mi 0 (3.78)

for n,1m1,m2 € R3. As in definition (3.34), the composition with the retraction RS’ (&) yields with
= Ry, (€):

D(Ao R3)(€) = DA(x)DRS, (€)
D*(Ao RS)(€) = D*A(x)(DES, (€), DRS. (€)) + DA(2) D*RS. (-, ).

at £ = 0 we obtain, using that DR%(O) = Ide0§2:

D(Ao RS)(0) = DA(xo)
D%(A o RE)(0) = D?A(o)(-,-) + DA(20) D*RE. (0)(-, -).

Which implies that:

2 2 2
D(Ao RS )(0)(n1,m) = —DRS, (0)mafn — zoDRS, (0)n{ 1

= —magn — voni n

where

and for the special case in which RQSC(Q) &) = ”igig”,

2
DR (0)(n2,m) = (12, m) @0

we get that:

2
D*(Ao R; ) (0)(m2,m,m) = —1ami m — mng 1+ 203 mxoxd 0.

Finally, for n € T},,S?, i.e, n L g, we get:

D(Ao RE)(0)(m,n) = —xoi 1 (3.79)
D2(A o RE)(0)(na,m,m) = —(manl +mma ). (3.80)

Where in (3.79), the term D(A o Riz)(O)(m, n) coincides with hi2(n1,7n), the second fundamental
form on S? at xg, just as in (3.66).

Retraction for the co-tangent Bundle (7'S?)* In our applications, we consider equality con-
strained problems where the constraint map is a minimizer of a real function on a submanifold of
a linear space. This means that we consider a constrained problem, where the constraint map has
as codomain, the co-tangent space of the submanifold. In the numerical experiments for elastic
inextensible rods, in the discretized version, the co-domain space of the constraint map is a product
of (T'S?)*. A retraction for this space easily follows from the previous construction and the induced
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bundle retraction as defined in example 3.3.1 and (3.61). Let be Rfﬁio : T e TS? — TS?, a retrac-

tion for TS?, as given in (3.70). Then, for (xg, &) € S? x (T,S?)*, we define the induced retraction
on (TS?)* as:

RESE . 1y o0 (TS?)* — (TS?)*

wo:c0 o X (3.81)
(&) = (z,€) = (R;,(8), (A(z) ™) (€0 + 1))
where A(z) is as in (3.71). The corresponding inverse map is then given by:
(TS?)*\ -1 2\ 2\
R " (TS = Tpy oo (TS
(RUZ))H: (T8 = Toy e (15%) a2

(z,8) = (&,7) = (BS) " (2), A(x)*E — &).

In the context of constraints defined as differentials of real functions over the manifold S? regarded
as a submanifold of R?, and using the connection provided in example 2.7.1, we show the expression
of such constraint map and its derivative.

Example 3.3.2. Let be S? the 2-sphere regarded as a Riemannian submanifold of R3. If we consider
J:S? SR
a real function on S?, then we define the map
c:S? = (T,8%)*
r— J'(z).
)

For a given retraction R§2 : T,S? — S?, and the vector transport A(x) = (I — xzT) as defined in

(3.71), we get that
Tc:TS? — T(T,S*)* (3.83)
which, locally in charts is given by:
Tpc: U x TpS? — U x (TpS?)* x (TS?) x (T,S?)*
(2,8) = (2, J'(2),& (A"(2)J"(2))§ + (DA(2)§)" ' (2)).

To obtain this, we use the connection given in (2.49) and the dual pairing

(3.84)

(, ) (TS?* x (T,8%) - R
induced by the euclidean structure on R3. Therefore, for n € T,S?, by differentiating the expression
(A(@)"J'(x),m) = (J'(x), A(z)n)
in direction & € T,S?, we get:

(J'(x), A(x)n)' & = (J"(2)€, Alx)n) + (J'(x), DA(x)(,m))

— (@) J"(@)¢ + (DA@)E)* I' (), m) (3:85)

obtaining the last component of (3.84).
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3.3.4 Vector Bundle Parametrizations.

Following the observations made in section 3.2.2, where we stated the convenience of working
with local parametrizations on manifolds, we extend this concept to the case of vector bundles.
We have already shown some examples of retractions on vector bundles, and for our concrete
applications in section 6.4, we require the specific expressions of vector bundle parametrizations.
These parametrizations use the local representation basis of the tangent space at each point on
the base manifold as shown in Definition 3.2.3, as well as the corresponding representation of the
basis for the fibers. We use the transport operation on the fibers, but now composed with the
parametrizations of the base manifold, in contrast to formula (3.34), where the composition is
performed with a retraction. In the following, we assume that the vector bundle p : E — M is finite
dimensional.

Definition 3.3.2. Let be p : E — M a vector bundle endowed with a connection kg. Let also be
M 2 E — M a parametrization on the base manifold M as in Definition 3.2.3. In addition, for
z,x0 € M, let be A(x) € L(Ey,, Ez), a transport operator between the fibers Ey, and E, which are
modeled on F. We consider the linear operators O, and Op,, such that:

@EZO :F— Eaco and C—)Ea: :F— Eac (3.86)

are the matrices containing bases for the linear spaces E,, and E, respectively, together with their
respective (pseudo)inverses:

@Emo i By = F  and ©f 1 E; —F. (3.87)
We define the vector bundle parametrization around (g, ep), as:

(12D (0), (O, (A © pay) (1)) O, (é0 + 1)) (3.88)

/"LIE(),E() (19’ 77)
where ¥ € E, (z,é) = ,ufmeo (9,7) and éo,7) € F, with eg = O, éo. Observe that:
,u% E—- M and (OF, (Ao iy )(9))Og,, : F—F.

The inverse, which we need for optimal control applications, is given by:
(1E, ) " (@) = (1) 7 (2), 05, Alx) ' Op,é — o) (3.89)

Parametrization for the Tangent Bundle T'S?

We construct parametrizations for the tangent bundle T'S?. To this end, we use the formula (3.88),
together with the parametrization for S? and the transport A, as defined in (3.71). Let be S? the
2-sphere, regarded as a Riemannian submanifold of R?. Let us consider MEZ :R? — S2, given by:

xo + ®TIOS219
oo + ©1,,2]

2
pio (9) =
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a parametrization for the sphere S? around z¢ € S?. Furthermore, let be
O, ¢ R = T,,8*  and  Opg R’ =TS
given by:

I |
Or, 2= | &° &° and  Opge = | & &

the matrices whose columns &7°,£5° € R3 and &7, &5 € R3, constitute bases for the tangent spaces
T, S? and T,S? respectively, with = = uiz (9).
We consider the vector bundle parametrization on 7'S? around (zg, €g), given by:

2 N 2 _ ~ A
HESe (9,) = ((H50)(0), (07,52 (A © 11a) (9))Or, 2 (60 + 1) ) (3.90)
with ég, 7 € R?, and @Tzogzéo = eg. Here, we set 6’;9082 = (@gzgg @ngz)*16£82, as the left pseudo-
inverse of Op g2. We take as transport, the operator
Alz) =T — 227

as defined in (3.71). Next, we compute first and second derivatives of (Ao Miz)@TIOS2 :R? = T,8?,
using the connection on this linear space. Let be /) € R?, from:

(Ao 1i5,)()Or, s
differentiating in direction 7; € R?, we get that:
D(A o i,)(0) (1, 7) = DA@) Dy, (9)inOr, g1 (3.91)
and differentiating the latter, in direction 7o € R?, we obtain:

D?(A o yi5,)(9) (i, i1, ) = D2A(2) Dy, (9)ia Dy, (9)in O, se + DA(w) Dy, (9) (2, ) O, 521
(3.92)

Evaluating (3.91) and (3.92) at ¥ = 0, and using that DMEE(O) = Or, 52, We get:
2 A . .
D(A 0 4i5,)(0) (i, ) = DA(20)Or, 52/ Or, 527
D(A o 1i5,)(0) (72, 71, 7) = D*A(0)Or, 527120, 27 O, 521 + DA(0) D iS5 (0) (i, 71) O, 527
Using formulas (3.29), (3.79) and (3.80), plus the condition zo L ©r, s27), we obtain:
2 A~ A A~ A~
D(A o 4i3,)(0)(1, 1) = —20(Or, e2M)" (Or, s27) (3.93)
2 A A~ A A~ A A A A~
D*(A o pi30)(0)(f2, M1, %) = —((Og, 52712) (O, s2)” + (O, 5271) (O, 52712) " (O, s27)-  (3.94)
Therefore, the matrix representations for the operators given above are:
2
D(A©i3,)(0)0r, 52 = —xoegﬁzoSQ Or, & (3.95)
2
D*(Ao 1i3)(0)Or, g2 = —2(@%09@%082)@%082. (3.96)
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Parametrization for the co-tangent Bundle (7'S?)*

Similarly as done in (3.61), we construct vector bundle parametrization for the co-tangent bundle
(T'S?)* induced by the adjoint map. We will use the inverse of such retraction in our applications
for optimal control problems.

Let be p : TS? — S? the tangent bundle to S? endowed with a connection kpg2. Let also be
NSZ : E — S? a parametrization on the base manifold S? as in (3.27), for E = R?. In addition, for
z, 70 € S?, let be A(x) € L(Ty,S? T,,S?), as in (3.71), a transport operator between the fibers T},,S?

and T,,S?, which are also modeled on E. We consider the linear operators o7 2 and ©7, 2 such
£ x

that:

*Twogz ' E* — (T, S?)*  and Or,s E" — (T,S)* (3.97)

are the matrices containing bases for the dual linear spaces (Ty,S?)* and (T,S?)* respectively,
together with their respective (pseudo)inverses:

( }xogg)_ (T, S*)* - E*  and (Or,s)") : (T,S?)* — E*. (3.98)
Where E* denotes the dual of the fiber space E. Using the operator
(A(2)™)" ¢ (108" — (TuS?)"
we have that the map:

P 0,0) = ((H50) ), (O,2)™ ((Ae iag) (@) ™) ©F, 2 (é0 + 1)) (3.99)

2\ *
is a co-tangent bundle parametrization for (T'S?)* around (zg, eg), where ¥ € E, (z,é) = ugio) (9,1)

and ép, 7 € E*, with eg = ©}, ,€9. Observe that:
0o
2 — — * *
uio E - §? and (OT,52) (Ao pgy)(9)) Ly TgS? :E* — E*.
Finally, the inverse is given by:

2\* N 2. _ * _ * * A~ ~
(W) M we) = (1) (@), (O, c2) A(x) O a8 — é0) (3.100)






Chapter 4

Equality Constrained Optimization on
Manifolds

Central to this work is the construction of algorithms for equality constrained optimization on
manifolds. We start this section with the problem formulation, this is, minimizing a function subject
to constraints, where the domain and target spaces are manifolds. In this way, we generalize the
usual setting of a constrained optimization problem for the linear case, see e.g., [Lue97, IT09]. The
problem is locally transformed into a problem on vector spaces with the help of retractions, and, as
we will see, the already available theory on constrained optimization on vector spaces can be used,
in particular, KKT-conditions and second order optimality conditions are derived. In addition,
as a consequence of the Brezzi splitting theorem [Bre74], at every point there exists a Lagrange
multiplier which is a 1-form on the target space of the constraint mapping. We study the existence
of a potential function for this co-vector, i.e., we study the integrability of this 1-form Lagrange
multiplier in the sense of Frobenius. We close this section by setting the constrained optimization
problem on more general manifolds. For instance, vector bundles, which will be of importance to get
the proper formulation for the optimal control problem of energy minimizers. To achieve this, we
pose the optimization problem by requiring the constraint map to satisfy a transversality condition.

4.1 Problem Formulation

We consider the equality constrained optimization problem:

min f(z) s.t. c(z) = yx. (4.1)
zeX
Where f: X — R and ¢: X — Y. Here, X and Y are manifolds modeled on Hilbert spaces, and
f and ¢ are C?-maps. The constraint map c is bounded, C? and is a submersion.
We pullback the problem to the tangent spaces with the help of retractions, as defined in section
3.2. Let be RX a retraction for X at z € X and RyY a retraction for Y at y = ¢(x) € Y, then we
write the problem 4.1 as:

75
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ulg%le f(u) s.t. c(u)=0. (4.2)

The pullbacks are performed in the following way:
(f o R)(u) = f(u) (4.3)
and
((Ry)"tocoRy) (u) = (Ry ()™ = c(u). (4.4)

where u € T, X. We have used bold letters to represent the pullbacked quantities, and this notation
will be kept throughout this work. We present a sketch of the situation. For the objective functional
we have:

T.X
The pullback of the constraint map, which maps from 7T, X to T,Y, is such that:

X ———Y

R¥ Ry

T,X —S— T,Y

Example 4.1.1. Let be S the space of shapes. For each ¢ € S, there is a given Hilbert space H ()
such that the set E = {(¢, H(¢))|¢ € S} is a vector bundle (E,m,S). Over this structure, we define
the mappings:

o) = [ 0 - ute)
c(o,y,u) = /(ﬁVy(x)Vv(x) dx — u(x)v(z)dz, for all ve H'(Q).

where V refers to the usual gradient in R™. This is an example of an equality constrained optimization
on manifolds, in particular posed on vector bundles. See, e.g., [SSW15].

Proposition 4.1.1. Let be (RX,RY) a pair of retractions for the manifolds X and Y. Let be
x € X, we consider the pullbacked mappings f as in (4.3), and ¢ as in (4.4). Then, the system

(20 Y (1) + (1) =0
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has a unique solution if M is positive on ker ¢/ (0,). It means that for any w € T, X we have

Mow + A (0)w+ f(0,)w=0 VweT,M

c(0)v =0. (4.6)

Proof. We have that ¢/(0;) is bounded and surjective, and M is elliptic on ker ¢/(0;) and continuous,
then, the result is a consequence of the Brezzi splitting theorem, cf. [Bra07, Bre74], applied to the
functionals f and c at 0, € T, X. ]

Remark 4.1.1. From (4.6), we see that at each point x € U, with U an open subset of X, there
exists the Lagrange multiplier X € (Ty,)Y)*. In particular at c(x) € Y, for any w € T, X,
A (0;)w € R, this means that:

AY — (Tc(()gc)y)*
which can be considered as a section of the co-tangent bundle or, equivalently as a 1-form on'Y .

Definition 4.1.1. We call the element A € (T, Y)* from (4.6), the Lagrange multiplier of the
problem (4.1) at x.

Using Defintion 2.6.4, we can consider the pullback of A by c.
Definition 4.1.2. We define the 1-form X on X, as the pullback of A through c, namely:

A= c"(A) = A(e(02))€/(0z) (4.7)
in this way \ € (T, X)*.
Remark 4.1.2. From (4.6), we observe the following:
i) If we test the first line of (4.6) with w € ker ¢/(0,), then we have that:
Myw = —f(0,)w
(v, w)py = —f (0z)w

thus the vector field v can be interpreted as the gradient vector grad f(0,) at the submanifold
c(x).

i) If we test the first line of (4.6) with w € ker ¢ (u)*, we obtain:
F(0.)w + X' (0,)w =0 (4.8)
this as a consequence of v € ker ¢ (x), which implies that (Mv)w = 0.

iii) Let us consider the submersion map c through charts (U,¢) for X and (W,v) for Y, as
described in (2.19), where ¢ = 1~ tocog. Let be v(x) € ker ¢(0,) the local representation of the
vector field v. Differentiating the expression ¢ (0;)v(x) = 0 in the direction of w € ker ¢/(0,),
we get that:

c"(02) (w,v) 4+ €' (0,)0" (z)w = 0. (4.9)
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We suppose the existence of a spray Bx(-,-) for X. In addition, we use the same notation for
v, w and their extensions to X. From (4.9), adding and subtracting the term ¢ (0,)B(z;v,w),
we get that:

d"(0) (w,v) + ¢ (0,)(VEv) = =€ (0,)Bx (z; v, w) (4.10)
d"(0) (w,v) + ¢ (0z)h12(v, w) = —¢'(05) Bx (z;v, w) (4.11)

where in (4.11), the formula given in (2.36) is used. From (4.11), we get that:
—hi(v,w) = Bx (z;v,w) + ¢~ (0;) " (05) (w, v) (4.12)

where ¢/=(0,) : TY — ker ¢/(0,)*, is as defined in (2.25). Here, we consider the case in which
X =E is a linear space, implying Bx = 0, and obtaining

hiz(v,w) = =7 (05) " (05) (w, v). (4.13)
We define the operator
~d7(02)€(0,) (w,v) 1= Be, (w.v). (1.14)
In addition, if w € ker ¢(0,), then ¢ (0,)w = 0, and by differentiating in direction v and by
" (02) (w,v) + ¢ (0p)v'w = "(0,) (v, w) + ¢ (05)w'v
then, we conclude that Be, (-, -) is symmetric on ker ¢/(0;).

Let us take charts (U, ¢) (V, <Z>) i X at x such that é(a:) = x, and the change of charts mapping
h(z) = (¢t o ¢)(x) = x, together with a chart (W, ) at c(z) =y where Y(y) =y. We check
how the operator B., defined in (4.14) transforms under the change of charts from U to V
through h(x). If we set

cyo(@) = (V™ ocod)(a)

then
cpo(®) = (P ocodod o g)(a) = ¢,y 0 h(w)
thus, taking derivative and testing at w(x) € ker'(x), we get
Cpp(Bw(T) = cipqg(h(;c))h'(x)w(m)

which is, in turn zero for w(x) € ker ¢'. Now taking one more derivative in direction v € T, X
we obtain

cig (@) (v, w(@) + ey (@ (v = () (K (z)v, B (z)w())
+ (@) (h”(m) (v, w(@)) + h'(:c)w’(a:)v)
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given that both sides of the above equation are zero, we have that

Cpp(@)w' (2)v = —cjy () (v, w(x))
ciM;(:z;) (h”(a:) (v, w(z)) + h’(w)w'(m)v) = —cizé(w)(h’(m)v, W (z)w(x))
or, in terms of the operator B.,, at each chart, we have
’LU/(ZB)U = ch,U(m) (Ua w(m))
K (@) (v, w(x)) + 1 (@)u' (w)v = B, v (K (z)v, ' (z)w())
combining them, we end up with the transformation rule of B., under change of charts
Bczyv(h(m))(h’(m)v, h'(w)w(:z:)) = h”(a:) (v, w(:n)) + h’(:z:)BCI’U(:B) (v,w(m)).

This shows that B, as defined in (4.14), representing the second fundamental form, transforms
as a spray.

4.2 KKT-Conditions

In this section, we derive the KKT-conditions of the problem (4.1). We do this by performing the
pullback of the problem to the spaces T, X and T}, Y at the stationary point x,. We use the usual
KKT-theory for linear vector spaces in the new pullbacked problem. Second order conditions are
also obtained, and we check that these results turn out to be invariant under change of retractions.
We first define the Lagrangian function of the problem (4.1) through retractions.

4.2.1 The Lagrange Function of the Pulled-back Problem

We make the following assumption:

Assumption 4.2.1. Consider for x € X and y € Y the following first order consistent pairs of
retractions:
RY; T, X—>X i=172

and
R ,:T,Y Y =12,

where Ry, R, RY and RY are C?-retractions.
Their local transformation mappings read:
Oy = (RY) o Ry, T, X = T X
Dy = (R} ) ' oR),: T,Y — T,Y.
We define the pull-back of the cost functional via the retraction:
f,: T, X —R
fi(u) = (f o R;)(u)
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Similarly, we may pull-back the equality constraint operator ¢ : X — Y locally:
coRY; T, X =Y.
To obtain a mapping c; : T, X — T,Y we have to define a push-forward via R};i as follows
ci: I X —T,Y
ci(u) := (Rz;i)_1 oco sz(u)

The pullbacked mappings f; and c; are maps with linear spaces as domain and co-domain, therefore
we are allowed to take first and second order derivatives in the usual way. This will be used
throughout this work. We note, however, that these derivatives are only defined locally and may
depend on the choice of retraction.

We can now define pull-backs of the Lagrangian function:

X and RY . is given

Definition 4.2.1. The Lagrangian function at the point x with retractions R, i

by:

Li(u,p) = fi(u) + paci(u)

% v 1 < (4.15)
= foRy;(u) +pz(Ry ;)" ocoRy;(u)

forue T, X and p, € (T,Y)*.

For our purpose, we need to compute first and second derivatives of the Lagrangian function:

L} (04, pz)v := £(0)v + ppci(04)v (4.16)

L (04, pz)(v,v) := £/(0;)(v,v) + pec’ (0z) (v, v). (4.17)

We observe that our definition of L is again a local one that depends on the given pair of retractions.
In particular, we have:

Lo(u,p) = f2(u) + pea(u) = f1 0 ®x (u) + p®y' 0 c1 0 Px(u)

I (4.18)
=Lio®x(u)+p(Py —id)ocyoPx(u).
Differentiating this expression at 0., using the chain rule, we obtain the identities:
£1(02) = £5(02), c1(0z) = c5(0z), L1(0z,p) = L(0z, p). (4.19)

Hence, we do not need to distinguish and thus we use the notation £'(0,,), ¢/(0.), L' (0., p). However,
concerning L we obtain different expressions.

Lemma 4.2.1.
(L3(02, pz) — LY (02, p2)) (v, w) = L' (0z, po) @’ (0z) (v, w) — pz®y (0y)(€'(0z)v, €' (0z)w).  (4.20)

In particular:
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i) if (Rf’l,Rgfz) is second order consistent, or L'(0z,p;) = 0, then LY (04, py) = L5 (04, pz) on
ker ¢/(0,).

i) if (Ri{l,Rifg) and (R;/,DR;/,Q) are second order consistent, then LY (0y,pz) = L5 (04, pz) on

T.X.
Proof. We compute by the chain rule:
£ (0z) (v, w) — £(02) (v, w) = £'(02) 2% (02) (v, w)

c5(02) (v, w) — ¢f(0,) (v, w) = (@;1)"(Oy)(c/(0w)v, ' (0z)w) + ¢/ (02) @ (02) (v, w) (4.21)
= —@@(Oy)(cl(oz)v, c'(0z)w) 4 ¢'(02) @ (02) (v, w).

O]

Remark 4.2.1. Obviously, L (04, pz) (v, w) = L5(04, py) (v, w) if x is a KKT-point, i.e., L' (04, ps) =
0 and v or w € ker c'(0,). Hence, second order optimality conditions are invariant under change of
retractions. This is, of course, to be expected.

Moreover, close to a KKT point, L} (0,, py) — L5 (04, pz) is small on ker ¢'(0,). Thus, if x is an SSC
point, we obtain invertibility of the Lagrange-Newton matriz in a neighborhood of x, regardless of
the choice of retraction.

With previous preparatory material, we are now ready to obtain the KK'T-conditions to the problem
(4.1).

