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Zusammenfassung

Das Kennzeichnungsproblem von Bildern bezeichnet die Aufgabe, jedem Pixel eines
Bildes genau ein Element einer vordefinierten Menge an Kennzeichnungen zuzuwei-
sen. Klassische Ansitze dieses Kennzeichnungsproblems sind als Minimierungsproble-
me speziell strukturierter Funktionen formuliert. Zuweisungsfliisse fiir kontextbasiertes
Kennzeichnen von Bildern sind eine neuartige, alternative dynamische Formulierung
durch rdumlich gekoppelte Replikatorgleichungen. In dieser Arbeit werden die klassi-
sche und dynamische Sichtweise in einer variationellen Formulierung kombiniert. Dies
wird dadurch erreicht, dass das System dem induzierten Riemannschen Gradientenfluss
auf einer elementaren statistischen Mannigfaltikeit beziiglich der Informationsgeometrie
folgt. Konvergenz und Stabilitéit dieses Ansatzes werden mithilfe der logarithmischen
Barrierefunktion untersucht. Eine neue Parametrisierung des Zuweisungsflusses durch
seine dominante Komponente deckt die enthaltene Struktur eines Riemannschen Gra-
dientenfluss auf, wodurch die beiden beherrschenden Prozesse des Flusses identifiziert
werden: rdumliche Regularisierung von Zuweisungen und allméhliches Erzwingen ein-
deutiger Entscheidungen. Des Weiteren wird eine rdumlich kontinuierliche Formulierung
des zugehorigen Potenzials vorgestellt und nachgewiesen, dass das entsprechende Opti-
mierungsproblem gut gestellt ist. Dariiber hinaus wird ein alternativer variationeller An-
satz fiir Maximum-a-posteriori Inferenz hergeleitet, basierend auf diskreten graphischen
Modellen unter Verwendung lokaler Wassersteindistanzen. Im resultierenden Inferenz-
prozess, basierend auf dem Riemannschen Gradientenfluss, sind die lokalen Marginali-
sierungsbedingungen immer erfiillt und eindeutige Entscheidungen werden asymptotisch
erreicht.






Abstract

The image labeling problem refers to the task of assigning to each pixel a single element
from a finite predefined set of labels. In classical approaches the labeling task is formu-
lated as a minimization problem of specifically structured objective functions. Assign-
ment flows for contextual image labeling are a recently proposed alternative formulation
via spatially coupled replicator equations. In this work, the classical and dynamical
viewpoint of image labeling are combined into a variational formulation. This is accom-
plished by following the induced Riemannian gradient descent flow on an elementary
statistical manifold with respect to the underlying information geometry. Convergence
and stability behavior of this approach are investigated using the log-barrier method.
A novel parameterization of the assignment flow by its dominant component is derived,
revealing a Riemannian gradient flow structure that clearly identifies the two govern-
ing processes of the flow: spatial regularization of assignments and gradual enforcement
of unambiguous label decisions. Also, a continuous-domain formulation of the corre-
sponding potential is presented and well-posedness of the related optimization problem
is established. Furthermore, an alternative smooth variational approach to maximum
a-posteriori inference based on discrete graphical models is derived by utilizing local
Wasserstein distances. Following the resulting Riemannian gradient flow leads to an
inference process which always satisfies the local marginalization constraints and incor-
porates a smooth rounding mechanism towards unambiguous assignments.
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Chapter 1

Introduction and Overview

1.1. Motivation

The image labeling problem refers to the task of assigning to each pixel a single element
from a finite predefined set of labels. This problem formulation can be applied in many
different fields, including image compression and denoising, calculating optical flow, ob-
ject segmentation, and many more. The individual labels in these cases might represent
color information, vectors of the velocity field, or fore- and background information in
the image, respectively.

The classical approach for image labeling is to devise a quality measure of label as-
signments, called objective function, whose global optima represent desired label config-
urations depending on the domain of application. A large class of models is given by
discrete objective functions related to probabilistic graphical models. These functions
are composed of a data term, measuring the deviation of labels from the given data,
and a regularizer, compensating for noise in the data and representing prior knowledge
of the problem. In this case, image labeling then corresponds to the task of finding
global minimizers for the discrete objective function, resulting in a hard combinatorial
problem. Thus, various relaxations are used in practice to arrive at a computationally
feasible formulation. Usually, convex relaxations are favored to obtain global optimal
solutions of the approximate problem.