Proposition 4.2.1. Let be x, a local minimum of the problem (4.1). Consider a pair of retractions
(Rf*,R;i) at x. and suppose in addition that the pullbacked mappings, f and ¢ are continuously
differentiable at x, and (0, ) surjective. Then there exists a Lagrange multiplier p € (T,,Y)* = T,)Y
such that:

F(0z)v+pcd(0,,)v=0 VveT,X (4.22)
¢(05,) = 0. (4.23)

Proof. We can apply Ljusternik’s theorem (cf. e.g [IT09, 0,§2]) and the Lagrange multiplier rule (cf.
e.g [IT09, 1,51]) to the pullbacked problem in the space T, X, and we obtain (4.22) and (4.23). O

Using the closed range theorem we can see that the condition 4.22 in ker ¢/(0,,) is equivalent to:
f(0,,) € ran ¢/(0,,) <= f(0,,)v =0 Vv € kerc/(0,).
Actually, conditions 4.22 and 4.23 are invariant under change of charts, to see this we observe that:
£ (0z.)v + pe (0z.)v = £5(0z, ) P (0z, )0 + pPych(0a. ) x (0z, Jv

and using that the pair of retractions (R, RY) and (Ry, RY) are first order consistent then @ =
Idr,x and ®y = Idr,y implying that

£,(0.,)v + pch(0,)v =0 VveT,X.
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4.3 Second Order Optimality Conditions

We now derive second order necessary and sufficient conditions for a local minimizer z,. First, we
derive second order necessary optimality conditions.

Proposition 4.3.1. Let be z, a stationary point that is a local minimum for f, and consider a
pair of retractions (Rff*, R;/*), with y. = c(xy), where in addition to that, Rf* is a retraction of the
submanifold c=1(y.) C X, then:

L"(04,,pz.)(v,v) >0 Yo € ker ¢(0,,).

Proof. We use the Taylor expansion of the pullback Lagrangian function L(0,,,p,,) at x, and we
consider a vector v € ker¢/(0y, ), for ¢ > 0 then:

L(Ox* + tvvp:r*) = f<occ*) +pz*c(0:c*) + t(f,(oa:*)v + pm*cl(ox*))v

1
+ 52 (7 (02, )v + P’ (02.)) (v,0) + £[[0]|*r (0, 10)

where 7(0,,,tv) — 0 as ¢ — 0. Since z, is a stationary point then f(0,,)v + p,,c'(0;,)v = 0,
c(0;,) = 0 and ¢(0,, + tv) = 0, the latter is due to the assumption over R , therefore, we get:

ft0) —802.) _ 1010, 30+ . (02)010) + ol 0ot

but z, is a local minimum, this means that f(tv) — £f(0,,) > 0 for sufficiently small ¢, thus we get
that

(£"(02.)v + pa.€”(02.)) (v, 0) + [[0]*r(0s, , tv) = 0
and taking the limit as t — 0 we get
L"(04,,pz,)(v,v) >0 for all v € kerc’(0y,).

Finally, we see that this property is invariant under change of retractions by Lemma 4.20 and
Remark 4.2.1. O

We provide now, sufficient optimality conditions for a local minimum.

Proposition 4.3.2. Consider a pair of retractions (Ri,Ri) at x. and y. = c(x.), where Rﬁf;
is a retraction for the submanifold c='(y.) C X and suppose that f and c are twice continuously
differentiable at x.. If L'(0,,,p) = 0 and L"(04,,p)(v,v) > 0 for all v € ker ¢(0,,) then . is a
local minimum.

Proof. By contradiction let us assume that z, is not a local minimizer. Then, there exists a sequence
of feasible points {zy}ren such that z; — x, and f(xp) < f(x.). If we define vy := (Réi)*l(xk),
in particular we have that vy — 0., by continuity of the retraction Rff* at x.. We also observe
that c(vg) = 0 for all £ € N, which follows from the assumption made on the retraction Ri,i , and
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feasibility of the sequence ;. We now define the sequence wy, := ”Z—’Z”, it can be shown that (wg)ken

also converges to a w € ker c¢/(0,, ), with w # 0 ( ||wg|| = 1 for all k € N ). Using Taylor’s expansion
and the formula vy, = ||vg||wg, we get:

1
L(Op. + vk pr) = L00,, 2 ) + 06T (O, P Jwk + 5 10k 1L (O, ) (i, i) + [[0g 7 (O, e le0n)

where 7(0,,, ||vg||wg) — 0 as ||vg|| — 0. Given that c(0,,) = 0 and c(vx) = 0, we have that, for
every k € N:

1
f(op) — £(02,) = [|ox ||/ (Os, , pa, )ik + §||Uk||2L"(0x*,px*)(wk7’wk) + [[ok 1P 0z, , l|vgllwy) <0
which implies
1
|k | L' 0z » P )0 + iLH(Ox*apx*)(wkvwk) +7(0z,, [|ok|lwg) <0, VEkeN,

and taking limit we get that

1

. 1
iLH(Oz*apz*)(wvw) = klggo (HkaL/(Omapm)wk + §L”(O$*,p$*)(wk, wk) + T<Oz*7 Hkawk)) <0

thus
L/,(OI* 9 pI*)(w7 w) S 0

contradicting our assumption. Finally, by Lemma 4.20 and Remark 4.2.1, we have that for two
pairs of retractions, LY (0.,,p)(v,v) = L5(0,,,p)(v,v) for any v € kerc’(0,,) with L'(0,,,p) = 0,
therefore the property is invariant under change of retractions. ]

4.4 The Lagrange Multiplier on Manifolds

We now study the integrability of the 1-form Lagrange multiplier A defined in (4.7). We show that
the existence of a potential function A : X — R satisfying dA = \, depends on the integrability
of the horizontal distribution (ker T,c)* in the sense of Frobenius, as shown in Theorem 2.6.2. We
specify under which conditions the horizontal subbundle (ker T,.c)* is integrable. To this end, we
introduce some preparatory material on integrability of the horizontal distribution. We will use
these results to give criteria for the integrability of the Lagrange multiplier. In order to have deeper
insight on the topic, we refer the reader to [Mic08, PT06, Bes07].

4.4.1 Integrability of the Horizontal Distribution

We take the following results on integrability from [PT06].

Definition 4.4.1. Let be g : M — N be a submersion. Then we define

F = F(g) == ker(g'(v))
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as the vertical subbundle of TM. Additionally, if M is a Riemann manifold with metric M, we
define the horizontal subbundle of TM as:

E:=F(g)".
If both M and N are Riemannian manifolds, we know that g a Riemann submersion if
Trg =g (x) : ToM — Ty)N
is an orthogonal projection. We also recall that T'g(x) induces a linear isomorphism
T,g: E, — Tg(x)N
between the horizontal subbundle, and the tangent space of the target manifold N.

Definition 4.4.2. Let be g : M — N a Riemann submersion, and let be & a vector field on M,
we say that & 1s:

e vertical if £(x) € Fy(g) for all x (i.e., if ¢'(x)€(x) =0 ),
o horizontal if £(x) € Ey(g) for all x (i.e., if £&(x) L Ex(g) ).
We have that any vector field £ on M can be uniquely decomposed as
=" +ef
into its vertical £ and horizontal ¢¥ components.

Definition 4.4.3. A Riemann submersion g : M — N is called integrable if E(M) = (ker ¢')* is
an integrable distribution.

We define two special tensors introduced by O’Neill in [O766]. Let be &1, &> vector fields over M
then, the O’Neill tensors are given by:

E F
T(e,&) = (Ve ) + (Verel) (4:24)
F E
Agn,&) = (Ve ) + (Vertd) - (4:25)
The following theorem gives us conditions for the horizontal distribution to be integrable.

Theorem 4.4.1. Let be g : M — N be a Riemann submersion; then the following conditions are
equivalent:

i) g is integrable (that is, FE(g) is integrable).

ii) Every normal field n € E, satisfying that ¢'(x)n(x) = 7 is the same for all x € g~ (y), is such
that VEn = 0.

iit) The O’Neill tensor A is zero.
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Here the term YV, is the normal connection as defined for subamnifold geometry given in Theorem
2.7.3, there denoted as V*.

Proof. See [PT06, V,85]. O

Example 4.4.1. Let (M, My), (Ma, My) be two Riemannian manifolds; then the product manifold
M = M x M3 has a product Riemannian metric My & My on the tangent space T(azl,xz)(Ml X Ms) =
Ty My x Ty My and thus both projections are Riemannian submersions. We also see that the
subbundles TM; and T My are both involutive and their leaves are the manifolds {x1} x My and
My x {z2}. A Riemannian manifold isometric to a product will be called reducible.

4.4.2 Existence of a Potential for the Lagrange Multiplier

We return to the problem setting (4.2). In what follows we assume that our domain space is simply
connected and that the manifold X is Riemannian. With help of the Poincaré Lemma 2.6.1, we
compute d) to find the obstructions for the existence of a potential A : X — R such that dA = )\
with X as defined in (4.7).

Proposition 4.4.1. Let be &, n, vector fields at x € X and \ as in (4.7), then we have that
dA(&, 1) = = (£'(02) + M(e(02)) € (02)) [6n, 1n]. (4.26)

where &,, Ny are the normal component of € and 1, i.e., &, ny € (ker ¢/(0,))F.

Proof. We use the formula (2.28) to compute d, obtaining:

A&, 1) = d(A(€(02))€'(02))(€,m) = EA(e(0.))€'(02)1) = n(A(e(02))e'(02)€) = Ac(04))e'(04)[€, 7]

First, we split the vectors into their tangential and normal part, i.e., & = & + &, and n = 0 + 1,
with &, € kerc’(0,) and &, 7, € ker(c’(0,))*, from that we get

d(A(e(02))c'(02))(€,m) =d(M(c(02))€(02)) (§n: mn) + d(A(e(0z))€(02)) (& 1n)
+d(A(e(02))€’(02)) (§n, 7e) + d(A(e(02))€"(02)) (€, me)

and we inspect each term separately. We start with the term d(A(c(0;))c’(04))(&,m:). Using the
equation defining the exterior derivative we get that:

d(A(e(02))c"(02)) (&6 me) = (A(e(02))c'(02)m) 6 — (A(e(02))"(02)€0) e — A(e(0x))€ (02) (m:€e — &ii)
0
due to that c’((; znt = c/(0;)& = 0 and ¢/(0;)n,& = —c”(05) (&, me) = ¢/ (04)&m:. Now for the term

d(A(c(0 m)) 02))(&ny 1), we take ny,, &, € kerc' (0, )l, and we use the remark (4.8), namely, that
£(0,) = —A(c(0;))c'(0,) in normal directions, obtaining:

d(Mc(02))€'(02))(&ns 1) = (Me(02))€(02)n0) € — (A(e(02))€'(02)€x) N — A(€(02))€'(02) (11 én — &nin)
= (—=F(02)1) € — (—=F(02)&n) 1 — A(€(02))c"(02) (m),6n — &)
= —1"(02)(&n> 1) — £(02)0,6n 4 £7(02) (10, €n) + £(02)€5,7n
)‘(C(Ox)) "(02) (M — &nn)
—(£(02) + A(c(02))c’(02)) [, 0]
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Before we consider the mixed terms d(\(c(0;))c’(04))(&n, ) and d(A(c(0))c’(04))(&t, mn), we ob-
serve that for the expression

(£(02)1n + Me(02))€'(02)1n) & = 0
using that ¢”(04) (1, &) = —¢(04)&,7n, we obtain

£7(02) (&1, 7m) + £ (02) 1€ + N (€(02))€”(02) € (02)7m + A(€(02))€” (02) (€5 1n) + Ae(0z))e’ (02)np & = 0
£7(02) (e, mm) + £/(02)1n€r — A(e(02))€’ (02)&1mm + M (0z))c'(0z) 178 = 0

observe that the term X (c(0;))c/(05)&c’(04)ny, vanishes. Then, we get that:
£(02) (&, 1) + £(02)mp&e + A(e(02))€'(02) &, 1mn] = 0. (4.27)

Now we compute d(A(c(0;))c’(05)) (&, mpn). Using the formula for the exterior derivative, and the
relation A(c(0;))c'(02)n, = —£(0,)n,, we get:

d(Mc(02))€"(02)) (& nn) = (A(€(02))€’(02)1n) & — (A(€(02))€'(02)€) 1 — Me(0))€’ (0z) (€ 7]
= (—f'(02)nn)"& — Mc(02))"(02) (€, 7]
= —£"(02) (&, ) — £(02) 76 — A(c(02))c(02) (&4, 7]
= 0.

Where the equation (4.27) has been used. Analogously, as done for (4.27), we have that:

£7(02) (0e: &n) + £/(02) € + A (02))€’(02) [0, €] = 0. (4.28)
With this, we now compute d(A(c(0;))c’(05))(&n, mt), obtaining:

A
d(A(e(02))c'(02)) (€n, 1) = (Me(0z))€ (02)me) €n — (A(e(02))€"(02)€n) ne — A(e(02))e'(0z) (6, 1]
(0
(0
(0

(
= (£'(02)&n)m — A(c(02))€'(02) [ 1e]
= £7(02) (1, &n) + £(02)6,m — A(e(0:))c’(02) [€n, 7]
= £(0:) (e, &n) + £(02) & + Me(02))c’(02) [, &l
=0.
where the formula (4.28), and the relations [£,,m:] = —[m, &n] and A(c(0,))c/(02)&, = —F(04)&n

have been used. Therefore, we have proven that

d(A(e(02))e'(02))(&;m) = —(f'(02) + Ac'(02)) [€n, 7n]-
O

From Poincaré Lemma 2.6.1, we have that the 1-form N\ is integrable if d\ =0 and, as we saw in the
previous proposition, this condition is met if (f(0;) + Ac/(0.))[€n, 7] = 0, for &, n, € (kerc/(04))*.
We know that the term (f(0,) + Ac/(0;)) vanishes in normal directions, therefore, if [¢,,n,] €
(ker ¢’(0,))*, i.e., if the horizontal distribution (kerc/(0,))% is integrable, then dA = 0, implying
the integrability of A

We can use Theorem 4.4.1 to characterize the obstructions to the existence of a potential function
for the Lagrange multiplier.
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Proposition 4.4.2. Let be \ as in (4.7). Then, if one 0]f the conditions of Theorem 4.4.1 is met,
then, there exists a function A : X — R such that dA = ).

In the general case the function A does not exist, due in part to the non-integrability of the horizontal
distribution, as can be seen in the following example:

Example 4.4.2. Let us consider the Hopf map, this is, the map c : S> — S%, which maps points
from the three sphere:

83 - {(x1,$2,$3,x4) S R4| l’% + x% + .’I}% + J}i = 1}
to S?, and is defined by:
c(x1, T2, 23, 14) = [2] + 25 — (23 + 27), 2(2124 + T273), 2(T224 — T173)] -

This map is also called the Hopf fibration, for more details on this special structure see [Lyo03].
This map, has the property that, locally is the product space of S* x St, but not globally. For any
given y € S? the corresponding fiber ¢~ (y) is the circle S'. We check that:

X1 To —I3 —XT4
Toc(z)=2| x4 x3 2 1
—T3 T4 —XT1 T2

and
Z2
ker Tc(x) = o
T3
therefore, a basis for the horizontal space is given by
T3 T4 x1
_ 1 _ _ —Tq 3 T2
E= (kerTIc(J:)) - {77177727773} = T "2 i
—x9 I X4

and the Lie bracket yields that:

T2
—x1
Tq
—23

[n2,m] = mmz —nhm =2

therefore [n2,m| ¢ E and the horizontal distribution cannot be integrable.

Remark 4.4.1. In particular, proposition 4.4.2 says that a potential function for the one form A
exists:

i) If the manifold X is flat, i.e., if P[&n,mn] = 0, where &,,m, € ker & (x)*, and P : T,X —
ker(c/(0;)) is the projection onto ker ¢/ (0y).
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ii) If X is reducible, i.e., X is isometric to products X1 x Xs, then the normal bundle is involutive
and [&,,mn] € ker & (0,)F for &n,mn € ker €(0,)*.

iit) By the De Rham decomposition theorem, see e.g., [DR52, Wu63, FL06, BH83, PAN92, EH98,
Gau81], if the manifold is complete, simply connected and its holonomy representation is
reducible, then the manifold is a product. And the horizontal distribution is integrable.

i) If every normal field is ¢ parallel, i.e., if ¢(0,)n(0,) = 7 with 7 fized independent of x, see
e.g., [PT06).

In the case that the form X is integrable, we can define the Lagrange function for the problem (4.1)
as:

L(z,A) = f(z) + (Ao c)(),

for A: X — R.
We now return to constrained optimization problems, and we set the problem on vector bundles.

4.5 Constrained Optimization on Vector Bundles

In some interesting situations, the setting of the problem contains cases where the manifold spaces
have more structure. For instance, formulation on vector bundles is needed when it comes to appli-
cations to optimal control problems. In order to achieve a correct formulation of such problems, we
use the notion of transversality as in Definition 2.5.1. We do not start directly with the formulation
on vector bundles, instead, we begin by imposing conditions on the constraint, so that it maps
accordingly on the vector bundle structure of the co-domain. In particular, we ensure that the
vector bundle retraction and the constraint mapping are compatible with our formulation.

Let be f: X > Rand c: X — Y. We consider the following problem:

;Iél)r(_l f(z) st c(z) €Sy (4.29)

where Sj is a submanifold of the target space Y, and c is transversal over Sy. This implies that:
ran Tyc + TS0 = Ter)Y  for e(z) € So.
Let be ¢(z) = y. We assume that T,Y is split into two subspaces:
T,Y = W1 x Wa, Wy NWy = {0}

and a corresponding projection
P T)Y — Wy

with ran P, = W5 and ker P, = Wj. For a vector bundle p : Y — M, in the local decomposition,
the projection P, maps into the fiber space of the vector bundle at a point. In particular, a
vector bundle connection as given in Definition 2.8.1, provides a way to split the tangent space TY
into two complementary subbundles, one of them given by the vertical subbundle ker T’p and the
corresponding complementary horizontal subbundle determined by the connection.
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At the solution z, we assume that Wy = T, So. For given retractions RY : T,X — X and
R;/ : T,Y =Y, we may define the local pullback of c: X — Y as

c: T, X — Tc(m)Y
c=(RY ))*1 ocoRX.

c(x
At this point we stress that such a construction cannot be performed for arbitrary problems, but for
problems, where the above local product structure arises naturally, in particular for vector bundles.
This also means that Sy has to have particularly simple structure. For example, Sy may be the
0-section of a vector bundle.
If ¢(z) € So, and by our splitting of T,,)Y’, we obtain the splitting

c(v) =cp(w) +cp(v) = (I — P)c(v) + Pre(v)
c/(0;) = c5(0;) + cw(0;) = (I — Py)c'(0,) + Pxc'(0y).

By transversality we have that cr is a submersion.

Proposition 4.5.1. Let be z, a local minimum of the problem (4.29). Consider a pair of retractions
(RX, R;i) at v, € ¢~ 1(Sy), and suppose in addition that f and c are continuously differentiable at
T« and c is transversal over Sg. Then there exists a Lagrange multiplier p € (TC(OZ*)Y/TC(OZ*)SO)*
such that:

F(0.)v+pcp(0:,)v =0 forall veT,X.

Proof. We know that cf(0z,) : Tr. X — Te,,)Y /Ty 0,,)S0 is surjective, this as a consequence of
proposition 2.5.1, by transversality of ¢ over Sy. Additionally, c(0,,) € Sp, therefore, once again,
we can apply Ljusternik’s theorem (cf. e.g [IT09, 0,§2]) and the Lagrange multiplier rule (cf. e.g
[IT09, 1,§1]) to the current setting. O

Before we set the constrained optimization problem over vector bundles, we do some remarks
concerning sections.

Definition 4.5.1. Let be p : E — M a vector bundle, a section of E is a smooth map s : M — E
such that po s =idyy.

Next, we see how the image of a section is a submanifold of the total space, hence, we land in the
framework of the problem setting (4.29), where, as constraint submanifold, we take the image of
a section. For applications, we consider a special section, namely, the zero section of the vector
bundle.

Proposition 4.5.2. Let be s : M — E a section of the vector bundle p: E — M. Then s(M) is
an embedded submanifold of E.

Proof. We have to proof that s and T, s are injective maps, but this follows from p o s = idyy,
additionally by continuity of p the embedding property follows. O

We now pose the constrained optimization problem on vector bundles using the considerations made
at the beginning of the present section, and taking advantage of the available product structure of
these kinds of manifolds. In particular, we consider a constrained mapc: X — Y, wherep:Y — M
is a vector bundle over M.
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Constrained Optimization Problem on a Vector Bundle Let be py : Y — M a vector
bundle endowed with a connection ky, and let X be a manifold. Let be sg, the zero section

so: M —Y
with (py o sp) = idys, and with local representation given by

so(y) = (y,0).

Let be Sy := so(M) the image of M by sg. Then, Sy is a submanifold of Y. With this, we define
the problem:

min f(x) st c(x) € Sy (4.30)
zeX

where ¢: X — Y is assumed to be transversal over the submanifold Sg.

With the help of a retraction R : T, X — X for the manifold X, and a vector bundle retraction
R).:T,.Y — Y for Y, we have that, in a chart W of ¢(z) € Y, with py (¢(z)) = y, there exists a
chart U for x € X, such that:

(RY,) 'ocoRY :=c=(cp,cp): T,X = T,M xF. (4.31)

According to the formulation (4.29), we get that T, .Y = Wi x Wa, with, T, M = W; and Wy =T,
where F is the fiber space for the vector bundle. In addition, we see that the map cp is such that,
cr : T, X — F and by transversality, is a submersion. In particular, observe that at solution point
zy € X, we get that cp(0z4) = 0.

With this formulation, and as a consequence of Proposition 4.5.1, we derive the KKT-conditions
for the problem

Inin f(u) st. cp(u) =0. (4.32)

Proposition 4.5.3. Let be x, a local minimum of the problem (4.32). Consider a pair of retractions
(Rf*,Rz;) at z,. € c71(Sp), suppose in addition that f and c are continuously differentiable at x.,
and that c is transversal over the submanifold Sy. Then, there exists a Lagrange multiplier p,, € F*
such that:

F (0. )0+ pe, (0, )v=0 forall veT,X.

Proof. We use Proposition 4.5.1 applied to the formulation (4.32). O

As an application of the previous considerations, and as a preparatory material for the optimal
control problem of inextensible rods, we proceed with the abstract setting of optimal control of
energy minimizers.
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4.5.1 Optimal Control of Energy Minimizers
Suppose that the map
J:Y =R

represents the stored energy functional of an elastic body. Additional constraints can be considered
through the mapping
c:Y—>V

where Y and V are manifolds, and C : Y — V is a submersion. Let be v € V, we consider the

constrained energy minimization problem:

inJ(y) s.t. Cy) =v.
min J(y) st. Cy) =v

To illustrate the situation, we start by working in charts together with tangent maps, and then we
write the problem in terms of retractions. We define the Lagrangian function:
L':YxTV* - TY*
L/(y, )\) = TyJ =+ )‘c(Oy)TyCa

where, however, L’ need not be the derivative of any real function, because the cotangent-vector
field A need not have a potential, as we saw in section 4.4. By A¢(o,) € Tc(o,)V", we denote A at
C(0y).
First order optimality conditions can then be written as:

0="T,J + X T,CinT,Y

ye T A0 Y v (4.33)

v=C(0y)

for some Ac(o,) € Tc(o,) V™
Here, we denote by U the control space. For u € U, we add a force-field B(y)u € TY™, and write
the optimal control problem:

min ,u) st 0=T,J + A T,C — B(y)u
(y,u)EYXUf(y ) y o) Ty (y) (434

v=C(y).
Where
Y xU—R
could be, for instance, a tracking type functional. We see that:
TJ:Y - TY*
y—T,J
ANV TV
V= Ay
TC:Y xTV* - TY*
(4:2) = Ao TyC
B:YxU—=TY"
(y,u) — B(y)u.
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Which implies that
TyJ -+ )\C(Oy)TyC — B(y)u eTYy* (4.35)

and we define

c:YxVxU—=TY*

(4.36)
(Y, A u) = (TyJ + Ag(o,)TyC — B(y)u).

We now write the optimal control problem as a constrained optimization problem on a vector bundle.
Let us consider the zero-section over the cotangent bundle space

py« :TY" =Y
namely:
so:Y - TY*" (4.37)

with (py~osp) = idy and local representation sy(y) = (y,0). Consider the submanifold Sy = s¢(Y),
and the problem

min ,u) st oc(y, A, u) €S
(y}u)ewa(y ) (5, A u) € So (3%)
Cly) =v.

with ¢: Y XV x U — TY™ transversal over Sy. We now write the problem in terms of retractions.
Let us denote Z =Y x V x U, and consider the retraction R? : TZ — Z, where, for z € Z such
that z = (y,v,u) and dz € TZ with 6z = (8y, 6v,du), R? is defined by:

RY(02) = (Ry (8y), Ry (6v), R, (du)) (4.39)

for given retractions RY : TY — Y, RV : TV — V and RV : TU — U. We consider the tangent
bundle py : TY — Y, endowed with a connection 7y, and a corresponding tangent bundle
retraction

RIY Ty oo(TY) = TY

Yo,€0

given by:

RIY. (&,,my) = (RY (&), A(RY (&) (eo + 1)) = (y.¢€) (4.40)

From this, we construct a new retraction on the co-tangent bundle py- : TY* — Y induced by the
adjoint, as described in (3.61). Using the expression (3.61), and given that A(y) € L(Ty,Y,T,Y),
we define the retraction

RIY Ty oo(TY*) = TY™

Y0,€0

by

R (6o7y) = (R (&), (Ay) ™) (B0 +73y) = (. 6). (4.41)
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Using (3.64), the corresponding inverse
(RIY2) T i TY™* = Ty (TY™)
is given by:
(Ryozo) ' (w:8) = ((Ry,) ' (y), Ay) e — &) . (4.42)
Given that ¢: Y x V x U — TY*, the pullback of ¢ by RZ and RTY" is given by:
(RTY" Y locoR? :=c = (cp,cp)

where, according to (4.39) and (4.42), we have that:

cg=(RY) locoR? and cp=A*ocoR?. (4.43)
In order to obtain cp, from (4.36), we first perform the pullback ¢ o R, obtaining:

co RZ = J'(§,) + Mg, C'(&,) — B(G, )6

withJ =JoRY, C=(RV)l1oCoRY — (RY)'wand ¢ € TY and &, € TU. Finally, if we denote
by (-,-), the dual pairing between TY and 7Y™, then we have that, for any given 6§, € TY, the
term (cp,6&,) = (A* o co RZ 6¢,), is given by:

(e, 08y) = (A(y)" (I'(&y) + Ao, C'(&y) — B(&y)&u) , 08y) (4.44)
= (J'(&) + Ace, C'(&) — B(§y)u, Ay) 08y ) - (4.45)

meaning that the problem (4.38) can be formulated as:

min f(&,,&,) st. 0= {cp,d for all 0&, € TY
(€4,60)ETY XTU (§y § ) < F §y> fy (4.46)

0= C(fy)-






Chapter 5

An SQP-Method on Manifolds

In this chapter we show the construction of an algorithm for equality constrained optimization on
manifolds, the content of this section can be found in [OS19]. In the problem setting, as in (4.1),
we consider the Hilbert manifolds X, Y and the problem:

min f(z) s.t. c(z) = Y. (5.1)
reX
Here, f : X — R is a twice differentiable functional with suitable smoothness properties. The
twice differentiable operator ¢ : X — Y maps from the manifold X to the manifold Y, and is a
submersion.
In this work, particular focus is put on ways to exploit problem structure, and on invariance prop-
erties of the algorithm, extending the ideas of affine invariant Newton methods [Deull]. Our point
of departure is an affine covariant composite step method [LSW17] which was used to solve optimal
control problems, involving finite strain elasticity [LSW14]. Composite steps are a very popular
class of optimization methods for equality constrained problems, as can be seen in [CGT00] and the
references therein. In the linear setting, the algorithmic idea is to partition the optimization step dz
into a normal step dn, that improves feasibility, and a tangential step ¢, that improves optimality:

dxr =0n+ ot : 5t € ker (), on € (ker(z))*

Close to a solution, dn and dt add up to a Lagrange-Newton step, and fast local convergence
is obtained. Far away, the two substeps are suitably scaled to achieve global convergence. The
method in [LSW17] is such a composite step method. Its main feature is the invariance under affine
transformations of the codomain space of ¢, known as affine covariance. The invariance properties
are also important for algorithms on manifolds, since they render them in a natural way, at least
approximately, invariant under the choice of local coordinates.

We generalize the composite step method to manifolds in the following way. At a current iterate
x1, we pullback both the objective f and the constraint mapping c to linear spaces through suitable
retraction mappings, obtaining maps f and ¢ with linear spaces T, M and T, N as domain and
codomain, namely:

f: 7T, X —R c: Tp X — Top)Y

95
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this is followed by the computation of the normal én € ker ¢/t and tangential 6t € kerc’ steps,
corrections that belong to linear spaces. A third correction s € ker ¢+ is computed and will serve
as a way to avoid the Marathos effect. Once all corrections are computed, we update by using a
retraction on the manifold X via:

x4 = RX(6t + on + Js).

We study the influence of the retractions on the convergence of the algorithm. While the case of
second order retractions is relatively straightforward to analyze, the analysis of first order retractions
is more subtle, but still yields, after some algorithmic adjustments, local superlinear convergence of
our algorithm.

5.1 An Affine Invariant Composite Step Method

In [LSW17] a composite step method for the solution of equality constrained optimization with
partial differential equations has been proposed. We will briefly recapitulate its most important
features. For details we refer to [LSW17]. There, in the problem setting, a Hilbert space (X, (-,-))
together with a reflexive Banach space P are considered in order to solve the following optimization
problem

I;éi)l} f(z) st c(x) =0. (5.2)

The functional f: X — R is twice continuously Fréchet differentiable and the nonlinear operator
c: X — P* maps into the dual space of P so it can model a differential equation in weak form:

c(x)=0in P* <= c¢(xr)v=0forallve P. (5.3)
The Lagrangian function L is given by

L(x,p) := f(x) + pc(z) (5.4)

where the element p is the Lagrange multiplier at . By pc(x) we denote the dual pairing P x P* — R
with pc(z) € R. First and second derivatives of the Lagrangian function are:

L'(z,p) = f'(x) + pc (x) (5.5)

and
L"(z,p) = f"(z) + pc’(2). (5.6)
In the composite step method, feasibility and optimality are carried out by splitting the full
Lagrange-Newton step dx into a normal step én and a tangential step dt. The normal step dn
is a minimal norm Gauss-Newton step for the solution of the underdetermined problem c¢(z) = 0,

and dt aims to minimize f on the current nullspace of the linearized constraints. For this, a cubic
regularization method is employed. The following local problems are solved

min f(a) + f(2)dx + L1 ()0, 60) + L2
s.t. ve(z) + c(z)dx =0,

e 5] < @4
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where v € (0, 1] is an adaptively computed damping factor, [w.] and [w¢] are algorithmic parameters,
and Og;p, is a user provided desired contraction factor. The parameters [w.| and [w] are used for
globalization of this optimization algorithm. They are used to quantify the mismatch between the
quadratic model to be minimized and the nonlinear problem to be solved.

5.1.1 Computation of Composite Steps

Here, we show how to compute the normal step An, the Lagrange multiplier p, and the tangential
step At, for the equality constrained problem in the linear setting. All these quantities are computed
as solutions of certain saddle point problems. As a review, we present the way these quantities are
computed, which also serves as a motivation for the manifold case, for more details see [LSW17].
In this section we suppose that f : X — R is twice continuously differentiable, X is a Hilbert
space, c¢(x) : X — P* is a bounded, surjective twice differentiable mapping, and P is a reflexive
space.

Normal Step. It is well known that the minimal norm problem

1 /
mig o (v,v) st d(x)v+g=0, (5.7)

is equivalent to the linear system

(ot 5 ) ()= ()= (5.8)

for some g € P*. Then, as shown in [LSW17], v € ker ¢/(x)*. If the solution of the latter system is
denoted as v = —c/(x) g, then we define the full normal step via

An = —d(z) " c(x).

For globalization, a damping factor v €]0, 1] is applied, setting dn := vAn.

Lagrangian Multiplier. At a point z € X we first compute a Lagrange multiplier p, as the

solution to the system:
< c’]gc) cl(ﬁf)* ) ( pvx > + < f/(()x) > = 0. (5.9)

It has been shown in [LSW17] that p, is given uniquely, if ¢/(z) is surjective, and p, satisfies

f(2)w + pud (z)v =0 Yo € kerd (z)t.

This p, will be called the Lagrange multiplier of the problem (5.2) at x.
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Tangential Step. With the help of p, we define the quadratic model
1
q(6x) :== f(x) + f'(z)dx + §L”(x,px)(5x, dx) (5.10)

on ker ¢/(x). We solve the following quadratic problem in order to find the tangential step 6t

Hiltn q(dn+ At) s. t.  d(z)At=0. (5.11)
which is equivalent to
1
n&n (L' (2, pz) + L" (z,pg)dn) At + §L"(x,px)(At, At) st d(z)At =0, (5.12)

with corresponding first order optimality conditions

( L/;(/m;}),x) i ) ( Aqt ) . < L@ pe) + L'z, po)on ) 0. (5.13)

as long as L"” is positive definite on ker ¢/(z), which assures the existence of an exact minimizer. For
the purpose of globalization, a cubic term is added to ¢, ensuring also existence of a minimizer, if
positive definiteness fails. More details can be found in [LSW17].

Simplified Normal Step. For purpose of globalization and to avoid the Maratos effect, we
compute a simplified normal step, which also plays the role of a second order correction.
The simplified Newton step is defined as

§s = —c(x)" (c(x + 0x) — c(x) — d (x)dx), (5.14)

which amount in solving a system of type (5.8). It can be seen from (5.8) that ds € ker ¢/(x)*, and
thus (f'(x) + pec(z))ds = 0. It has been shown in [LSW17] that f(x + dz + 0s) — q(0z) = o(||6x||?)
is asymptotically more accurate than f(z + éx) — q(dz) = O(||dz]|?). We will extend this result to
the case of manifolds.

Update of iterates. If dx satisfies some acceptance criteria (cf. [LSW17]), the next iterate is
computed as:
Ty =x+ dx + ds.

Of course, computation is only possible, because X is a linear space. To generalize our algorithm
to manifolds, we have to replace this update by something different.
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x + ker d(x)

Figure 5.1: Sketch of a composite step

5.2 Composite Step Method on Manifolds

We generalize the composite step method from the setting of linear spaces, to the one in which the
involved spaces are manifolds. Now, as in (4.1), we consider the problem

min f(z) st c(z) = ys. (5.15)
where the twice differentiable functional f : X — R is defined over the manifold X and the twice
differentiable submersion ¢ : X — Y maps from the manifold X to the manifold Y. Further,
Ys € Y is the required point.
Classical SQP-methods on vector spaces introduce local quadratic models for f and ¢ at a given
iterate . In addition, an SQP-method on a manifold has to provide local linear models for the
nonlinear manifolds X and Y at xz. From a differential geometric point of view, the tangent spaces
T,X and T,Y can be used for this purpose. Now, local linear models for f and ¢ can be defined as
T.f : T:X - Rand Tyc: T, X — Ty,)Y. However, quadratic approximations cannot be defined
canonically. In differential geometry there are several ways to introduce additional structure to
solve this problem. One well known example among these structures is a Riemannian metric, which
allows the definition of geodesics and of the exponential map:

exp, : I X - X

that locally maps each tangent vector v € T, X to a geodesic, starting in x in direction v. Now
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pullbacks of f and ¢ can be computed, and their corresponding first and second derivatives can be
used to define quadratic models of f and c on T, X and T)Y.

In this way, a quadratic optimization problem with linear constraints can be defined on 7, X and
corresponding corrections dn, ot and p, can be computed in a similar way as in Section 5.1.1 and
also a trial step dz. By the exponential map a new iterate can be found via x4 = exp,(dx).

These considerations lay the ground for the following section. First, we describe how to derive local
quadratic models with the help of retractions and how to compute the substeps én and 6t on T, M.
Then, with the introduced notion of consistency of a pair of retractions, we discuss the consequences
for SQP-algorithms. In particular, we will derive a quadratic model that is useful for a first order
pair of retractions.

Remark 5.2.1. From a practical point of view, optimization algorithms on manifolds need not
necessarily be based on the notion of tangent spaces and retractions. It is sufficient to define a local
chart at each iterate, compute a local update in the chart with the help of a suitable quadratic model,
and then perform the update by applying the local chart to the update.

Next, we will extend our SQP-algorithm to the case of manifolds, using retractions. For a given
iterate x € X with y = ¢(z) € Y we have to perform two tasks:

1. Construct a linear-quadratic model of f and ¢ on T, X and T,Y. This will be done, using
C?-retractions Rff’l and Ril, as for example the exponential maps. These retractions need
not be implemented, but serve are a way to derive linear and quadratic terms that make up
the model. With the help of this model, a trial direction dx can be computed just as in the

vector Space case.

2. Given dx, compute an update that generalizes  + dx. This will be done, using a retraction
R, on X and a retraction R};j onY. Only Ry, and (R;f 5) ! have to be implemented.

The assumptions 4.2.1 will be taken.

5.2.1 Computation of the Steps

The computation of the normal and tangential corrections, as well as the Lagrange multiplier, are
done similarly as in the linear case. First, the mappings are pullbacked to linear spaces through the
local retractions and there, we compute the quantities as solution of certain saddle point problems.
We perform the pullbacks of the problem (5.15) as done in (4.2), through a pair of retractions
(RX, R}; ).

Normal Step. We note that the minimal norm problem

.1 /
Join, §<w, w) s.t. ¢ (0z)w + g =0, (5.16)

is equivalent to finding w € kerc’(0,)* such that ¢/(0,)w + g = 0 and we write in short w =
—c/(0;) " g.
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Let My : T, X — (T, X)* given via (Mgv)w = (v,w) and thus symmetric and elliptic. Then the

system:
( c%i) e > ( 1;) ) t ( 2 > =0 (5.17)

corresponds to the KKT-conditions for (5.16), and thus the solutions of (5.17) and (5.16) coincide.
Now, we can define the full normal step as follows:

An = —c'(0,) (c(0;) — y,). (5.18)

as solution of (5.17) and (5.16) with ¢ = ¢(0;) — y,, where y, = (R?;)_l(y*). For globalization we
will use damped normal steps on := vAn with a damping factor v €0, 1].

Lagrangian Multiplier. The Lagrange multiplier is the element p, that solves

M, c(0,)* w £(0,)
/ + =0
c(0,) 0 Pz 0
and the latter, implies that p, satisfies
£(0,)v + poc/(0,)v =0 Vo € kerc'(0,)F. (5.19)
Note that p, is a linear function:
Pz - Tc(OI)Y — R

ie., pr € Te,) Y™ It can be easily observed that p, is independent of the choice of first order
retraction, as long as M, does not change.

Tangential Step. Up to now, the computed quantities do not depend on the choice of retraction.
However, the tangent step will. After computing An a damping factor v, such that én = vAn, and
an adjoint state p,, we compute the tangential step §t € kerc’(0,). Using (4.16) and (4.17), we

define the quadratic model through a pair of retractions (Rf’l, R;l) as:

1
q1(07) := £(0;) + £(0,)d + SLY (0, ps) (0, b2),
if 0z := on + At with At € kerc/(0) and én € kerc¢/(0)* then
1
q; (6x) = £(0,) + £(0,) (At + 6n) + QL’{(OI,pI)(At + dn, At + dn)

For given dn = vAn the tangential step 0t is found by solving approximately the problem

Hiitn q;(6n + At) st ¢ (0,)At =0,
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which, after adding the term p,c’(0,)At = 0 and omitting terms that are independent of dt is
equivalent to:

1
Hiltn (L'(04, pz) + LY (04, pz)dn) At + iLﬁl(Ox,px)(At, At)

s.t. c'(0,)At = 0.

By assumption, since the pair (R{( ,R%/) is a sufficiently smooth pair of retractions, this yields
a quadratic problem that can be solved by standard means. Of course, in the presence of non-
convexity an exact solution does not always exist, but there are various algorithmic ways (e.g.,
truncated cg) to compute an appropriate surrogate.

Close to a solution satisfying the second order conditions (L positive definite on ker c’) then the
solution to the previous problem exists, and the first order optimality conditions are

< L'{c(/%;z)ax) d(gﬁ* ) ( Aqt ) ) < /(0. p2) +0L’1'(0x,px>5” > 0. (5.20)

Again, for purpose of globalization we may compute a different tangent step 0t (using, for example

a line-search, a trust-regions, or cubic regularization), and set dz = on + Jt.

Simplified Normal Step. In the same way as above, a simplified normal step can be computed
via

bs = —c(05)” (c2(0z) — c(0;) — ¢/ (05)0z) , (5.21)

which is used for our globalization mechanism and as a second order correction. For the computation
of ds, we have to evaluate cy(dz). This is possible, because sz and (R;Q)_1 are implemented.
Since this is not the case for Rg)f,l and (R?;l)_l it would not be possible to evaluate ¢ (dx).

Updates of Iterates. As already noted before, new iterates are computed using Rff’Q, namely:
Ty o= R§2(5ﬂs +Js).
Thus, for the new objective function value, we obtain:

flag) = f(RYy(6x + 05)) = fa(6x + 05).

5.2.2 Consistency of Quadratic Models

To study invariance, we consider the case that our local model, depending on f, ¢, and its first
and second derivatives, is computed with respect to the retractions R{( and R}/, while the actual
evaluation of f and c are performed with respect to the retractions Ry and R . We assume only
first order consistency of the first order retractions (R, Ry ) and (R}, RY).

Lemma 5.2.1. For a given perturbation éx € T, X, let §s € kerc/(0;)* be the simplified normal
step given by the minimal norm solution of the equation:

—c(04)0s = ea(0z) — ¢(0,) — ¢'(0,)dx. (5.22)
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Then the following identity holds:

fo(dz +ds) — ¢ (0x) = m2(dz) + s2(dz) + % (L/(Ox,px)‘bl)’(@xﬁx) — pa®5-(c/(0,)dn, c’(Om)én)) .

(5.23)
where
r(0x) := La(dz, p) — L(0y, p) — L' (04, pr)dz — ; (04, pz) (6, 02)
$2(6x) == fo(dz + 65) — fo(6z) — f(0,)ds.
in addition, we have:
1
ds = / c(0,)” (cy(oéx) — (0,))dz do. (5.24)
0

Proof. Using the fundamental theorem of calculus, from (5.22) we get (5.24). In order to proof
(5.23), we start with

r2(02) + @, (62) = Lo(02, pa) — L(0s, pa) — L/ (0, )0 — ;L (02, pa) (0, 6)
F£(0,) + £(0,)6z + %L”( Op. p2) (63, 02)
= 6(52) + pelea(or) — e(0) — (020001 + & (400 p) — T4(00, ) (6,50)

— £(02) — pac (0,)05 — % (L (0, po) % (82, 82) — padl (¢! (0,)6, ' (05)5)) .

where the identity (4.20) has been used. Given that f(0,)ds = —p,c’(0,)ds and adding and sub-
tracting fo(dx + ds), we obtain

ro(6x) + q(6x) = f2(0z + 05) — fo(6x + ds) + f2(dx) + £(0,)ds

_ % (L/(Ox,px)q)/)/((5$, 5 — px%q)/{/(cl(()x)éx, c/(Ox)5x> .

Using finally ¢/(0,)dxz = ¢/(0,)dn we obtain (5.23). O

We observe that the difference of f5 to q; is now second order, and not, as desired, of third order.
There are two terms involved:

e The first term L'(0,,p;)®% (6z,0x) is due to the lack of second order consistency of ®x.
We observe, however, that L'(0,, p,)®% (dz,dz) vanishes at a KKT point and is small in a
neighborhood thereof.

e The second term p,®} (c'(0;)dz,c’(0;)dx) only affects normal directions, but it does not
vanish at a KKT point. So it may affect the acceptance criteria of a globalization scheme and
slow down local convergence.



104 CHAPTER 5. AN SQP-METHOD ON MANIFOLDS

5.2.3 A Second Order Quadratic Model for First Order Retractions

In the following, we consider again first order consistent pairs of first order retractions. Taking into
account that ®y does not influence the computation of the steps, but may have negative effects
on the globalization scheme, we look for an alternative to the quadratic model q; with better
consistency properties. Here we have to keep in mind that L(0,,p,) is not available.

If (RY, RY) is second order consistent, then we use q; as a model. However, the case when (RY, RY)
is only first order consistent, we propose to give the following surrogate model:

a(on)(0t) := L(0n, pz) — (1 = v)pzc(0a) + (F/(02) + L7 (0z, p)dn)ot + %L”( x> P)(0t, 0t)

= f5(6n) + pz(c2(dn) — (1 — v)c(0)) + (£/(0,) + LY (04, p)dn)dt + §L”( «, p) (0t 8t).
(5.25)

With this, we will show below:
_ 1
f2(dz + ds) — q(dn)(6t) = §L’(0w,pw)(<l>’)’((5a;, 5x) — ®%(0n,6n)) + o(||6x?).
Close to a KKT-point, the remaining second order term is small. It turns out that such a model is
sufficient to show local superlinear convergence. The evaluation of q(dn)(dt) requires the evaluation

of La(dn, p,) which has to be done once per outer iteration. If v < 1, which is the case far away
from a feasible point, q; is used as a model.

Lemma 5.2.2. For the surrogate model q, we have that:
1
a(0,,06n)(0t) — q,(dz) = ra(dn) + 5 (L' (0g, p2) @ (61, 6n) — pa®Y-( (05)0n, ¢ (05)0n)) . (5.26)
In particular, for fixed on:

argmin q(én)(dt) = argmin qi(dn + ot).
dteker ¢/ (0g) dteker ¢/ (0z)

Proof. By definition of q;(v) we obtain, using the fact that vp,c(0;) = —p,c’(0;)on = £(0,)dn
1
1 1
= L2(5n,px) - f(()x) - prc(ox) + f(Om) + f,(ox)(sw + iLlll(Omapm)&Cz - §L/1,(O:Jc>p:r)6n2
1

= Lo(6n,pz) + (v — 1)p.c(0,) + £(0,)6t + §L"( 2 Dz) (0 + On, 0t) = q(dn)(dt).

Taking into account
1 1
Lo(6n,pz) — L(0z, pz) = r2(dn) + L' (04, pe)on + iL/Q/(OgC,pm)én2 =r9(0n) + §L’2/(Ox,px)(5n2

and (4.20) we obtain (5.26). O
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Lemma 5.2.3. For the surrogate model q, we have the identity
1
fo(dz + ds) — q(dn)(6t) =re(dzx) — ro(on) + s2(dz) + iLl(Ox,pI)(q)/)/( (6z,0z) — ®'% (6n, dn)).
(5.27)
Proof. By Lemma 5.2.1 and Lemma 5.2.2 we compute
f2(0x 4 ds) — q(on)(6t) = (f2(0x + ds) — qu(dx)) — (q(on)(6t) — qu(dz))
= r9(0z) + s2(6x) + = (L (04, po) @'x (6, 02) — pa®Y-(c'(0)0n, ¢'(0)dn))
—ry(6n) — = (L'(0g, p2) @’ (61, 6n) — pp®Y-(c'(05)0n, ¢'(05)dn))
— 12(67) + $2(0%) — T2(60) + %L’(ogﬁ, pa) (®% (5, 6) — ' (n, 5n)) .

The crucial observation is that p,®Y (c'(0;)0n, c’'(0;)dn) cancels out. O

To quantify the remainder terms, we have to use quantitative assumptions on the nonlinearity of
the problem and the retractions.

Proposition 5.2.1. Assume that there are constants we,, wy, and wg, such that

1€/(02) ™ (e5(v) = €' (02))wl < wey vl [Juwll, (5.28)
|(L5(v, pa) = L5(02,p2)) (v, w)] < wiy[v]*]|w]], (5.29)
|(£5(v) = £(02))wl| < wy[lv]l[lw] (5.30)

i.e., Lipschitz conditions holds for the pullback mappings with retraction Ry and RY , where v and
w are arbitrary. Then for arbitrary éx and simplified normal step ds as defined in (5.22) we have
the estimates:

W
6s]) < 22 6]

- w We We We 1
(0 4+ 03) — (05 m)(0)] < (22 4 B 0 2 ) P LB O (@ (00) - ()

Proof. By Assumption 4.2.1 all stated derivatives exist. In particular L} (v, p,)(v,w) exists as a
directional derivative of L) (v, p,)w in direction v, since Ra is a C%-retraction. This is all we need
in the following.

From (5.24), setting v = odx, we have that

1
1 c
55l < | C1(02)" (h(odin) — (0] do < 52 3]
o O
by Lemma 5.2.3 we get

[f2(0x + d5) — Q(0n)(8t)| <[ra(dz)| + [r2(6n)| + |s2(dz)| + %\L’(Om,pm)(‘?’;%(&dz — % (6n)%)].
(5.31)
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Assuming the affine covariant Lipschitz conditions, we get that

1l 11
1
mI< [ [ S Wroemn) = L0 rov rov] drds <wnaloll [ [ ot drdo = <2 ul?
v is arbitrary, then the latter hold for v = dz and v = on

[r2(d2)] + |ra2(dn)| <

wL, WL, WL
“L s+ L o < 22 o
and for sy we obtain
1 1
|s2(dz)| < / |(£5(6z + 0ds) — £(0,)ds)|do < we [|ds]| / |0 + ods| do
0
1 Wy We We
< wp|0s]| { 0[] + Zl0s]] F oz ]* (llow]| + = (|6
2

Adding all estimates up, we obtain the desired estimate. O

5.3 Globalization Scheme

In [LSW17, Section 4] a globalization scheme has been proposed for an affine covariant composite
step method. In the following we will recapitulate its main features and adjust it to the case
of manifolds, where necessary. Since our aim is to study local convergence of our algorithm, we
concentrate on the aspects of our scheme that are relevant for local convergence.

Each step of the globalization scheme at a current iterate x will be performed on 7, X and T,Y,
using RX and RY as retractions to pull f and ¢ back to T, X and T, Y, as sketched in the previous
section. Then the globahzatlon scheme from [LSW17] can be used.

For given algorithmic parameters |[we] and [we] and given damping-parameters v, we compute the
new trial correction dx as follows after An, p,, At, v have been computed.

' ' B [CZINpIE:
T:§$:11}1A111’1+7'Atf(0$) + f (CU)(SJZ‘ + 2L1($,p)(5$, 53:) + 6 ”&’L’H

s.t. ve(x) + ¢/ (x)dx =0, (5.32)
[we]
2

aim

With the restriction dx = vAn + 7At. This problem is actually a scalar problem in 7, which is
simple to solve. More sophisticated strategies to compute dt directly as an approximate minimizer
of the cubic model are conceivable and have been described in the literature.

As elaborated in [LSW17], we use the algorithmic parameter [we] to capture the nonlinearity of c,
while [wg] models the nonlinearity of f. Initial estimates have to be provided.

After computation of An, we compute a maximal damping factor v €]0,1] and dn := vAn, such
that

[we]

7 || on || < Pellbow @aim .
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Algorithm 2 Outer and inner loop (inner loop simplified)

Require: initial iterate z, [we|, [we]
repeat// NLP loop
choose retractions Rf’Q, R;Q at z and y
compute quadratic models of f and ¢, based on Ril and R;l
repeat// step computation loop
compute An, p,
compute maximal v €]0, 1], such that @HVAnH < Pellbow Oaim
compute At via (5.20)
compute trial correction oz, via (5.32)
compute simplified correction ds, via (5.22)
evaluate acceptance tests (5.33) and (5.35)
compute new Lipschitz constants [we], [we], using s, f5(dz + ds), and q;1(dx) or q(dn)(dt)
until trial correction dx accepted
x Rff,z(é:r +4s)
until converged

Here O,in €]0, 1] is a desired Newton contraction for the underdetermined problem ca(z) = 0 and
Pellbow €]0, 1] provides some elbow space in view of the last line of (5.32), which can be seen as a
trust-region constraint, governed by the nonlinearity of c.

Then, At is computed via (5.20). If LY is not positive definite on ker ¢’(0,), then a suitable modified
solution (e.g., form truncated cg) is used. Then

0x := on + TAL

is computed via minimizing (5.32) over 7, and the simplified normal step ds is computed via (5.22).
At this point updates for [we] and |wg] can be computed. Just as in [LSW17] we define

2155
we| =
el = szl

as an affine covariant quantity that measures the nonlinearity of ¢. Concerning [wg]|, the use of
retractions requires a modification, compared to [LSW17]. We first define

(6z) == qi(dx) (R%/,R%/) is second order consistent
aron)== q(on)(6t) :  otherwise

and then set: 6
we|™™ = ——(f5(0x + ds) — q(dx)).

This (potentially negative) estimate has to be augmented by some save-guard bounds of the form

new

[we]™™ = min{py [we] ', max{polwe] 9, [we] >V} }

with 0 < pg < 1 < p1.
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For acceptance of iterates, we perform a contraction test and a decrease test. The contraction test
requires, just as in [LSW17],

15|
< BOacc 5.33
5zl (5.33)

for acceptance, with some parameter Occ €]Oges, 1[. For the decrease test we define

i (0) = ao) + S o]

and require some ratio of actual decrease and predicted decrease condition. We choose 1 €]0, 1[ and

define:
_ B(0x +ds) — my,,(dn)

M) (67) —my (On) |

(5.34)

Then we require
n=n (5.35)

for acceptance of the step. As a further modification to [LSW17] we increase [wg] at least by a fixed
factor pa €]1, p1] with respect to [we]°9, if the decrease condition (5.34) fails. Moreover, [we] will
not be increased, if n > 7, where 7 € [, 1] is usually chosen close to 1.

5.4 Local Convergence Analysis

In this section, the transition of the method to fast local convergence is discussed. Throughout, we
impose the following assumptions:

Assumption 5.4.1. Let z. € X be a local minimizer of f on c(x) =y and U C X a neighborhood
of xx. For x € U denote x, := (Rff,z)*lx*.

o c/(0;) is surjective and LY (04, ps) is elliptic on kerc'(0,) with uniform constant o > 0 and
bounded with uniform constant I’ on x € U.

e Flirst order retractions Ri{i and R}:/(:c)i exist for each x € U and i = 1,2, and there are

constants ¢, ¢ > 0, such that for all x,z € U:
l(RE )75~ 0, < [(BX) % — (BX) ol < 2(RE )5~ 0] (530)
This is a local norm-equivalence condition on the charts.
o The assumptions of Proposition 5.2.1 hold with uniform bounds on the constants Weg s WLy WEY -
o There is a uniform bound v, such that
L' (02, pa ) D'k 2 (02) (v, w)| < s = O[]0l ][] (5.37)

This can be seen as a Lipschitz condition on L', combined with a reqularity assumption on
Dy.
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e There is wy independent of x, such that with X, := (R§2)_1m*:

£ (.)€ (%) ™ (€h () — €5(0a))w] < wi[xs — Og][Ju0]].
This is a variant of (5.28).

In the following we consider a sequence xj, generated by our algorithm. We will show that if zq
is sufficiently close to z,, then z; — x. quadratically. Mathematically, taking into account that
(R;iz)*lm* = 0,, this can be formulated as follows:

ICN > 00 (R o) 'wkgs — Op, || < ONII(Ry, 2) oy — Op, 1% (5.38)
We thus want to observe local quadratic convergence of the iterates, transformed to T, X via R;‘; 2

Lemma 5.4.1. Let x = xp, 0x the step, computed by our algorithm, and x, := (Rg)fz)*lx*. Assume
that ) )
ICN > 0: |0, 4 62 — x| < Cn |0, — x.|°.

Then (5.38) holds for xy, = x and x4 = RgQ(Ox + ox).
Proof. Let xy = R§2(Ow + 0x) describe one step of our algorithm. Computing
(B o) || < I(R2)tary — (Rp) ™ taell = (102 + 62 — x| < Cn[|0; — x> < PCON|I(R, 2) M,
yields
—2
_ ~ C _ _
(R o)~ oy || < CN;H(Rig) tz)|* = CnI(R7. o)~ 'l
[
At a point x € X we denote z = (vy,p), ¥s = (R};(z) ,) 'y« = c2(x,) and the nonlinear mapping
Ly (vz, p) Lj(ve,p)
Folz) = Folv , — 2\Yx> — 2\Yx> ’
2(2) = Fa(vz,p) ( c2(vz) — ¥ C2(vz) — ca(xx)

which results from a pull-back of our original problem via Rfﬂf2 and RZ@),? The full Lagrange-

Newton Steps at an iterate zo = (0, p) reads:
Az = (Ax, Ap) := D,F1(20) 'Fa(z), (5.39)

which means in more detail:

(L6 ) (8) (e ity ) o

As before, D, F1(zp) has been computed via the Rgl and R}f(z) 1

Proposition 5.4.1. Suppose that Assumption 5.4.1 holds close to x.. Then the full-step variant
of our method converges locally quadratically to x.
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Proof. We apply one Newton step Az in T, X at zg = (0, p,) to the following problem:

_ . L (vz; D) _
Fo(2) =0 & (CQ(%?) B CQ(X*)> =0,

which results from a pullback of our original problem to 7T, X via Rffz and R?;Q. We obtain with
zy = 20+ Az and z, = (X, Ps):

2y — 2 =20 — 22 + Az = D,F] 1 (20)(D.F(20) (20 — 2«) — Fa(20))
Since we only use norms for the primal component, and p depends on x directly, our aim is to show:
lz4 — x| < €0, — %%,
Writing the primal component 2, — x, = ny +t4 with ¢/(0,)t1 = 0 and ny L ker¢/(0,) we obtain:
e = ¢/ (02) 7 (¢'(02) (0 — %) — (c(0z) — €2(x.))).

Application of (5.28) yields via the fundamental theorem of calculus:

Wey

2

Wey

0, = x. = 222 x|

Inl < %

The tangential component ¢t is a minimizer of the problem:

, 1
vekgrlg’l(o ) iLlll(Om,pz)(Ua v) + (L (02, p2) (0 — xx) — L'(04, ps) + LY (0z, po )y Jv

Due to the assumed uniform ellipticity of LY (0,,p,) it is sufficient to obtain an estimate for the
linear part of this functional of the form:

(LY (02, 92) (02 = %) = L' (0, ) + L7 (0, pr)ng Jv < el (5.40)
First, we observe that

w
LY 0z, pa) (4, 0) < Tllnlfloll < T=2 e * o]

Next, we telescope, subtracting L (x., ps) = 0,

(Llll(oa:vpa:)(oa: — X)) — L/(Oxapx))v = (Llll(ompx) - Lg(oxvpx))(ow — Xy, V)
+ (L/2/<0z7pz)(0z — Xs) — (L/(vapw) - Lé(x*,px)))v
+ (Lo (%4, po) — Ly (x4, pi) Jv

into a sum of three terms. The first term is estimated via (4.20) and (5.37), taking into account
that v € kerc/(0,):

|(L,1/(Oxvpx) - Lg(ox’pw))(om - X, V)| = |L/(Omapz) /)/(795(02)(096 — X, v)| < 'YHX*HQH'UH
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The second term is estimated via (5.29), using the fundamental theorem of calculus:

w
(L5 (02, pe) (02 — %) — (L'(0z, pz) — Ly (%4, o)) < ;2 NS
For the third term, we compute, using v € kerc¢’(0,) and ¢'(0,)c’(0,)~ = Id:
(L5 (%, Pa) — Ly (3, pe)Jv = (P — P )’ (02)€’(02) ™ (€5 (%) — €/ (02))v = (P2 — ps )€’ (0z)w-

With w := ¢/(0,) " (ch(x:) — ¢'(0,))v € kerc'(0;)* this yields ||w] < wey|%«|l|[v]]. We continue,
uSing p. = pach(z)ch(.) = —E}(zs)ch(z.) "
(

(P2 — pa)e/(0z)w| = [pu(ch(xs) — €(0z))w — (pach(xs) — pac(05))w]
= | = f5(3:)ch ()~ (e (%) — €'(02))w + (£3(x4) — £(0z))w]
< willxlllwll + we, lxslflwll < cllx.?[lv]]-

Adding all estimates yields (5.46), as desired. O

Close to an SSC point, we show that the computed, normal and tangential steps, approach to
the full Lagrange-Newton steps asymptotically, and from the latter, they inherit local superlinear
convergence. On one hand we have that ¢t = 7At, where 7 € (0, 1] is a damping factor, computed
via minimizing

iy (32) = £(02) + 1000 + L1 0z, p2) (6, 02) + 20 (5.41)

in the affine subspace on + span{At}. We have the relation between the optimization step and the
full Lagrange-Newton step Ax:

dx =0n+ 0t =vAn+ 1AL, Ax = An+ At.

Theorem 5.4.1. Assume that xj, converges to the SSC point x, and assume that the Lipschitz con-
ditions as in Proposition 5.2.1 hold in a neighborhood of x.. Then we have superlinear convergence.

Proof. We show that the damping factors v and 71 tend to 1 as + — z,. By boundedness of the
algorithmic parameter [we] the normal damping factor v becomes vy, = 1 eventually, for details see
[LSW17].

Concerning 7, using the minimizing property of dxj along the direction Aty and by inserting this
into the first order optimality conditions for (5.41), we get that:

0= m/[wf] (5l'k)Atk

w
= (f,(ol”k) + Llll(oxk’pxk)énk)Atk + Llll(oxkapmk)(étka Atk) + [2f]||5$k|| <5l‘k, Atk>

w
= (f’(Ozk) + L'{(Oxk,pwk)énk)Atk + T (Lll/(oxk,pxk)(Atk, Atk) + [2d‘5$k“ <Atk, Atk> )
The equation

0 = mg(dzp) Aty = (f(0x,) + LY (0sy,, Day, )0nk) Aty + LY (Osy, Dy, ) (St3, Aty)
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holds for the full tangential step Atj, which minimizes the cubic model my,; for [wg] = 0. Sub-
tracting these two equations, we obtain

W
L (O, 2y ) (At Atg) = 7 [ L (00,0 ) (A A) + 0 0y | (A4, At3) (5.42)
then

Tk = " [we] (5'43)
L (01, Py ) (At Aty) + By | (Aty, Aty
With that we perform the following estimate, which holds sufficiently close to x,:
5 ¢ 5 [we]
102), = %u|| < Cl|Azy]| < ;kllfsﬂfkll < O\ 1+ 5 N0kl | lozkll < O+ [we]l|ozx|)llozk]],  (5.44)

where « is the ellipticity constant of L.

Next, consider the acceptance test (5.34). Since my,,)(6xx) < my,,(0ng), (5.34) is certainly fulfilled
withn > 1, if f(dzx+Jsk) < my,,)(67g). To establish such an estimate, we compute from Proposition
5.2.1 and (5.44).

f(dx + dsi) — q(0wr) < Cllowg|® + Cyl|0a, — xulllldz]* < CQA + [we |6z |02 *

Since (o]
my, . (6xy) — q(dz) = LH&%

oz
6

we obtain f(6xg + dsy) < myy(dz), if

601 + e ) <

For sufficiently small dx this is true, if

6C

>
W”—1—60m%n

Thus, we conclude that close to a minimizer (5.34) always holds with n > 1 > 7, if [w¢] is above a
certain bound that only depends on the problem and the chosen neighborhood around z,.. Conse-
quently, by our algorithmic mechanism, |[w¢] cannot become unbounded.

Hence, as xj; — ., implies by (5.43) that 7, — 1 taking ellipticity of L close to x, into account.
Thus, we obtain local superlinear convergence of our algorithm. More accurately, by boundedness
of [wg] we obtain, using ||0zg| < ||Azk|| and (5.43):

>~ 4 1-7<C|A
= O A Tk < Cl| Az

and hence
[Azg — dap|| < (1= 7)) | Ayl < CJ| Az

Since ||6sy|| < C||Axi]|? as well, we have
1Az, — (8, + dsp) || < Ol A%,

so quadratic convergence of the full Newton method carries over to our globalized version. O
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5.4.1 An Extended Local Convergence Result

We study local convergence of the problem (4.29) in section 4.5. We recall the problem formulation.
Let be f: X >R and ¢: X — Y, then we solve:

I;él)t(l f(z) st c(x) € Sy

where Sy is a submanifold of the target space Y and c is transversal over Sy. Here, the problem
differs from the one in the previous section in that the desired value of the constraint mapping is
unknown. At a point x € X, we denote z = (vy,p), Y& = (Rz/(x)’z)fly* = c2(x,) and the nonlinear
mapping

mue = = )

which results from a pull-back of our original problem via Rff,Q and Rz/( Since ca(x4) is unknown,

x),2°
the estimate y, is used instead. In particular, we cannot assume Fo(z,) = 0.

The full Lagrange-Newton Steps at an iterate zp = (0, p) reads:
Az = (Az, Ap) := D,F1(20) 'Fa(z), (5.45)

which means in more detail:

( L{(04,p) c/(0,)* ) ( Az > N < L'(0,,p) ) _0
’(0z) Ap c(0z) = ¥z '
As before, D,F1(zp) has been computed via Rf’ ; and Rz/(x) 1» and quantities that do not depend on
the retraction are denoted without index.
Compared to the previous section, we weaken the assumptions in the following way. Earlier, we

have assumed that Fa(z.) = 0, which means that the pull-back of the root gives us a zero of the
pulled-back F. Now, let us assume instead that

1D:F1(20) " Fal2)]| < l|0s — x|

Proposition 5.4.2. Suppose that Assumption 5.4.1 holds close to x.. Then the full-step variant
of our method converges locally quadratically to x.

Proof. We apply one Newton step Az in T, X at zgp = (04, ps) to the following problem:

Fo(x) =0 (C;j)“;_p;) —0,

We obtain with z; = zp + Az and a solution z, = (X, ps):

2y — 2o = 20 — 2 + Az = D,F1(20) (D, F1(20)(20 — 2) — F2(20) — Fa(z:) + Fa(2.))
= g + DZFI(ZO)_lFQ(Z*).
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Since we only use norms for the primal component, and p depends on x directly, our aim is to show:
7+ — x| < Cl102 — x4 ]%.
By our assumption this holds, if we can show
1Az]| < Cf05 — x|

since
24 — x|l < |Az]| + [ D-F1(z0) "' Falz) || < (C + #)[|02 — x.[|*.

Writing the primal component Az = ny + t4 with ¢/(0;)t1 = 0 and n4 L kerc’(0,), we obtain:
ny = ¢'(02)7(c'(0:)(0z — x4) — (e(02) — ea(x4))).

Application of (5.28) yields via the fundamental theorem of calculus:

We,

w
20, — x. 2 = “2 x|

<
Hn+|| > B

The tangential component ¢ is a minimizer of the problem:

1
e 5110z, p2)(0,0) + (L1 (02, p2) (0 = %) = 10z, pz) + L7 (Oz, pr ) )0

Due to the assumed uniform ellipticity of LY (0., p.), it is sufficient to obtain an estimate for the
linear part of this functional of the form:

(LY (02, p2) (0 — x4) = L' (0, i) + L7 (0, pr )y Jv < CHX*HQHUH (5.46)
First, we observe that

w
LY 0z, pa) (04, v) < Tl [[Jo]] < T=72 . o]

Next, we telescope, subtracting L, (x., ps) = 0,

(L7 (02, p2) (02 — x4) — L' (04, p2))v = (LY (02, pz) — L5(0z, p2)) (01 — X, 0)
(L5(0, p2) (02 — x4) = (L (0, i) — Ligp(Xs, i) )0

+
+ (LIQ(X*,]);@) - LIQ(X*,p*))U

into a sum of three terms. The first term is estimated via (4.20) and (5.37), taking into account
that v € kerc¢/(0,):
(L1 (02, p2) = L5(0z,p2)) (0 — %5, 0)| = [/ (0g, ) Dk 1 (02) (0 — %, v) | < ylfcs o]

The second term is estimated via (5.29), using the fundamental theorem of calculus:

WL
[P flv]]-

(L5(0z, p2) (02 = %) = (1 (02, pz) = Lo (X, p2)) )0 < =5
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For the third term, we compute, using v € kerc¢’(0,) and ¢'(0,)c’(0,)~ = Id:
(Lo (%45 P2) — Lo (%, i) )v = (P2 — pi)€'(02)€'(02) ™ (e3(x4) — €(02))v = (pz — ps)c’(0z)w.

With w := ¢/(0,)~ cé(x*) c/(0,))v € kerc/(0,)* this yields ||w|| < we,||x«]|[[v]|. We continue,
using p. = p«Cy(w.)Cy(ws) " = —fa(wa)cy(w) ™
(0z)w

(P2 — P )/ (0z)w] = [pu(ch(xi) = €(0z))w — (paCh(xs) — pac(0z))w]
= | = f5(x:)eh(x4) " (ea (%) — €/(0z))w + (f3(x.) — £'(02))w|
< willxe = Ogllflw]] + wey |xx = Ozllw]] < ellxe = 0 lv]]-

Adding all estimates yields (5.46), as desired. O

5.5 Extension to Vector Bundles

Here, we extend the setting of the SQP-method developed in the previous section to constrained
problems on vector bundles. For this, we recall the problem formulation given in (4.30). Let be
f: X —=>Randc: X — Y, we consider the problem:

min f(z) s.t. c(z) € Sy (5.47)
rzeX
where, py : Y — M is a vector bundle endowed with a connection ky and with typical fiber
F. In addition, the C?-map c is transversal over the submanifold Sy C Y. We also assume that
So = so(M), where sop : M — Y is the zero section, i.e., it satisfies (py o s9) = idys and maps
each point y € M to the zero vector in Y. In order to apply the composite step method for this
formulation, some changes have to be made, in particular, we need to use vector bundle retractions
for the target space Y. As a consequence, the pullbacked constraint map has a different form, thus,
yielding a different structure for the quadratic models needed for the computation of corrections,
we illustrate the corresponding changes.
Consider, for z € X, the first order consistent C2-retractions

R, T,X > X i=1.2 (5.48)
for the manifold X. In addition, consider the pair of C?-vector bundle retractions

R ;:T,Y =Y =12, (5.49)

for the manifold Y, as defined in (3.34). Specifically, we have that
R, T,y =Y
Ry oi(6:1) = (Ry5(€), Ai(Ry5(€)) (e + m)).

Furthermore, the local transformation map for the manifold X, is given by:

(5.50)



116 CHAPTER 5. AN SQP-METHOD ON MANIFOLDS

Also, for the vector bundle py : Y — M, we consider the transition map:

O19: Tm,eY — Tz,eY

5.51
(&m) = (@ar(€), Y(RY'(€)) (e +1) — e) 31

as described in (3.43), with

O (6) = (RY) (R (9))
U(y) = A7 (y) Az (y).

The pull-back of the cost functional via the retraction R, is given by:

£:T,X — R
fi(u) = (f o R;)(u)

for v € T, X. Similarly, we pull-back the constraint operator ¢ : X — Y locally, first through RZX ,
obtaining:
coRy; T, X =Y.

Y
Y,€,0)

Then, to obtain a mapping ¢; : T, X — T,.Y, with ¢(x) = (y,e), we pullback through R
getting:
¢ : I X —1T,.Y
ci(u) == (Ry. ;)" oco Ry;(u).
Thanks to the connection ky at each point on Y, we have a splitting of T, .Y into the product
TyM x F. Therefore, the pullbacked constraint takes the form:

ci:TuX = T,M xF

(5.52)
ci(u) = (¢p,i(u), cri(u))
with
cpi: TuX — T,M
e p (5.53)
CB,i(u) = (Ry,i) oco Ra},z(u)
and
cri: Iy X = F
et B . (5.54)
cri(u) = A" oco Ry y(u).
Observe that a solution point x,. € X, we get ¢(x,) € Sp, which locally means that
cp(0y,) =0y,, for some y, € M (5.55)
cr(0p,.) =0  with 0€F, (5.56)
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where (5.55) implies that co R = R%(Oy*) =y« € M. For this reason, in order to solve (5.47),
we use the composite step method to solve the problem

Inin f(u) st. cp(u)=0. (5.57)

To achieve that, first of all, similarly as done in section 5.2, the Lagrangian function, as well as local
quadratic models have to be defined. First, we consider the Lagrangian function and its derivatives.

Definition 5.5.1. Given the retractions Rfﬂ- and R;&i as in (5.48) and (5.49), the Lagrangian
function at the point x € X is defined as:

Li(u,p) = f;(u) + cri(u)

— fo RX(u) + p(A) o co RY,(u) (5%
with uw € T, X and p € F*.
The corresponding first and second derivatives of the Lagrangian function are:
Li(u, p)v = fi(u)v + pcf; (w)v (5.59)
and
Li (u, p)(v, v) = £ (u) (v, v) + pcr;(u) (v, v). (5.60)

We see that the derivatives depend on the chosen retractions:
Lo(u,p) = fo(u) + pcpa(u)
=1 0 Dx(u) +pU~tlo cp1 o Px(u)
=Lio®x(u) +p(¥! —id)ocry o Px(u)
and applying the chain rule, we get that
Ly (u, p)v = Ly (@, p) @y (w)o + p((¥™)' — i), () @y (u)v (5.61)
for & = ®x(u), and for the second derivative we get:

L3 (u, p)(v,v) =L{ (@, p)(P'x (u)v)® + Ly (@, p) @ (w)v” + p(¥™")" (@) @y (w)v)*+

DY — i) @@ )+ p((U7)  id)e (@)t
therefore, evaluating at u = 0, and using @’y = id, we get that
L5 (02, p)v = L (0g, p)v = p((¥ 1) — id)efy (0, (5.63)
and
L5 (02, p)v* — LY (0z, p)v* =L (02, p) % (02)v” + p(¥ 1) (€f,1(02)v, €1 (0)0) (5.64)

+ p((‘p—l)l - id)(cg“,l(oz)UQ + C%,l(oz)q)l)/((om)&)-

We observe that the term (U~!) is not necessarily the identity map, as it happens with ',
therefore the dependency on the chosen transport is already visible in L’ as we see in (5.63), and
consequently in L”| as seen in (5.64).

Next, similarly as done in (5.2.1), we show the computation of the steps on, 6t and ds. Given the

dependency on the chosen retractions, we compute the corresponding corrections using the pair
(R, RY).
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Normal Step For g € F, consider the minimal norm problem

.1
Jin, o (w,w) s.t. cpy(0)w =g, (5.65)

which, as we know, is equivalent to find w € ker c}zl(Ox)L, such that C’F’I(Ox)w = ¢g. By assumption
¢y, is surjective, therefore the pair (w,p) solves the problem

( C%l,\f(gx) C,F’léom)* > < Z > + ( 2 > =0 (5.66)

where M, : T, X — (T, X)* is symmetric and elliptic. The normal step is defined as the solution to
(5.66), with g = cp1(0,)

An = —cp1(05) (cp1(02)). (5.67)

Lagrange multiplier The lagrange multiplier p, solves the system:

M, C/F1(0x)* w f,(ow) _
< ¢ (0,) 0 oo )T 0 =0 (5.68)
and p, satisfies:
£ (02)v + pzcr1(0g)v =0 Vv € ker ¢ (05)" (5.69)

Tangential Step We define the quadratic model
1
q; (6x) := £(0,) + £(0,)0x + EL'{(Oz,pz)(dm, ox). (5.70)

If 0z := dn + At, with At € kercp, and dn € (C/FJ)J‘, then the tangential step At is found by
solving the problem

Hiitn q;(0n + At) s.t. cpq(0,)At =0, (5.71)
which is equivalent to solve

. / " 1 "
min (Ll(oa:apz) + Ll(Ox,px)(Sn) At + 2L1 0z, po) (AL, At) (5.72)

s.t. €pp(0z)At = 0.

So far, the quantities have been defined in similar way as done in section 5.2.1, the simplified normal
step is however computed in a different fashion.
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Simplified Normal Step in the Context of Vector Bundles Finally, we show the computa-
tion of the simplified normal step ds in the setting of constrained optimization on a vector bundle.
We remind that the simplified normal step Js, is such that:

—c/7(0,)ds = cp(dx) — cp(0;) — cp(0,)d. (5.73)

If we denote (py oc)(z) =y, RX(6x) = 24, poco RX(dz) =y, and (Rij)_l(yg = Jy, we observe,
that the residual term cp(dz) € Yy, , despite the fact that cp(04,) € Yy and ¢/(04,)0x € Y. Then,
in order to make the term (5.73) meaningful, we need to transport cp(dz) back to Y. In this
context, the simplified normal step is computed in the following way:

—Cp(02)0s = Az (y4) 'ep2(07) — cp2(0:) — iy (0)da. (5.74)

Above, similarly as in (5.21), we compute s through cpo, and again, this is possible because R§
and (RY)~! are implemented.

Concerning local convergence of the algorithm, and in order to use the results of section 5.4 in the
current framework, we do the following assumption on the map ¥’.

Assumption 5.5.1. For the rest of this section, we assume that the retractions R;f,evi Ty eY =Y,
i =1,2 as given in (5.50), satisfy:

V(y) = Id. (5.75)
Assuming (5.75), we have that:
(W)LY =1d and (B(y)1)" = —"(y) (5.76)
The latter implies that:
cra(u) = Ayt oco Ry (u) = W ocpy o Bx(u) (5.77)

which, differentiating and evaluating at v = 0, yields:

Cr2(0:) = (W71 €y (02) @'y (0) = ¢y (0,) (5.78)
= ¢/ (0,) (5.79)

therefore in equations (5.63) and (5.64), we have now:

L5(0,,p)v = L) (04, p)v := L/'(0,, p)v (5.80)
and
L5(0z,p)v* — LY (02, p)v* =L/ (04, p) % (02)v* — po V" () (¢ (02)v, € (02)v) (5.81)

just as in (4.19) and (4.20). With these assumptions and the next Lemma, we apply the convergence
results of section 5.4 to the vector bundle case.
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Lemma 5.5.1. For a given perturbation dx € T, X, let §s € kerc/n(0,)L be the simplified normal
step given by the solution of the equation:

—p(0,)05 = As(y4)  epa(0r) — ep(0;) — € (0,)0m. (5.82)
as defined in (5.74), then, the following identity holds:

fo(dx +0s) — q,(0z) = rp2(dz) + spa(dx) + % (L' (03, pa) % (62, 62) — pa 0" (¢'(05)0m, €/(05)dn)) .

(5.83)
where

Lio (07, p2) = f(00) + py Aa(y+) ' er2(d2) (5.84)
rp2(6x) := Lpa(6x,py) — L(0g, pr) — L' (04, py)dz — %L’Q/(Ox,px)(&r, dx) (5.85)
sp2(6x) == fo(dz + 05) — fr(6z) — f(04)ds. (5.86)

We also have that:

1 !/

_fs = /O cp(0,)” ((AQ(R (06y)) tepa(odz)) — (AQ(Ry(Oy))*lcF(Ox))/5x> (5.87)

Proof. We start by proving (5.87). Given that, py o co RX(6x) = y, and 0y = (Ré\g)*l(er), we
have that As(y; )™t (AQ(R L (6y)) ™1, then given that A(y) = Id, and from (5.82), we have that:

—Cp(02)0s = Aa(y4 ) 'epa(dz) — Aa(y) ep(02) — Az(y) ' cp(0,)0x
= As(R) (6y)) erpa(6x) — Aa(R)(0,))  er(0s) — Aa(Ry"(0,)) ' (05)0x

1
:/0 (AQ(Ré\/l(aéy))flcFyg(atsx))/655—AQ(RZ]IV[(Oy)) 1 (0,))dx do

where, we implicitly used that py o c o RX (cdz) = Ré” (cdy), plus the fundamental theorem of
calculus. In consequence, we get that:

b5 = /0 1 (0,)” ( (A2(RM (06y)) "era(ode)) — (A2(RY(0,)  cr(0.)) 590) do.  (5.89)
To proof (5.83), we observe that:
ra(52) + 1 (32) = Lia(02,p2) — L(0s.pe) — L0, p2)oz — SLA(0,,pe) (52, 52)
+E(02) 4 F(02)02 + S0, pe) (0, 62)
= £2(02) + pu[A2(y4) ' er2(0z) — cp(07) — cp(0,)02] + (L"(Ox,px) — L5(02,p2)) (0, 0x)
#(02)dz, ¢ (02)02)) ,

note that the formula (5.81) has been used. Again, just as in Lemma 5.2.1 given that f(0,)ds =
—p2¢(0,)0s and adding and subtracting fa(dz + ds), we obtain (5.83). O

3
= £5(6x) — pcp(0,)0s — % (L' (0g, p2) @ (62, 6) — p, " (<]
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Due to the previous considerations, we introduce the surrogate model qz(dn)(dt) in order to get
better consistency properties. We do it in a similar way as done in section 5.2.3. Taking into account
the modifications for the current framework, we define qr(dn)(dt) as:

& (50)(51) 1= Lo (0m,p2) — (1~ w)pacr(02) + (F(0) + L0z, p)on)5t + ST (0, p) (51,61

= f2(0n) + pa(Aa(y4) " 'er2(dn) — (1 = v)er(0,)) + (F/(0 )+L’1’(0m,p)5n)5t+5L’1’(0m,p)(5t,5t)-
(5.90)

Following the lines of the proof for Lemmas 5.2.2 and 5.2.3, it can be seen that:
- 1
f2(6x + 0s) — qr(dn)(6t) =rp2(dz) — rpa(dn) + spa(dx) + §L’(Ox,px)(<l>/)'( (6z,0z) — ®'%(6n, dn)).

(5.91)

with rps(v) and spa(v) as defined in (5.85) and (5.86). Similarly as in Proposition 5.2.1, we have
the following result.

Proposition 5.5.1. Assume that there are constants we, ., Wey =~ wy, and wyy such that

1€/(02) ™ ((A2(5) " era(v)) = (A2(y) ™ ¢(0a))") wll < we, o llv]l]|wl], (5.92)
(v, p2) = £5(0z,p2)) (v, w)| < wig o] [Jw]], (5.93)

[Pz (A2(7) ™ epa2(v))” = (A2(y) " ep2(02))") (v, w)] < wey [v]?[lw], (5.94)
|(F2(v) = £ (02))wl < wyy[lv]l[w] (5.95)

where py oco RX (v) = RM( ), §:i= RM(f}), and v and w are arbitrary. Then for arbitrary dz and
simplified normal step s as defined in (5.74) we have the estimates:

w
los] < == 13z (5.96)

~ w We We We
£(0 + 85) — & (00, m) ()] < (52 + LB (14225 o) ) o)

1 (5.97)
+ 51T (0, pa) (¥ (027) = @k (6n7) )|
with wr, = wgy + 2wey

Proof. We proceed in a similar way as in the proof of Proposition 5.2.1. By (5.91), we have that:

f2(6z + d5) — @(0n)(dt)| <[rp2(dz)| + [rr2(0n)| + [sFa(dz)| + %‘L/(Oxva)((pl)/((éx)Q — % (6n)?)].
(5.98)
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We note the similarity of the expressions (5.91) and (5.27), therefore, we concentrate on the terms
involving rro and sgo. For arbitrary v, we have that

1
rF,Q(U) = LF,2(U7p:B) - L(Ox’p:p) - L/(Oxapx)v - iLIQI(Oxapx)('Ua'U)

= fQ(U,pz) - f(oxapx) - f’(Oz,pm)U B %fg(om’pm)(v’ U) (5.99)

_ 1
+ prQ(y+) 1CF,2 (v) - pxc(ox) - pxcl(ox)v - Qp:r:cllﬁ/ﬂﬂ(ox)(v’ Z))

= 1y (V) + 155 (v)

with
r}5(0) = £2(v, p2) — (02, ps) — (00, pu)v — %fé’(om,pa(v, v) (5.100)

and
r55(v) = peA2(y+) ' er2(v) — pec(0z) — pac’(05)v — %pzc'gﬁg(ow)(v, v). (5.101)

Using (5.93), it can be seen that:
! “ty 3
3o (v)] < —2 (vl (5.102)

On the other hand, using As(y)~! = AQ(Rﬁ/[(Oy))_l = Id, and py oco RX (v) = RM

y (0), we have

rh2(v) =peAa(Ry ()" era(v) — paAa(Ry(04)) " e(0,) — prAa(Ry(0,)) " ¢/ (02)v
— SpeAa(Ry(0,) 7 ey 02) (v, 0)
= [ e (a9 eralon)) v pila( Ry 0,) (0 v
— 5peda(Ry(0,)) 7 hal0)(0,0)
= /0 1 /0 lpx (A2(Ry(070)) tepa(om)” ov? = pr(A2(Ry(0,)) Lera2(0,)) ovidrdo

' ' 1 "
:/0 /o ﬁ]%( (AQ(Ry(UTﬁ))_lcFQ(JTU)) - (AQ(Ry(Oy))_ICFQ(Ox))"> (o7v)%drdo
(5.103)

therefore, using (5.94) and the previous expression, we get that

“eyl o 3
[rEa(v)] < —=lvfl™ (5.104)
The latter is valid for any v, in particular for v = dz and v = dn, therefore

wc//
[rF2(02)| + 15 (0n)| < T”II&CH?’- (5.105)
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Using (5.87) and (5.92) we get (5.96). And similar as in Proposition 5.2.1 we also get

Wy le, p

W
[sra(0)] < 6] (3l + =52~ ) (5.106)

Finally, adding up all the expressions, we get (5.97). O

Given that the estimate (5.97) holds, we can combine the results of Theorem 5.4.1 and Proposition
5.4.2 to get superlinear convergence of the algorithm. In the following, we use the extended local
result provided in section 5.4.1, applied to vector bundles. We assume that the composite step
method is used to obtain a solution to the problem (5.57), and it generates a sequence zj that
converges to x, such that cp(0,,) = 0 and cp(0,) = 0y,, i.e., co RY(05,) = RY(0,,) = ., for
some y, € M. Therefore c2(0.4) is unknown, just as in section 5.4.1.

Proposition 5.5.2. Assume that the sequence xy generated by the algorithm converges to a SSC
point T, and assume that the conditions of Proposition 5.5.1 hold in a neighborhood of x,.. Then
we have superlinear convergence.

Proof. By the estimate (5.97), we have that Theorem 5.4.1 applies, and 7, — 1. Then, the sequences
oz = dng+0ty and dx+Is, approach asymptotically to the primal part Axy of the variant full-step
defined in (5.45). Finally, by Proposition 5.4.2, the result follows. O






Chapter 6

Applications

This chapter presents applications to the theoretical considerations made in the previous sections.
We start by considering a constrained eigenvalue problem as presented in [GGvMS89]. There, the
expression 7 Az, for x € R™*™ and A symmetric, is minimized. The problem is constrained to
T2 = 1, where additional linear constraints occur, namely, Cx = t, with CT a full rank matrix
and t € R™. This problem is re-formulated, making the (m + n)-sphere as domain of both cost and
constraint mappings, hence, landing in our framework. We continue with mechanical applications
to flexible inextensible rods as treated in [GLT89]. There, the configuration space consist of elastic
rods y € H?([0,1];R3), that are inextensible, i.e., ||3/(s)|| = 1. First, we consider the forward
problem in a mixed formulation. Next, in the discretized version, we solve the problem over the
product space (S?)", for n being the number of nodes. Further instances are considered, namely,
we continue with the case in which the inextensible rod can enter in contact with one of the planes
delimiting the first octant in R3. The used approach is of that of interior point methods, where the
inequalities are transformed into equalities with the introduction of slack variables that associates
a barrier problem. We regard the space of slack variables, which belong to the positive cone, as a
manifold with a Riemannian metric (see e.g., [NTT02]). After that, we consider the optimal control
problem of elastic inextensible rods. There, we minimize a tracking type functional, such that the
configurations are constrained to be minimizers of the elastic potential energy. This setting leads
us to consider a constrained optimization problem, where the constraint maps from a manifold to a
vector bundle. In this case, vector bundle retractions based on vector transports are used. Finally,
we close this chapter with some numerical simulations showing the impact of the nonlinear updates
on the space of oriented tetrahedra applied to finite elasticity.

6.1 Constrained Eigenvalue Problem

Eigenvalue problems are of significant interest due to their wide range of applications. Prob-
lems in physics, relate eigenvalues to the study of vibrating structures, where the study of cor-
responding frequencies is done. In car manufacturing, it is of importance, to determine the acous-
tic eigenfrequencies and modes on the interior of a car, in order to find appropriate shape of
the interior of the vehicle that reduces the buzzing noise of the motor. Further applications to
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quantum physics, relates to the solution of the Schrodinger equation, where the eigenvalues cor-
respond to energy levels that a molecule can occupy. Examples of constrained eigenvalue prob-
lems arise, for instance, in cavity resonances in particle accelerators, where the time-harmonic
Maxwell equations have to be solved, by considering only functions that are divergence free. These
applications, and their theoretical and algorithmic treatment, can be seen with more detail in
[AKZ12, GLT89, Par98, Chall, DL86, GL86, Par98|. In this work, as the first application to our
algorithm, we consider a constrained eigenvalue problem, as formulated in [GGvMS89].

6.1.1 Problem formulation.

In this section we consider the problem:

min 2T Az st. Cz=t,
zeR(+m)

where
A is a (n+m) by (n+m) symmetric matrix, n > 0,

CT is a (n+m) by m matrix with full rank,

t is a m dimensional vector with ||CT#|| < 1.

We re-formulate it, as a constrained optimization problem on the S"* sphere:

ze]é?i?m) f(z) st ¢(z)=0. (6.1)
where
f(z) =27 Az (6.2)
and
c(x) =Cx —t. (6.3)

As stated in [GGvMS89], we consider the interesting case in which ||CF¢|| < 1, given that ||CT¢|| =1
has the unique solution z = (C™)t, and ||CT¢t|| > 1 has no solution.

First order optimality conditions We derive the first order optimality conditions and the
KKT-system for the problem (6.1). We first define the Lagrangian function:
L(z,\) = 2T Az + \(Cx — 1)
for the Lagrange multiplier A € (R™)* =2 R™, we obtain:
Lay(z, oz = (22T A+ \C)dx
Ly(z,A\)0X = 0A(Cx —t)
yielding the KKT-system

(22T A+ \C)dz =0 Yoz € T,S™™ (6.4)
SANCz —1) =0 VoA eR™. (6.5)
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6.1.2 The Pullbacked Problem

We pullback the mappings given in (6.2) and (6.3) using the parametrizations as defined in formula
(3.27) for the sphere S+ obtaining:

£(9) = 1 (9)" Apsr (9) (6.6)
and
c(¥) = Cpa(9) —t (6.7)
for ¥ € R™*" therefore we have that
f:R"™™™ R

and that
c: RV 5 R™,

Derivatives of the Pullback Quantities Using formulas (3.28) and (3.29), for first and second
derivatives of the parametrizations, we get that:
' (0)0x = 24, ()T ADp (9) 6 (6.8)
for 6x € R™™ and evaluating at 9 = 0, we get
£(0) = 24,(0)T ADp(0)d . (6.9)
Taking second second derivative in direction 62 € R™™", we obtain:
(0) (6, 0x) = 21 (9)T AD? 11y (9) (62, 6) + 2(Dpug (9)62) T AD pap (9) 6 (6.10)
evaluating at 9 = 0, the expression becomes
£7(0) (62, 6x) = 2115 (0)T AD? 11, (0) (6%, 6x) 4+ 2(Dp(0)62) T ADp (0)6: (6.11)

We now perform derivatives of the constraint map, in a similar fashion, for dz,dz € R*™™, we get
that:

¢/ (9)dz = CDpy(9)dz (6.12)
which at ¥ = 0, becomes:
c'(0)6x = CDu,(0)dx. (6.13)
The corresponding second derivative, is given by:
c"(9)(0z, 6x) = CD?uy(9)(62, 6x) (6.14)
and evaluation at ¢ = 0 yields
c”(0)(6z,6x) = CD?*uy(0)(6%, 6x). (6.15)

As already mentioned, we use the parametrization for the Sphere S*+™
Sn+m

'LL (C) _ X + @ngn+7n C
i |2+ Og,0tm C]|

as defined in (3.27). And for the terms Dy, and D?u,, we use the formulas (3.28) and (3.29),
respectively.
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Table 6.1: Numerical experiments for different values of n, m, where N=n+m.

N n m cs-it |CT||
10 6 4 6 0.0001
50 30 20 6 0.001
200 160 40 11 0.2
500 300 200 6 0.01
1000 600 400 11 0.1383

6.1.3 Numerical Results

In this section, we provide numerical simulations for the constrained eigenvalue problem. We remind
the problem setting:

min 27 Az st. Cx =t
resSntm

where A is a (n+m) by (n+m) symmetric matrix, with n > 0, C7 is a n+m by m matrix with full
rank, and ¢t € R™, is such that ||C*¢|| < 1. In our numerical simulations, we choose the symmetric
matrix

2 -1
-1 2 -1
A= .. .. . eR(n—l—m,n—i—m)
-1 2 -1
- _1 2 -
and the vector
1
1
t=oa | . ,
1

with 0 < a < 1. Finally C is chosen to be a random matrix satisfying the condition ||CT¢| < 1.
We perform different experiments varying the dimensions of the problem.
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Figure 6.1: Iteration history: Computed damping factors for normal and tangent steps for n = 160, m = 40
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Figure 6.2: Iteration history: Lengths of the steps, for n = 160 and m = 40
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6.2 Inextensible Rod

In this section, we test our method for the numerical simulation of flexible inextensible rods.
Real-life problems include, for example, the study of the static and dynamic behavior of flexi-
ble pipelines used in off-shore oil production under the effects of streams, waves, and obstacles
see e.g., [GLT89]. Further examples are found in protein structure comparison [LSZ11], where
elastic curves are used to represent and compare protein structures. In this section, we con-
sider the calculation of displacements of inextensible flexible rods. The mathematical setting of
the problem and its analysis, which involves the Euler-Bernoulli bending energy, is an interesting
problem due to its applications in several fields, making necessary, for its study, tools from differ-
ential geometry, nonlinear analysis and optimization. Some literature on the topic is available in
[SSW19, GLTS89, Bobl5, Sin08, SKJJ10, Sim85, Bal76, MH94, TNO4]. In particular, we consider
the problem of finding a stable equilibrium position of an inextensible transversely isotropic elastic
rod under dead load.

First, we provide the formulation and the mathematical analysis of the problem, followed by the
discretization and the derivatives of the mappings over the manifold of kinematically admissible
configurations. We finish with some numerical experiments.

6.2.1 Problem Formulation

Here, we provide the energetic formulation to the problem of finding the stable equilibrium position
of an inextensible, transversely isotropic elastic rod under dead loading. For more details on the
derivation of the model see [GLT89]. We consider the following minimization problem

in J t. |4 6.16
gg} (y) s y € (6.16)

where the energy J and the manifold V, which describes the inextensibility condition are given by:

1 1 1
J(y) = 2/0 EI{(y",y") ds/o fyds, (6.17)
V={y|yeH*0,1;R%),|y(s)| = Lon[0,1]}.

with boundary conditions

y(0) =y, € R?, ¢/(0) =y, €S

6.18

y(1) =y € R’ y'(1) =y, € $? (04%)
Above, EI(s) > 0 is the flexural stiffness of the rod, f is the lineic density of external loads, v/, v
are the derivatives of y with respect to s € [0,1], and S? is the 2-sphere.

We reformulate (6.17) as:

in  J(y,v) sty —v=0. 6.19
o (y,v) sty —wv (6.19)
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with

1 1
J(y,v) = ;/0 EI(v',v")ds —/0 fyds, (6.20)

Y ={y|y e H*([0,1;R*) with y(0) = ya, y(1) =y}

V = {v|ve H[0,1];S%) with v(0) = v, v(1) = v} (6.21)

From the formulation given in (6.19), we get the constrained minimization problem:

min  J(y,v) s.t C(y,v) =0
ot (¥, v) (y,v)

where Y and V' are given by:
Y = H([0,1;R%),
vV =H'([0,1);S?).

6.2.2 Mathematical Analysis of the Problem

Concerning the study of existence and the uniqueness of solutions to the problem (6.17), we refer
the reader to [GLT89, AR78, LS67, AR78, ET99, Fic73, MH94] for a detailed and complete math-
ematical analysis of these kind of problems. In the following, we assume that (EI) € L>(0,1).
Concerning to the existence properties of the problem (6.17), we have the following theorem.

Theorem 6.2.1. Suppose that |y, — yp| < L (with L the length of the Rod), (6.18) holds, and that
the linear functional w — fol f-w is continuous on H2([0, L];R3). Then the problem (6.17) has at
least one solution.

Proof. See [GLT89, VIIIL§2]. O

First Order Optimality Conditions Here, we derive the first order optimality conditions and
the corresponding KKT-system for the problem as formulated in (6.19), namely:

= EI d — d
(va)IélﬂI}XVQ/ <U U 5 / fy S5
S.t y — vV = 07
y(0) = yo € R?, y(1) =y € R?
v(0) = v, € S?, v(1) = v, € S2
Then, we have that:
1

1
(f,dy) d Ju(y,v)ov = / EI <v',5v'> ds
0

0

1 1
y (Y, v = )\ 5y co(y,v)ov = —/ (N, dv) ds
0 0

1
c(y,v)A :/0 (y —v,\)ds
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yielding the KKT-system

1 1
/ <)\,5y'>ds—/ (f,0y) ds=0 VoyeY
0 0
1 1
/EI<U’,5U’>ds—/ (A, 0v)yds =0 Yove T,V
0 0

1
/<y’—v,5)\>d3:0 VoA € Ly([0,1],R3).
0

6.2.3 Finite Difference Approximation of the Problem

For discretization, we use the finite differences approach, see e.g.,[Thol3, QSS10]. We subdivide
the interval [0, 1] uniformly

si=itxh, 1=0,...n—1
where h = ﬁ Evaluating at each nodal point, we denote

si)=vy;€R3 i=0,...,n—1
vlsi) = ) (6.22)
v(s;)) =v;,€S% i=0,...,n—1.

with boundary conditions:

y(0) = yo € R?, y(1) = yp € R®
v(0) = v, € S?, v(1) = v, € S2.
Under this discretization scheme, the Riemann sum yields the approximation of the energy func-
tional
1 n—1 1 1 n
J(yi, vi) = 5 ; h <h(vi+1 — v;), E(Uz’—&—l - Ui)> - ;h (firyi) - (6.23)

Concerning to the constraint C'(y,v), performing forward finite differences to the equation
Yy —v=0
the discretized constraint mapping takes the form

Yi+1 — Y

- v;=0 i=0,....,n—1. (6.24)

In the above discrete formulation, we denote the manifold X = (R? x §?)”, with n the number of
grid vertices. The elements of the manifold X are denoted by the Cartesian product

n—1

(y,v) = [Jwivi), v € R®, v; € S
=0
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The tangent space at (y,v) € X is given by the following direct sum of vector spaces

|
—

n
Ty X =€ (T,,R® & T,,S?) .

@
Il
o

Once the corrections

n—1 n—1 n—1 n—1
ony =[] ony, oty =][6ty, Ono=]]0n0. =[]0t
1=0 1=0 =0 =0

are computed, we make:

n n-l n-1 n—1
5y = [[Ony, +0ty) = [[ 0w, 0= [[(Onu, + 6tu) = [] 60
=0 =0 i—0 o

and the update, using the retraction map R, ,)T(, ., X — X, is done by:

|
—

n

(y+7 U+) = R(y,v) (6y7 5’0) (yl + 5yl7 Rvi (5’01))

@
Il
=)

6.2.4 The Pullback of the Discretized Problem

We now pullback the energy functional J and the constraint mapping C' using a local parametriza-
tions at each v; through p,, as defined in (3.27) for the 2-sphere. From (6.23) the pullbacked energy
functional takes the form:

n—1
EI 1
= § < Mvz+1 'L+1)_Mvi(ﬁi))’ﬁ(/’l’vi+l(,ﬁi+1) /’L'Uz 7 > E h fzayz . 625)
=0

and from (6.24), we get the corresponding discretized version of the constraint:

C'(y, ) = % — f; (V) = 0 (6.26)

for i =0,...,n — 1, and where
tho; (95) : R? — §?

is a local parametrization around v;, with ¥; € R2.

Derivatives of the Pullbacked Maps From the discretized versions of the energy and constraint
functionals (6.25) and (6.26), we proceed with the computation of the derivatives. First, derivatives
are computed on the parametrization spaces and evaluated at the zero of each tangent space.
Then, we can use the formulas given in (3.27) and (3.28), to get the desired expressions that are
implemented in the computer.
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Concerning the energy, we consider one summand in (6.25), namely:

EI

% <(:uvi+1(79i+1) — M, (191))7 (luvi-}—l(ﬁi'i‘l) — Mo, (191))> - <fla yi> (627)

and taking derivative, we obtain:

% <(‘D/’Lvi+1 (191‘_:,_1)5%‘_;,_1 - ‘D/"L'Ui (19%))57)27 (NUL‘+1 (ﬂi-"—l) — Mo, (19%))> - <f17 5y1> (628)

which at 9 = 0, becomes

ET
- (D, (0341)00541 — D, (03)604, gy (0511) — o (05)) — (fi, 6ys) - (6.29)

The second derivative of the summand (6.27) with perturbations dv and dw, is given by:

EI

- (D sy (Fi41)0wi 410041 — Dy, (9) w3 11604, oy (Pig1) — o, (9:)) (6.30)
EI
+ = (D oy (Vi41)00i11 — Dy, (03)80i, Dy, ., (Vi 1)0wi 11 — Dipay, (0;) 5wy ) (6.31)

and evaluation at ¢ = 0 yields:

EI

o (D? iy 1 (031)8wig 100541 — D paay, (03)0wi 160, iy (Oig1) — o, (04)) (6.32)
ET
+ - (Dttv; 1 (0i41)8vi1 — Dt (0:)80i, Dy, (0i1)0wi1 — Dia, (0;)5w;) (6.33)

where formulas from Examples 3.2.3 can be used. Derivatives of the constraint map are taking by
considering the formula (6.26). We take first derivative, obtaining:

1

héyiﬂ — (5y,- — D,uvi (19,)5% (634)

which, as usual, the value at the zero of the tangent space is obtained by making ¥ = 0, and we
obtain:

1

héyiﬂ — (5yi — Duvi(Oi)évi. (6.35)

Taking second derivative, we get:

— D1y, (95)dw;0v; (6.36)
and evaluating at ¥ = 0 yields:

—D? 1y, (0;)6w; dv; (6.37)

where, again, formulas from 3.2.3 are used.
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6.2.5 Numerical Results

We provide numerical simulations in order to illustrate the performance of the composite step
method. We remind the problem setting:

1 /1 1
i — | EI{ V) ds— d t. oy —v=
(y,vI)Ig}I}xV 5 /0 <v , U > S /0 (f,y)ds s y—v=0

where E'I > 0 is the stiffness of the rod, and f describe the external loads. As initial configuration
we consider a Rod of unit length which, in its unstressed state, is the helix with equation:

h(s) = [rcos(ws), rsin(ws), a’ws]

with s € [0,1] » > 0, a > 0 and w = ﬁ This means that the rod is clamped at y4 =
[r, 0, 0] yg = [r, cos(w), rsin(w), a’w]. We perform numerical simulations for r = 0.6, a = 0.5 and
consequently of w, the stiffness of the rod will be constant and given by EI = 1.0, the external force
that is applied to the rod is 1000e3 where e3 = [0,0, 1]7.

Remark 6.2.1. If EI =0, f = pg with g = [0,0,—9.8]7 the gravity acceleration and the density
of the rod is p = cte, with v, = vy = 0, then the unique solution to the problem is a catenoid curve.
On the oder hand if f = 0, the solution reduces to Fuler’s elastica problem and there corresponds,
to each solution of the problem, the solution obtained by symmetry with respect to the line joining
the extremes of the Rod.

| | | | | | |
1 2 3 4 5 6 7 8 9
step

Figure 6.3: Iteration history: computed damping factors for normal and tangent steps.
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5
step

Figure 6.4: Iteration history: Lengths of the steps.

Table 6.2: Number of composite step iterations for different combinations of retraction. The pull-
back is done with the parametrization in the column and the update with the parametrization in

the row. Here y,,1(€)

l[o+£ll

and py2(§) = exp(§)v.

Rf( \ Rg( Mo, 1 Ho,2
Mo, 1 9 9
Mv,2 10 10

Table 6.3: Number of composite step iterations for the problem with different number of nodes n.
The pullback and updates are done with the parametrization p,2(£) = exp(§)v. We observe that
the problem is stable with respect to refinement of the mesh.

n CS iter
120 9

240 12

480 8

960 10




6.2. INEXTENSIBLE ROD 137

X

Figure 6.5: Solutions of the rod problem. Perspective 1: Rod with external force 1000es, (Blue initial
configuration, red final configuration).

X

\

Figure 6.6: Solutions of the rod problem. Perspective 2: Rod with external force 1000e3, (Blue initial
configuration, red final configuration).
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6.3 Inextensible Rod, the Case with Contact

We now consider the case of an inextensible flexible rod as presented in the previous section, but
with the additional requirement that it can enter in contact with one or various planes. In our
concrete example, the rod y = [y1,y2, y3] is located over the first octant, this is:

ylz()?
y2207
y3 > 0.

We suppose in addition, that the contact is frictionless. For the numerical solution of this problem,
we use the interior point method techniques as presented in [NN94, NW06, FGW02, GOT05, Wri97,
CGT00, SNW12, Nes13, Kar84, Wri92]. In our approach, we introduce the slack variable o € K,
which belongs to the Riemannian manifold (K, (-,-),) as defined in (2.5), which, together with the
retraction defined in (3.6), allows us to apply our method.

6.3.1 Problem Formulation

For the contact case, we consider the following problem:

ooy ulyv.0) st ey, v,0) =0 (6.38)

where J, and c are given by:

1 /1 1 1 3
J#(y,v,a):2/0 <v’,v'> ds—/o (f,y) ds—u/o Zlog(aj)ds st. Y =w
j=1

(6.39)
y=o
and
Y = {y e H*(0,,R%)}
V ={ve HY0,1;S?)}
Ky ={oeH*0,1;K;)}
with (K4, (-,-),) as in (2.5). The barrier approach consists of finding approximate solutions of

the problem (6.39), for a sequence of barrier parameters uy with ux — 0. The above formulation
belongs to the class of interior point methods that are present in the literature [NW06, Meh92,
NWO06, SNW12]. As it is known, as long as p tends to zero, the solution of the problem, approaches
to the true solution. We choose a simple way to decrease u, namely, we multiply by a constant
0<y<1.
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6.3.2 Pullback of the Discretized Problem

In addition to the case without contact presented in the previous section, a new term in the cost
functional appears, namely, the barrier function:

1 3
b(p, o) = —u/o > log(a;) ds
j=1

where o = [01,02,03]T. As before, we discretize by uniformly dividing the interval [0, 1]
si=itxh, 1=0,...n—1
where h = ﬁ FEvaluating at each nodal point we denote
o(si)=0,€ Ky, 1=0,...,n—1 (6.40)
with boundary conditions:

U(O):Ua€K+, O'(l)ZO'bEK+.

With that, the Riemann sum of the barrier functional reads:
n—1

b(n,0i) = —p Y h(log(o1,) + log(0,i) + log(0,1))
i=0

with

0ji=0j(s;) for i=0,.,n—1 and j=1,2,3.
Above, the index ¢ counts the node, and the index j indicates the entry of the vector in the node
i. We are now ready to perform the pullback of the discretized version of the barrier functional.

Using the corresponding retraction for the space K, as defined in (3.6). Given that T, K, ~ R3,
the retraction and the parametrization can be taken equal, this is:

o1 exp(=£1)
RET(&) = | ozexp(5&) |,
o3 exp( 5 &3)
with & = [£1, &, &]7 € R3. Performing the pullback, we get:
n—1 3 1
b(u, &) =—pd Y h <log<aj,i> + msj,i) (6:41)
i=0 j=1 20t
where §; € Ty, Ky and &;; = &;(s;), for i = 0,...,n — 1. The additional constraint y = o, introduced
in (6.39), in the discretized version, becomes y; = o; for i = 0,...,n — 1, therefore the pullback is
given by:

Y1 01, GXP(UL&J)
Y20 | = | 02 eXP(g;i 20) | . (6.42)
Y3,i 03,0 exp(5,-E3.,4)

where exp(-) denotes the real exponential map, just as in (3.6), for i = 0,...n — 1.
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Derivatives of the Pullbacked Maps The derivatives of the pullbacked barrier functional,
and the additional constraint containing the slack variables are taken, in order to implement the
composite step method. Concerning derivatives of the pullbacked barrier, we take one summand in
equation (6.41)

1

1 1
—ph <1Og(01,i) + ;51,1‘ +log(02,4) + —&2,i +1og(o3;) + %537¢)

2,i

and taking first derivative we obtain

1 1 1
—ph (0_ 0815 + —082; + 553,i>

1,0 2,0 3,

with vanishing second derivative. Concerning derivatives of the pullbacked constraint mapping
(6.42), we get that the first derivative ig given by:

OYLi 01,4 exp(5,-€1,i) 5, 061
Syzi | — | 02iexp(5,624) 5,7 062
, . 1 1 .
6y3,2 03,i exp( 03, 63,1) o34 5&’),1 leo
which, evaluated at £ = 0 becomes:
0y, 081,
0y2i | — | 082
0y3,i 083
Finally, the second derivative, now in direction §( takes the form:
01 eXp(i&,z‘)é&Lﬁfu
_ 02,1'eXp(éfQ,i)é(SCQ,ié{Z,i
U3,ieXP(%f&i)é&:&ﬁ&,i |
, B o

and evaluating at & = 0, we obtain:

$5Cl,i5§1,i
- é5f2,i5§2,i
%71.5(3,1'653,1'

Metric for the Normal Steps As we saw in (2.2), the set K| becomes a Riemannian manifold
when the metric

(€8, = (5¢:€)

is used. For the computation of tangential steps, this metric is introduced as the second derivatives
of the barrier function. Concerning the normal steps, in (5.18), we use the matrix whose diagonal
is given by:

g

1
M, i = 2
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Figure 6.7: Perspective plane xz: Final state of the rod without obstacles.

this, for the block corresponding to the variable o. Finally, once the corrections 0§ are computed,
we use the formula o = Rf *(0€) to compute the updates, and the update rule assures us that o
belongs to K .

6.3.3 Numerical results

Numerical simulations are now provided for the inextensible elastic rod which enters in contact
with either one of the planes that delimit the first octant. We remind the continuous setting of the
problem:

(y,0,0,1)EY XV X K4

1 /1 1 13
min J(y,v,0) = 2/0 (v, v') ds—/o (f ) ds—uk/o Zlog(aj)ds st. Yy =v
j=1

y=o

where, as the previous case, EI > 0 is the stiffness of the rod, and f describe external load. As
initial configuration we consider the rod with equation:

h(s) = [r cos(ws), rsin(ws), a’ws]

with s € [0,1] » > 0, a > 0 and w = ﬁ We perform numerical simulations for r = 0.4 and

a = 0.5. The stiffness of the rod will be constant and given by EI = 1.0. The external force that
is applied to the rod is f = [~150, 10, —50]7. We use a simple path following method, in which for
each k, we solve the problem for ug, letting uiz — 0. We have chosen pup = 0.8 - g, with ug = 10,
iterating until ||| < 1.0e75.
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6.4 Optimal Control of Inextensible Rods

Optimal control of partial differential equations constitute a widely studied topic. The problem
consists of varying some input quantity that belongs to the space of controls so that an output
state quantity reaches some desired configuration. For sake of the presentation, we do not go
into details, and we refer the reader to [DIR15, HPUU08, Tr610] and [GH14, Kom06, LCCO00] for
the case of finite elasticity. In this section, we consider the problem of getting a specific desired
configuration of a flexible inextensible rod. In our framework, the control acts on a cotangent bundle
space, this is because the derivative of the energy functional belongs to the cotangent bundle of
the configuration space. We start by following the considerations made in the abstract formulation
given in sections 4.5 and 4.5.1, here, for the specific case of elastic inextensible rods. We continue
with the corresponding discretization of the problem and the pullbacks of the involved mappings. In
this section, vector bundle retractions and vector bundle connections are now needed for the space
(T'S?)*, therefore we use the tools developed in sections 3.3.3 and 3.3.4. We finish by providing
numerical simulations.

6.4.1 Optimal Control of Energy Minimizers: Elastic Inextensible Rods

We follow the considerations provided in section 4.5.1 in order to land in the framework of optimal
control of energy minimizers for elastic inextensible rods. Here, the functional J is the elastic energy
of an inextensible rod, with additional constraints, namely:

in  J(y, t. Cly) =
o (y,v) s (y) =v

where the elastic energy J : Y x V — R and the constraint C': Y — V are given by:

1 1
J(y,v) = 2/ EI(W v')ds st. y =v
0
y(0) = ya €R®, y(1) =y, € R

v(0) = v, € S?, v(1) = v, € S

and

Y = {y € H*0,1;R3)}
V ={ve H(0,1;S*}.

In order to get first order optimality conditions as in (4.33), we consider retractions R}J/ T)Y — Y
and RY : T,V — V. We take variations of the map .J, obtaining:

1
%J(RX (cobt)))._, = / EI{(DRY (0,)5v), ') ds
v 0

1
:/ EI<U’,5U'> ds

0
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where the properties

%R}f (c0v) = DRY (e,6v)0v  and DRV (0) = idq,y

of the retraction R) have been used. Concerning the constraint C, we consider:

1
/0 ((Ry(g40y))" — Ry(ev6v)),A) ds =0

where A € A = Ly([0,1],R?), is the corresponding Lagrange multiplier. Taking variations with
respect to y and v, we get that:

1
/ <)\,5y’>ds =0
0
1
—/ (A, ov)ds = 0.
0
Obtaining the corresponding first order optimality conditions:
1
/ <)\,5y'> ds=0VYéyeY
0
1 1
/ EI (v, 60") ds —/ (A, 0v) ds =0 Yov € T,V (6.43)
0 0
1
/ <y'—v,5)\> ds =0 Yo\ € A.
0

We now introduce the force field Bu € TY™, that acts on an element éy € T,Y in the following
way:

1
B(y)u := —/ (u,0y) , (6.44)
0
with this, we are ready to write the optimal control problem.

6.4.2 Problem Formulation

Following the considerations of section 4.5.1, we consider the optimal control problem of a flexible
inextensible rod by providing directly the constraints C' and cp, namely:

i A .t. by =0
(y,v,A,u)én}}gvafo(y’U’ ,’U,) S CF(y,U, 7u)
C(y’ v, )\) =0

where f is given by the tracking type functional

1 « ¥
Fly, v, Au) = Slly = yall72(0,17.m0) + 5”“”%?([0,1],11@) + §||)‘||%2([0,1],R3)
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and yg is the desired state of the rod. If we insert the force field (6.44) into the formulation (6.43),
then, the constraint mapping

cr Y XV XAXU —=Y*xTV* x A*

in weak form, is given by:

1 1
/0 <)\,p;> ds —/0 (u,py) ds =0 Vp, € T,Y (6.45)
1 1
/ EI (v, p,) ds —/ (\,py) ds =0 Vp, € T,V (6.46)
0 0
1
/ <y' - v,p>\> ds=0 py € A. (6.47)
0

Where, p, €Y, p, € T,V and p) € A are the Lagrange multipliers, and
A:LQ([(): 1]aR3)7 U:LQ([Ov 1]aR3)'
We provide the corresponding KKT-conditions of the problem:
1 1
T+ oTyer = [ lo—unbo) ds+ [ (3/.m) ds=0.
0
1 1
T+ pTier = [ BI04 ds = [ (60.p) ds =0,
0 0
1 1 1
Tnf + pThcr / v (A, ON) ds +/ <(5)\,p;/> ds — / (0N, py) ds =0,
0 0 0
1 1
Tuf + pTucr = / a (u,ou) ds —/ (py,ou) ds =0,
0 0
1 1
pyLep = / </\,5p’y> ds —/ (u,dpy) ds =0,
0 0
1 1
poTcr ::/ EI <v',(5p;> ds —/ (A, d0py) ds =0,
0 0

1
pTC = / (y' —v,0py) ds,
0

where
Tyf +pTycr Y x A — Y™ x A7, Tof +pTycp : V x T,V — T,V* x A*
Tof +pTycp : U XY — U* x Y™, pylerp : AxU — Y™
polcp: V x A — T,V*, pTC:Y XV — A*

ThJ +pTher : Y x AT,V —Y*x A* x T,V*.
We remind that
Y = H*([0,1],R?), V =HY([0,1],S%), A=L*[0,1],R%), U= L?([0,1],R3).
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Additionally, we provide the involved variables with their respective spaces:
yey, Jdyey, py €Y, opy €Y,
veV, wel,V, p,€T,V, op, € TV,
AEAN, ONEA, px € A,
welU, duel.

6.4.3 Finite Difference Approximation of the Problem

We discretize using finite differences. The interval [0, 1] is uniformly subdivided:

SZ':iXh, izO,...,n—l,

where h = ——. Therefore, at each nodal point, we denote
y(si) =y €R3, i=0,..n—1,
v(s) =v; €S% i=0,...,n—1,
Msi)=MER? i=0,....,n—1,
u(si) =u; €R3, i=0,...,n—1,
with boundary conditions:
y(0) = ya € R?, y(1) =yp € R’
v(0) = v, € S?, v(l) = v, € S?
A0) = A\, € R, A1) =\ € R
u(0) = v, € R3, u(1) = up € R3

The approximation of the cost functional then reads:

n n

Q A
f(y’bvv’u)\’wul - Zh ydlayl_yd»L)+§Zh<uuu’b>+§zh<)\27)\l>

i=1 i=1

The corresponding discretized version of the constraint map cr is given by:

n—1
Zh< 7 pyz+1 pyi)> - Zh<ui7pyi> =0
=0
n—1

1
ZE1< (Vig1 — vi) — h/\zwpvi> + Z <h(vi+1 - 'Uz')ypw+1> =0

1=0

Zh< yl-i—l ) Vi, P > :07

147

(6.48)

(6.49)

(6.50)

(6.51)

(6.52)

with v; € %, py, € T,,R?, py, € T,,,S? and p, € Ty,R3. The discretization of the map C(y, v, \) = 0
is done as in section 6.2.3, therefore we omit it. From the discretized version of the constraint
mapping cr, we see that the terms v; € S? and pv; € Ty S? for j = 0,...,n — 1, occur. In order to

implement our method, suitable pullbacks on S? and in (7,S?)* are necessary.
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6.4.4 Pullback of the Discretized Problem

We pullback the discretized objective and constrained mappings, and take their corresponding
derivatives for implementation purposes. For this, we use the parametrizations for S, T'S? and
(T'S?)* given in sections 3.3.3 and 3.3.4. The cost function involves terms on linear manifolds,
therefore the retracted functional looks like:

n

n—1
gh ydi,yi—ydi>+%z Wiy ) Zh Ay Ad) (6.53)

i=1

f(ym Vs, )\i7 uz -

l\')\)—t

On the other hand, observe in (6.51), that the terms p,, € T,,S* and p,,,, € Ty,,,S? appear.
Therefore, we use the connection provided in (2.49), and the expression for the pullback of cp given
n (4.44), obtaining:

gEl <(sz. (0:))" <_;1L(Nvi+1(19i+1) — o (V3)) — hAz‘) ,pvi> +

<(Am+1(19¢+1))* <f1L<Hvi+1(19i+1) = Mo, (ﬁi))> ,pvi+1> -0

where f1,,; and Avj are parametrizations for S? and T'S? as described in sections 3.3.3 and 3.3.4.
Hence, the pullback of the discretized version of cp, can be written as:

n—1
Zh< n pyH—l pyz)> _Zh<ul7py1> =0 (654)
=0

Z B~ o (02) = o (0) = WX A (), )+
(6.55)

1
<h(uw+1 (ﬁi+1) — Mo, (191))7 Avi+1 (ﬁi+1)pvi+1> =0

Z h < (Yit1 = yi) = b (ﬁi),pxi> =0, (6.56)

with p,, € TyiR?’, Du; € Ty, S?, py, €T, /\¢R3 . Additionally, ¥; € R? are the variables corresponding to
the parametrization space for allt=1,..,n — 1.

Derivatives of the Pullback Quantities We take derivatives of the pullbacked discretized cost
and constraint mappings. For the cost functional, derivatives are taken in the usual way, due to the
linear nature of the spaces Y, U and A. On the other hand, for the constraint mapping, from the
terms (6.55) and (6.56), we see that derivatives of the pullbacks i, and A, are needed. We use the
result provided in the Example 3.3.2, and the formulas given in Examples 3.2.3 and 3.3.4 for the
specific parametrizations on the manifolds S? and T'S?, in order to properly differentiate over these
spaces. We start by considering just one summand in (6.55):

1 1
<_E(:uvi+1 (ﬂiJrl) = Hw, (191)) - h>‘iv Am (ﬂl)pvz> + <E(Mvi+1 ('LgiJrl) — Mo, (191))’ AU¢+1 (191'+1)pvi+1>
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and by product rule, we get its first derivative:
1
(=5 (Do (941)00ir1 — Dpro, (95)00i) — hdXi, Av, (95)po,)

1
+ <E(Duﬂi+1 (191'+1)(5’L)i+1 - D/’Lvi (19@)51}1), A’Ui+1 (§i+1)pv¢+1>

1
+ <_E(Nv¢+1 (Div1) — po; (V3)) — hAi, DAy, (9:)0vipy,)

—_

+ <* (Mvi+1 (791'+1) — Mo, (191) )7 DA'Ui+1 (291'-1-1 )5vi+lpvi+1 >

>

which, evaluated at ¥ = 0, becomes:

1 1
<_E(D,Uvi+1 (0i+1)5vi+1 - D#vi(oi)évi) - hd)\iapm> + <E(DMU¢+1 (Oi+1)5vi+1 - D:u'Ui (Oi)(svi)>pvi+1>
1 1
+ <_E(U”1 —v;) — hAi, DAy, (0;)0vipy,) + <E(U”1 — i), DAy, 1 (0i41)0vi41D0; )

and the formulas (3.28) and (3.93), for the terms Dy, and DA,,, plus the properties p,,(0;) = v;
and Ay, (Oj)p@]. = pu,, for j =0,...,n —1, apply. We have used the connection provided in Example
3.3.2. We now take second derivative with perturbations év and dw, as well as 0\ and dv, obtaining:

1
<_E(D2:LLU'L+1(ﬁi+1)5wi+1évi+1 — D? 1y, (9;)6w;00;), po, )
1

+ <E(D2Muz~+1(§i+l)5wi+lv 5041 — D, (95)6w;i60;), oy, )

1
+ <_E(Dlivi+1 (ﬁi—‘rl)évi-‘rl - D/*’L’UZ (191)6'02) - hé)\’u DA’UZ (ﬂz)éwzpvz>

1
+ <E(DILL’U¢+1 ('0@'4_1)(51)1'4-1 - D:U/UZ (191)61)1)7 DA’UH_l (0i+1)6wi+1pvi+1>

1
+ <_E(Duvi+1(ﬁi+l)5wi+l — D, (¥3)0w;) — hdvy, DAy, (9)0vipy,)

1

+ <E(Duvi+l(ﬁi+1)5wi+l — D, (9i)6w;), DAy, (¥i11)00i1Pv; 1)
1

+ <—E(Mv¢+1(19¢+1) — i, (95)) = hAg, D Ay, (0;) (83, 5w;)po,)

1
+ <E(:U’vi+1 (ﬁi-&-l) — Mo, (792))7 ‘D2A'Ui+1 (ﬁiﬂ-l)(évi-ﬁ-la 5wi+1)pvi+1>

evaluating the latter at ¥ = 0 and using the orthogonality relations

<D2Mvj (0;) (6w, 5”j)7pvj> =0, <Dr“vj (05)dv5, DAy, (Oj)(éwj,pvj» =0,
<,Uvj (Oj)DQAvj (5vj’ 6wj)p’Uj> =0,
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we get:

1 1
:<_*D2/‘Ui+1 (Oi-i-l)(swi-i-l(svi—&-l , pvi> + <_7D2/'L'Ui (Oi)éwiéviv pvi+1>

h h
1 1
+ (5 Doy (0341)00i1 + hoAi, =D Ay, (0)0wipy,) + (5 Db, (0:)0vi, =D Av, (0341)0Wit1Pvi )
1 1
+ <ED’LL””1 (0i41)0wiy1 + hovy, —D Ay, (0;)0vipy,) + <ED’MU" (03)0w;, =D Ay, 1 (0i11)0vi41Pv, 1)
1 1
+ (5 o (0i41) + hs, —D? Ay, (0i11) (83, 6wi)py,) + (5, p: (02), —D? Ay, (0541) (0vig1, 6wi11)pu,)

where, as before, the formulas,(3.28), (3.29), (3.93) and (3.94), for the derivatives of the parametriza-
tions can be used.
Now, we consider one summand in (6.56):

(Yir1 — Yi — bt (93), D)

and take its first derivative:

(0yit1 — 0yi — hD iy, (9:)0vs, pa,)
which at ¥ = 0 becomes

(6Yi+1 — 6yi — hDpy, (0:)dvi, pa,)-

Consequently, the second derivative of this term is given by:
(—hD?puy, (97)5wibv;, pa,)
with its respective value at ¥ =0
(—hDguyi(Oi)dwiévi,pM)

where, again, the formulas (3.28) and (3.29) for Dy, and D?u,, are used.

6.4.5 Numerical results
Numerical simulations are now presented for the optimal control problem of inextensible elastic

rods. We remind the original continuous problem:
1 2 Q2
min o |y — yallza o, re) + 5 l1ullz2go,re)
1 /1 1
s.t. }I/DXHX}Q/O <U',v'> ds —/0 (u,y) ds
st. ¢y —v=0.

and the corresponding reformulation via KKT-conditions with regularization of the Lagrange mul-
tiplier A:

min o, u) st ep(y,v, N\ u) =0
(y,0,\u)€Y xV x AxU f(y ) F(y )

C(y,v) =0
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n CS iter
50 21
100 21
150 23
200 20
250 20
350 22
400 27
500 25
600 36

Table 6.4: Number of composite step iterations for the problem with different number of nodes n.

with f, C' and cp given by:

1 o} Y
Fly, v, A u) = Slly - yallZ2(o,1),m9) + EHuH%Q([O,I],R?’) + §H)‘H%Q([O,1],R3)

1
C(y,v) :/0 <y'—v,)\> ds =0

and
cr: Y XV XAXxU —Y*xTV* x A*

1 1
/0 <)\,p;> ds — /0 (u,py) ds =0 Yoy € T,)Y
1 1
/ EI{V,p,) ds —/ (A, py) ds =0 Yov € T,V
0 0

1
/ <y'—v,p>\> ds=0 6\ € A.
0

Where again, EI > 0 is the stiffness of the rod and, as initial configuration we consider a rod of
unit length which, in its unstressed state, is the helix with equation:

h(s) = [rcos(ws), rsin(ws), a*ws]

with s € [0,1] r > 0,a > 0and w = Vﬁ
The stiffness of the rod will be constant and given by EI = 1. Concerning the regularization
parameters, we choose o = 2¢™8 and v = 2e~7. The desired configuration is the single point

yq = [0.4,0.4,0.12)7 € R3.

We perform numerical simulations for » = 0.6, a = 0.5.
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Figure 6.8: Iteration history: Lengths of the steps
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Figure 6.9: Iteration history: Computed damping factors for normal and tangent steps



6.4. OPTIMAL CONTROL OF INEXTENSIBLE RODS 153

04r

01

Figure 6.10: Final configuration from xy perspective
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Figure 6.11: Final configuration, another perspective
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Figure 6.12: Control field acting on the rod
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6.5 Perspectives: Non-linear Updates for Finite Elasticity

The present section aims to show the impact of the nonlinear updates applied to the space of
orientation preserving tetrahedra as introduced in (3.9), in the context of finite elasticity. The
discretization of an elastic body into tetrahedra is widely used to solve numerical problems in
mechanics, see e.g., [Bra07, ZTNZ77, Red93, Weil6, Hugl2]. Optimization algorithms for the
solution of such numerical problems, find at each iteration a vector field of corrections that lie
at each vertex of each tetrahedron. In order to get the updates, corrections are added to the
nodes. One of the drawbacks of such approach, is that physical properties of the body can be
lost, for instance, self penetration of the body can occur, and the updates have to be drastically
damped, making the algorithms less efficient. Further phenomena such as rotations that might
be present during the deformation are not exploited for the sake of efficiency. We introduce a
new way to perform the updates. To do so, we use the retraction introduced in section 3.2.1
for the space of orientation preserving tetrahedra. Under this new approach, we observe that
self penetration is avoided, and the rotations occurring during the deformation are taken into
account, obtaining a better performance of the algorithm. In this work, we will consider only the
forward problem, and for sake of the presentation, we skip most of the details on the theory of
finite elasticity, therefore, the reader is referred to the available bibliography on the topic, see e.g.,
[GLT89, Cia88, Ped00, AR78, Bal02, BHK11, ACD*12, Gur82, SS*56, Bal76, Mar81, Arn13]. In
the following, we assume that © C R3 is an open, bounded, connected subset with a sufficiently
smooth boundary, which can be thought of as the part of space occupied by a body before it is
deformed. This is called the reference configuration, or simply the body. A deformation of the body
is a mapping ¢ : Q@ — R3 assumed to be smooth enough, injective, and orientation preserving.

Energetic Formulations. The problem consists of finding minimizers of the elastic energy func-
tional representing the internal energy that is associated with a deformation of the body, namely:

() = /Q Wz, Vo(z)) dz — /Q (@) o(z) dx. (6.57)

Equilibrium configurations are extremals of this total energy functional. The body €2 is subjected
to body forces, which are represented by the vector field g : ¢(Q) — R3. The mapping g, represents
the density of applied forces per unit volume in the deformed configuration. The search space, for
the problem of minimizing J is:

X ={peWh(Q):det(Vyp) >0 a.e. in Q and p = 0 a.e. on ['y C 9Q}.

Thus, as we already mentioned, the body deformation is a smooth, one-to-one, orientation preserving
vector field, defined on the reference configuration domain 2 C R3. As we saw, the deformation
must satisfy the orientation preserving condition:

det(Vp(z)) > 0. (6.58)

The latter is the condition that we want to enforce in the discretized formulation when the body
is decomposed into several tetrahedra. After that, updates, as defined in formula (3.9), can be
performed. Now, the following minimization problem is considered:

in J ().
min (¥)
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In the discretized version, the body configuration €2 is decomposed as:

o=7

i€l

where, each T; is a tetrahedron with vertices {v%,vé,vé,vi}. We suppose that a correction vector
field dv, is computed using the usual linear retraction Ry (dv) = v + dv. Then we get that, at each
tetrahedron Tj, the correction dv”i, which is represented as {dvi, §vi, 6v§, Svt}, is the corresponding
vector field that will be updated in a nonlinear way.

6.5.1 Nonlinear Updates

We assume that the body €2 is decomposed into tetrahedron 7; and that a correction field has
been computed. To update the iterates, we proceed in the following way: As done in (2.7), each
tetrahedron T belonging to the subdivision, with vertices {v}, v}, v, v}, will be represented as:

L
T, = ?15?73 (6.59)

1 1 1 1

i.e., we have that T € Tpos as defined in (2.8), in this case we have used T; for naming the tetrahedra
and for its representation in 7,,s. Following the structure given in (2.9), for the elements of the
tangent space of Ty, we represent the corrections as:

[ I
vt Sk vl oul
bv; = ’1|2|3|4 (6.60)

o o0 0 O

where, for fixed 7, the vector (51}3- has its tail in the node v}, for j = 1,2,3,4. Making use of the
formula (3.9), we get the updated tetrahedra 7", namely:

R%"s (6v;) = exp(dv; T, )T} = T, (6.61)

Therefore, we have that 7, = R;f“s(&)@') € Tpos

| | | |
VF (i) F (i) (i)
Ti+ _ (U1‘) (02‘) (U?,’) (04’) (6.62)
1 1 1 1
and the vertices of the updated tetrahedra T, are {(vi)™, (vi)*, (vi)*, (vi)*}. In particular, we

have that det(7;") > 0 for all i € I, thus, preserving the orientation. Given that the tetrahedrons
will eventually separate, we re-join them by averaging. In figure 6.13, we depict the situation in



6.5. PERSPECTIVES: NON-LINEAR UPDATES FOR FINITE ELASTICITY 157

1
oy

51)%

1
V3

Figure 6.13: Nonlinear update of tetrahedra T and T,

V

Figure 6.14: Final tetrahedra after averaging
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which two tetrahedrons Ty and Tb joined together. The tetrahedron 77 has nodes {vi, vl vi vl},
and the tetrahedron T, has nodes {v},v3,v3,v3}. These objects are represented by Tj and Ty
respectively in matrix notation as in (6.59), where, in particular, v{ = v}, v = v3 and v = vZ. The
correction fields {§v}, dvd, dvi, dvi} and {6v, dv3, 6v3, Sv3}, which are represented by the matrices
0v1 and dvg as in (6.60), are respectively updated using formula (6.61), obtaining:

T = exp(0i Ty HT1  and Ty = exp(dvaTy 1) To.

When the nonlinear update is preformed, the tetrahedrons may separate, as sketched in the right-
part of figure 6.13. We re-join the updated elements T 1+ and T;r by an averaging procedure,

obtaining what is depicted in figure 6.14.

6.5.2 Numerical Experiments

The following numerical simulations were made by Matthias Stocklein from the University of
Bayreuth, whose help for this task we greatly appreciate. In this example, we use a compress-
ible Mooney-Rivlin material law of the form:

W (z, Vo) = ao||Vel* + a1]| cof (V) ||> + az det(Vp)® — a3 log(det(Vip))
with

ap = 0.08625, a; = 0.08625, a9 = 0.68875, a3 = 1.895.

(a) Initial state
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(b) First iteration (c) Final state

Figure 6.15: Iteration comparisons: Left, by linear updates. Right, by non-linear updates.
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In figure 6.15, we observe how the performance is improved by using the nonlinear updates. The
object is clamped by one side to a wall, and a vertical force pointing downwards is applied to the
body. We observe that the difference is high in comparison, where, in the left of each picture, the
linear update is done, and in the right, the nonlinear update is performed. We also observe how
the performance is better and visible already in the first iteration. In Figures 6.16 and 6.17, we
observe that convergence is reached in 18 iterations with linear update, but using nonlinear update,
the number reduces to 11, also the behavior of the functional suffers a dramatic decreased when
nonlinear updates are used.

10° 7
Function value decrease for nonlinear update
102 Function value decrease for linear update
107 7
107 1
108 T T T T T T T T T T T T T T T T T 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Iteration

Figure 6.16: Iteration history: Comparison of function value decrease. In blue nonlinear updates. In red
linear updates.

Function values for nonlinear update
Function values for linear update

o
o
=
o
1

o
o
S
o
1

-0.005

'001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Iteration

Figure 6.17: Iteration history: Comparison of function values. In blue nonlinear updates. In red linear
updates.






Chapter 7

Conclusions and outlook

In this work, we have considered equality constrained optimization problems on differentiable man-
ifolds. Thus, we have extended the unconstrained setting found in [AMS09], to the constrained
one. Besides, for the solution of optimal control problems posed on differentiable manifolds, the
formulation has been extended to the case in which the spaces are vector bundles. Specifically in
our applications, we have considered the equality constrained formulation, where the target map
of the constraint, maps into the co-tangent bundle, i.e., an special instance of a vector bundle.
In [AMSO09], the concept of retractions is introduced as a fundamental tool for the development
of optimization algorithms on manifolds. We have extended the concept of retraction to the more
general case where the manifold has the structure of a vector bundle. Through the concept of vector
bundles connections [E167, Lan12a, Dom62, V*67], we defined first and second order vector bundle
retractions, as well as consistency properties for such maps.

In addition, once the equality constrained optimization problem is posed, first and second-order
optimality conditions are derived. In particular, as a solution of a saddle point problem at each
point on the manifold, a 1-form Lagrange multiplier \ arises. We showed that the existence of a
potential function A, such that d\ = A, depends on the integrability of the horizontal distribution
(ker ¢(x))*, in the sense of Frobenius.

Concerning the algorithmic part, we have extended the affine covariant composite step method
presented in [LSW17], to the manifold case. This method was successfully used to solve optimal
control problems involving finite strain elasticity [LSW14]. In the linear case [LSW17], the composite
steps, on and 0t add up to a Lagrange-Newton step, and fast local convergence is obtained. The
composite step method on manifolds uses a set of nonlinear retractions to pullback the cost and
constraint mappings to linear spaces to compute the corrections, which are subsequently updated
through a different set of retractions. The quality of the retractions plays a role in the performance
of the algorithm, in particular, we proved that the algorithm converges super-linearly, even for
first-order retractions, with the introduction of a surrogate model.

We applied our method to problems in linear algebra and finite elasticity. As a first application,
we solved a constrained eigenvalue problem as proposed in [GGvMS89|, where minimization of a
real functional having as a constraint a matrix of full rank is performed over the SV-sphere. We
proceeded with examples of finite elasticity. More specifically, we considered the displacement

161
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calculations of flexible inextensible rods as in [GLT89]. The inextensibility condition led, in the
discretized formulation, a problem on the product (S?)", where n is the number of nodes of the
discretization. In the first simulation, we solved the forward problem of getting the final configura-
tion of an elastic inextensible rod under dead load. Then, we considered the case, in which the rod
enters in contact with one of the planes delimiting the positive cone K*. Using the approach given
in [NT*02], we regard the space Kt as a Riemannian manifold. We used interior point methods on
this formulation, as found in the literature [NW06, Meh92, NW06, SNW12], where, thanks to the
manifold structure, and the retractions defined on this space, our method was applicable. Finally,
we considered the optimal control problem of elastic inextensible rods. We minimized a tracking
type functional, constrained to be the minimizer of the elastic energy of the rod. Here, the differ-
ential of the elastic energy, maps into a cotangent bundle space. This structure arises, given that
the differential of a real function on a manifold, is an element of the co-tangent bundle, which is
an instance of a vector bundle. We implemented the newly introduced vector bundle retractions in
this setting, in particular, tangent bundle retractions for the space T'S? are implemented, using the
connection kpg2, given by the second fundamental form, regarding S? as a submanifold of R?. We
closed our applications, with an example of the introduced retractions on the space of orientation
preserving tetrahedra 7Tp.s. In the context of finite elasticity, we considered the deformation calcu-
lation of a 3-dimensional body Q C R3. The body is discretized by subdividing it into tetrahedra.
We showed the impact that the nonlinear updates defined as retractions on the space of orientation
preserving tetrahedra 7,,s have on the algorithm. We noticed that efficiency of the algorithm im-
proved in a significant way, compared with the usual linear updates. In this final case, in contrast
to the rod mechanics, the pullback of the discretized stored energy functional into the space Tpos
through retractions was not performed, such pullback, would lead to a finite element discretization
using the retraction R7res. In addition, thanks to the formulation over vector bundles, and the
introduction of the retractions R7» for the space of volume preserving tetrahedra, the numerical
solution of optimal control problems over the space of volume preserving diffeomorphims can be
considered as a topic for future research.






Appendix A

Appendix A

This chapter aims to collect some basic definitions and results on linear topological spaces that

support the nonlinear theory developed in this thesis.

A.1 Vector spaces

Definition A.1.1. A topological vector space E over the real numbers R, is a vector space with a

topology such the operations of addition:

ExE—E
(v,w) > v+w

and scalar multiplication:

RxE—E

(a,w) = aw
are continuous.
Definition A.1.2. A norm on a topological vector space E, is a non-negative function
|-|lg:E—R
such that for t € R, and for all u,v € E, it satisfies the following properties:
i) lutvle < llulle + [lvle-
it) [[tulle = [¢][|ulle-
iii) If ||[v||lg = O then v = 0.
Special cases of vector topological spaces are Banach and Hilbert spaces.
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Definition A.1.3. A Banach space E, is a topological vector space, which is equipped with a norm
| - |z and is complete with respect to the distant function induced by the norm. This means that
every Cauchy sequence is convergent in E.

Definition A.1.4. A Hilbert space E, is a topological vector space, endowed with an inner product

ExE—-R

(v, w) = (v, w)
such that the norm on E defined by
[vlle == V/(v,v)
turns E into a complete space with respect to the distant function induced by this norm.

I)eﬁnition A.1.5. Let be E and F two topological vector spaces over R. We say that a map
Y :E —F is a linear function if for any two elements v,w € E and any scalar o € R the following
two conditions are satisfied:

b(v+w) = p(v) + d(w)
b(aw) = (o).

The set of continuous linear maps of E into F is denoted by L(E,F).

Definition A.1.6. Let be E1,Es, ... E, and F topological vector spaces over R. We say that the map

Yy By X oo X By = F is a r-multilinear map if for all j € {1,...,r}:

¢(U17 -y Vj—1, QU5 + /Bwjv Vjt1y -y /UT) = Oﬂ/}(vl) <y Uj—1, V5, Vjtl, - /UT) + BQ;Z)(UD sy Vj—1, Wiy Ujgdy -y U'r‘)
(A.4)

forallv; e E; i € {1,..,r}, wj € Ej and o, f € R. We denote the continuous r-multilinear maps of
the product By x ... x E, into F by L(E4,...,E.;F). If in addition E = E; for all i € {1,...,7} then
we denote this space by L (E,T).

Definition A.1.7. Let be E and F topological vector spaces. We say that an r-multilinear map
v e L' (E,F) is symmetric if:

Y(V15 ey Uiy ooy Vjy ooy Up) = V(UL oy Ujy ey Uiy oy Up)y U1, e, U € B (A.5)
The r-multilinear symmetric maps are denoted by Ly, (E,F).

Definition A.1.8. Let be E and F topological vector spaces. We say that an r-multilinear map
v € L"(E,F) is alternating if:

Y(V1,y eey Viy ey Vjy ooy V) = 0 (A.6)

for all vi,...,v, € E whenever v; = vj for some i # j. The r-multilinear alternating maps are
denoted by L] (E,F).
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More details on multilinear functions can be found in [BW08, Brol2].

Remark A.1.1. In particular, a continuous linear map into X : E — R receives the name of
functional.

Definition A.1.9. Let be E a normed topological space. We denote by E* the set of all continuous
linear functionals on E. The dual norm on E* is defined by:

[fllex = sup [f(v)], veR.
lofl<1

Given f € E* and v € E, it is often written (f,v) instead of f(v), and we say that (-,-) is the scalar
product for the duality E, E*.

The Riesz Representation Theorem. Let be E a Hilbert space. Then for every A € [£* there
exists an v € E such that for every w € E, A(w) = (w,v). Thus the Riesz representation theorem
shows that R : E — E*, defined by R(w)(v) = A(v) = (w,v) is an isomorphism. For more details
on the proof see e.g., [Brel0, Eval0].

Definition A.1.10. Let be E a Banach space and let be G a closed subspace. We consider an
equivalence relation on E defined by v ~ w if v —w € G. We denote:

E/G (A.7)

as the set of all equivalence classes, which is in turn a vector space. We call E/G the quotient space
of E (mod G). We have, in addition, that the canonical map w: E — E/G, which assigns to every
v it equivalence class [v] is linear and surjective.

A.2 Derivatives of Maps

Definition A.2.1. Let E, F be two normed topological spaces. For U C open in E, we say that the
continuous map f : U — T is differentiable at a point xo € U if there exists a continuous linear
map A : E — F such that:

flxzo+v) = f(xo) + Av+7(v) (A.8)
where
lr()[lellvllg =0 as ol — 0. (A.9)

In this way A is uniquely determined, and we say that it is the derivative of f at xg. It is an element
of L(E,F) and it is denoted as D f(xq) or f'(xo). For more details, see e.g.,[AS67, LanlZ2aj.

Let be E, F Banach spaces. Let be U open in E and let f : U — F a differentiable function at
each point of U. For k € N, we define the k-th derivative of f denoted by D¥f, inductively, as
D(D*=1f). We have that

DFf .U — L(E, L(E, ..., L(E,F)...))

where the latter space, can be identified with L*(E,F) (see e.g.,[Lan12a]). We say that a map f is
of class C™ if its m-th derivative D™ exists for 1 < m < k, and is continuous.
We now mention indispensable Taylor formula.



A.2. DERIVATIVES OF MAPS 167

Proposition A.2.1 (Taylor’s Formula). Let E and F be Banach spaces. Let be be U C E an open
subset of E. Let be x,y two points of U such that the segment x + ty lies in U for 0 <t < 1. Let

f:E—TF

be a CP-function, and denote by y® := (y,...,y) p-times. Then the function DPf(z + ty)y® is
continuous in t, and

x P=1 £(2)y(P—1) 11 _pp-1
flz+y) = flz)+ Dfl(! Jy 442 (;%_ )1%' +/0 (tp _t)l)! DPf(x +ty)y® dt. (A.10)

Proof. See [Lanl2a, 1,§3]. O

We observe that, for a differentiable function f: U C E — R, the differential f’(zo) € L(E,R), i.e.,
f/(a?()) e E*.

Definition A.2.2. Let be E a Hilbert space with inner product (-,-). And let be f : U — R
differentiable at xo € U. Then we define:

Vf(zo0) = R~ (Df (o)) (A.11)
where, R is the Riesz isomorphism, and call V f(x¢) € E the gradient of f at xo.

Proposition A.2.2. If the function f : U — V is differentiable at xg, and the function g : V — W
is differentiable at f(xg), then go f is differentiable at xo, and

(g0 f) (o) = g'(f(0)) o f'(wo)- (A.12)

Let us assume that U is open in E, and let f : U — FF be differentiable at each point of U. If the
mapping f’ is continuous, we say that f is of class C'. The k-th derivative D* f of f, is defined as
D(DF1f), with D¥f € L*(E,F). A map f is said to be of class CF if its j-th derivative D7 f exists
for 1 < j <k, and is continuous.

Theorem A.2.1 (The Inverse Function Theorem). Let be E, F Banach spaces, and U € E an open
subset. Let be
g:U—F

a smooth map such that for some x € U with g(x) =y € F, the derivative Dg(z) : E — F is an
isomorphism. Then, there exists open neighborhoods x € U C U andy € V CF such that, the map:

95 UV (A.13)

Lis also smooth and the following holds:

1s tnvertible. In addition, its inverse g~
D(g~")(y) = (Dg(z))"! : F — E. (A.14)

Proof. See [Lanl2b). O
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Theorem A.2.2 (The implicit Function Theorem). Let be E1,Eo and Es Banach spaces, and Let
be U a neighborhood of a point (o, yo) in the product By x Ey. Consider a C* map F : U — Eg, with
F(x0,y0) = 0 and assume that the partial derivative Fo(xo,yo) : E2 — E3 is a linear homeomorphism
(i.e., Fy bijective continuous and with continuous inverse). Then there exist open subsets Uy C Eq,
Us C Eg, and a mapping y(x) : Uy — Uz such that, on Uy x Us, we have:

F(z,y(x)) = 0. (A.15)
In addition, y(x) is of class C*, and for any x € Uy
Y (x) = = (Fa(x,y(x))) " o Fi(z,y(x)). (A.16)

Proof. See e.g.,[IT09, 0,§2]. O

A.3 Sobolev Spaces

For the variational formulations of the mechanical problems considered in this work, the use of
Sobolev spaces is needed. In this section, we introduce these spaces and some properties, for a more
detailed exposition see [AF03, Brel0, GLT89, ABM14, BP12, Eval0]. In this work, we assume the
set 2, which is in general defined as the interior of the continuous body under consideration in its
reference configuration. The body (2 is supposed to be open, bounded, and connected in R3. The
subsets 2 C R? are equipped with the classical Lebesgue measure of R3, denoted by dz.

Definition A.3.1. Let p € R with 1 < p < oco. We set
LP(Q) = {f : Q@ — R| f is mesurable and / |fIP < oo}
Q

with the norm

1l = 1171l = ( [ irr dx) "

If p = 00, we set
L>(Q) ={f:Q — R| fis mesurable and there is C € R s.t. |f(x)] < C a.e on Q}
with the norm
[fllzee = nf{ C| |f(z)| < C a.e on Q} (A.17)
Theorem A.3.1 (Fischer-Riesz). The space LP(Q2) is a Banach space for any p, 1 < p < 0.

Proof. See [Brel0, IV, §2] O
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On the other hand, we define the space D(€2), as the space of real functions infinitely differentiable
and with compact support in . The topological dual D*(€2) receive the name of space of distribu-
tions on 2. In this way, any locally Lebesgue integrable real function f : 2 — R can be identified
with a distribution by

(f.6) = /Q f(@)é(x) dr for all ¢ € D(Q)

with (-,-) denoting the duality pairing between D*(Q) and D(f2). For a = {a1,az2,a3} in N3, and
la| = a1 + ag + ag, the « derivative of a distribution f is defined by

Hlal
0 f.6) = (—1)l <f, m> for all ¢ € D(Q).

In particular, we have that a function f of class C!®, this concept corresponds to the usual definition
of the partial derivative 0° f.
For m e Nand p € R, 1 < p < 0o, we define the Sobolev space

W™P(Q) ={g € LP(Q) | 0% € LP(Q) for all |a| < m}, (A.18)
with the norm
1/p
ol = | 3 [ 10rgPdn | itp <o (A.19)
asm
lgllm,co0 = sup <sup €ess |8ag(x)|) if p = cc. (A.20)
al<m \z€fl

For p = 2, we denote W™2(Q2) by H™ (), which is a Hilbert space for the scalar product.
(ra)= 3 [ ooy o (A.21)
laj<m ¢
We now state a couple of basic properties of such Sobolev spaces.
Theorem A.3.2. For 1 <p < oo, W™P is a Banach space.
Proof. See [Brel0, AF03, GLT89, Conl9]. O

An the important

Theorem A.3.3 (Sobolev Imbedding Theorem). Let p, with 1 < p < 0o, be given and for Q C RY,
we have that:

i) for0 <m < %, W™P(Q) is continuously imbedded in LI(S2) (% = % - %),
i) form = %,Wm’p(ﬁ) is continuously imbedded in any L1(2), 1 < g < oo;

iii) for m > %, W™P(Q) is continuously imbedded in C(2). Where Q denotes the closure of ).
Proof. See [Brel0, AF03, Conl9). O
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A.4 DMatrices

Next, we introduce some formulas from matrix theory that are needed for the development of this
work.

Definition A.4.1. Let be n,m € N, with n,m > 1. A real matrix M of size n x m, is a rectangular
arrangement of real numbers, with n being the number of rows and m the number of columns of the
arrangement. The representation is given by:

mi1 - Min
Mnp1 - Mpm
which can also be written as
M = (mjj)i<i<n, 1<j<m. (A.23)

with (m;;) € R, for all i € {1,...,n} and j € {1,...,m}. The set of real matrices of size n x m
is denoted by M, xm(R). The transpose of the matrix M, denoted by M7, is defined as M7 =
(mji)i1<i<m,1<j<n- In the case in which n = m, we say that the matrix is square. The set of square
matrices of size n is denoted by M,,(R). The identity matrix I,, € M, (R) is defined by:

‘ LA i
my=6=a" 7 (A.24)
0, if 1#7
and its representation is given by
1 0 0
=" " (A.25)
. 0
0 0 1
We also say that a square matrix is symmetric if M = M7, skew-symmetric if M = —M7 and

positive definite if 7 Mz > 0 for every = # 0. Thus, we have the sets:

Sym(n) = {M € M, (R)|M = MT} (A.26)
Skew(n) = {M € M,(R)|M = -MT} (A.27)
Pos(n) = {M € M,(R)| 2" Mz > 0 for all 2 € R", x # 0} (A.28)
(n) (R) (A.29)

A.29

Observe that, every matrix M € M, (R) can be written as:

M= %(M + M) + %(M - M7 (A.30)
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where (M + M7) € Sym(n) and $(M — MT) € Skew(n). Given that Sym(n) N Skew(n) = 0, then:
M, (R) = Sym(n) @ Skew(n), (A.31)
where, @ denotes the direct sum.

Definition A.4.2. Let be n,m,p € N non-zero numbers. We define the product of two real matrices
M and N as:

Mim(R) X Mapp(R) = Myp(R) (A.32)
(M,N)— MN, (A.33)

where the matriz M = MN is given by the formula:

m
k=1

For M € M, (R), we have that M1, = I,M = M. The product is associative, but in general not
commutative, i.e., in general MN # NM, for M, N € M, (R). For this reason, the commutator
between the matrices M and N, given by [M, N] = MN — NM, is defined. In addition, for a given
square matrix M € M, (R), we define by M? = MM, M3 = MM? = M?>M,---, M*1 = M*M,
for k € N.

Definition A.4.3. For a given M € M, (R). We say that the matriz M is invertible, if there exists
P e M,(R), such that:

MP = PM = 1I,. (A.35)

In such case, we say that P is the inverse of M, which is uniquely determined by M and is denoted
by M1

Definition A.4.4. Let be M = (mij;)i<ij<n € Mn(R) a square matriz. Denote by S, the group of
permutations over the set {1,2,...,n}. The determinant of M, denoted by det M, is given by:

det M := Z €(O)Mig(1)  Mpg(n); (A.36)

O’ESn

where e(n) = +£1 denotes the signature of €, which is equal to +1 if o is an even product of trans-
positions, and —1 otherwise.

Let be M, N € M, (R). We list some important properties of the determinant:

i) det I, = 1.

ii) det MT = det M.

. . -1_ _1
iii) If M is invertible then det M # 0, and det M ™" = ;-

)
)
i)
)

iv) det(MN) = det M det N.
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v) det(tM) = t™ det M, for t € R.

Definition A.4.5. Let be M € M, (R). The i,j cofactor of the matriz M, is the real number c;;
given by:

cij = (=1)H iy
where m;; s the i,j minor of M, which is given by the determinant of the (n — 1) x (n — 1) matriz
that results from deleting the i-th row and the j-th column of M. The matriz C' = (c;;) is the matriz
of cofactors of M.

Definition A.4.6. Let be M € M, (R) and C the corresponding matriz of cofactors. We define
the adjugate matriz of M by:

Adj(M) = CT. (A.37)
Proposition A.4.1. Let be M € M, (R). Then we have that:
M Adj(M) = Adj(M)M = det M1,,. (A.38)

In particular, if M is invertible, det M # 0 and we have the identity:

1
M~ = Adij(M). A.
et dj(M) (A.39)

Proof. See e.g., [Ser01, 11,81]. O

We denote by GL(n), the general linear group, to the set of all invertible elements of M,,(R). We
have that GL(n) is a multiplicative group. In addition, we call the special linear group SL(n),
to the set of matrices with determinant equals to one. SL(n) is a subgroup of GL(n). The or-
thogonal matrices are the matrices that satisfy the relation M~ = M7T, and is denoted by O(n).
Furthermore, the orthogonal matrices with determinant equals to one, receive the name of special
orthogonal group and the set is denoted by SO(n).

Proposition A.4.2. Let be M € M, (R). Then, the series

| —

exp(M) := i M* (A.40)
k=0

™

|
1s convergent, and the sum is called the exponential of M.
Proof. See e.g., [Ser01, VII,§2]. O
Proposition A.4.3. Let be M,N € M, (R), such that MN = N M, then we have that

exp(M + N) = exp(M) exp(N). (A.41)
Proof. See e.g., [Ser01, VII,§2]. O

As a consequence of the previous proposition and using the identities exp(0,,) = I,, and the identity
(M)(—M) = (—=M)(M), we have
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Proposition A.4.4. For every M € M, (R), exp(M) € GL(n), i.e., exp(M) is invertible and its
inverse is given by exp(—M).
Proof. We see that

I, = exp(0,) = exp(M — M) = exp(M) exp(—M) (A.42)
then the result follows. O

Moreover, we have the following result:

Proposition A.4.5. If M € Sym(n) then exp(M) € Met(n), and if M € Skew(n) then we get that
exp(M) € O(n). Furthermore, The exponential map:

exp(-) : Sym(n) — Met(n) (A.43)
s an tsomorphism.
Proof. See e.g., [Lan12a, XII,§1]. O

If we introduce a parameter ¢t € R, and define ¢(t) = exp(tM) for M € M, (R). In particular we
see that, for s € R, g(s +t) = g(s)g(t), and g is differentiable, in particular, we see that:

7t = 1im 209 =90 _ - nr ana J(t) = lim 9(s)9(t) = 9() _ Mg(t) (A.44)

s—0 S s—0 S

therefore, we have the formula:

%exp(tM) M (exp(tM)) = (exp(tM))M. (A.45)

The trace operator is defined as:
tr: Mp(R) = R (A.46)

Let be M, N € M, (R), some properties of the trace operator are:
i) tr(M + N) = tr(M) + tr(N).
i) tr(tM) =ttr(M), t € R.

i) tr(M) = tr(M7T).

iv) tr(MN) = tr(NM).

v) If M € Sym(n) and N € Skew(n), then tr(MN) = 0.

Finally, we list some useful formulas involving the derivative of the determinant and the Jacobi’s
identity.
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Proposition A.4.6. Let be h(t) : R — GL(n), given by h(t) = M(t), a differentiable function and
N € M, (R). Then we have the following identities:
i) 4 det(I, +tN) = tr N.
ii) & det M(t) = det M (¢) tr (M ()L LM (t)).
iii) det(exp(N)) = exptr(N).

Proof. For a complete proof see e.g., [Ser01, Ber09]. The identity i) is the well known Jacobi’s
formula. O
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