There is a recent alternative formulation of image labeling via a smooth dynamical
selection process using information geometry. For this, label decisions at each pixel
are relaxed to probabilistic assignments and viewed as points on the manifold of dis-
crete probability distributions with full support on the set of labels, called assignment
manifold. The resulting dynamical system, called assignment flow, is given by spa-
tially coupled replicator equations and is mainly driven by two distinct processes: spatial
regularization of assignments through geometric averages and gradual enforcement of
unambiguous label decisions.

The goal of this thesis is to combine the classical and recent dynamical viewpoint
of the image labeling task into a variational formulation: minimize a given objective
function through the dynamics of the induced Riemannian gradient descent flow with
respect to the underlying information geometry on the assignment manifold. Due to the
Riemannian structure, the resulting dynamical system again has the form of a spatially
coupled replicator equation. However, in contrast to the classical approach of ‘solely’
finding global minimizers, the focus is on following the dynamics of the system, generally



Chapter 1. Introduction and Overview

resulting in local optima. A good analogy might be dropping a ball in a room of a build-
ing. The resulting dynamic of the falling ball is adequately described by the equation of
motion induced by the corresponding gravitational potential, leading to a local optimum
somewhere in the room, rather than by the global minimizer of the potential, lying some-
where in the basement of the building. Similarly, non-convexity of objective functions
and local optima in the proposed variational image labeling approach are not an issue,
as label decisions are determined through the selection process of the corresponding
Riemannian gradient flow, driven by the dynamical flow of information.

1.2. Related Work

1.2.1. Image Labeling

Discrete graphical models are a well established approach for image labeling and dom-
inated the field in the past [GG84, Lau96, WJ08]. The special binary case of only two
labels can efficiently and optimally be solved [KZ04]. If the regularizer is induced by a
metric, then the image labeling problem is referred to as metric labeling problem [KT02].

A widely used convex relaxation for the corresponding combinatorial problem is based
on the local polytope relaxation [Wer07], a special linear programming (LP) relaxation
for adequately representing the specific structure of maximum a-posteriori (MAP) infer-
ence problems underlying discrete graphical models. As a consequence of the relaxation,
however, optimal solutions of the LP do not necessarily correspond to valid labelings
of the original problem. To remedy this shortcoming, various rounding schemes for
converting a relaxed solution into a valid labeling in a post-processing step are avail-
able [CKNZ05, KT02]. Due to the large problem size of typical applications, standard
methods for solving the LP relaxation are infeasible in practice. For example, the use
of interior point methods [NN87] is prohibitively expensive because of the dense linear
algebra steps required to find update directions. An iterative algorithm for tackling
these LPs is given by belief propagation and variations thereof [YFWO05]. Even though
convergence guarantees are only available in special cases, the numerical update can
efficiently be implemented via ‘message passing’ and the overall method achieves good
performance in practice [YMWO06]. For further references and experimental evaluations,
the reader is referred to the recent survey [KAHT15] on the image labeling problem and
on algorithms for solving it either approximately or exactly.

In addition, continuous models for image labeling together with various relaxations
are investigated in the literature [CCP12, LS11]. Similar to the discrete case, the special
binary case of two labels can be solved optimally by convex programming [CENO0G].

In recent years, deep convolutional neural networks (CNNs) achieved outstanding
performance in different tasks of machine learning and pattern recognition, including
image classification and image labeling [KSH12]. However, there are instabilities and
systematic failures associated with these approaches, showing that further research for
a deeper mathematical understanding of CNNs is needed [ARPT19].
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1.2.2. Assignment Flow

The assignment flow for smooth geometric image labeling was first proposed in [APSSl?].
It was in part motivated by seminal work on relaxation labeling [HZ83, RHZ76] and has
connections to other fields, including nonlinear diffusion filters [Wei98], nonlocal means
filter [BCMO5], and replicator dynamics [HS03]. The assignment flow also fits into a
recent development of mathematically interpreting deep residual networks, a network
architecture introduced in [HZRS16], as discretized realizations of dynamical systems
[E17, HR17]. For a recent overview of the assignment filter in general and additional
remarks see [Sch20].

Over the past view years, several extensions of the original assignment flow have been
proposed. In [ZSPS20], the linear assignment flow together with geometric numerical
integration methods for integrating flows on the assignment manifold are considered.
Incorporating additional prior knowledge as global constraints on label assignments via
linear filters is explored in [ZRS18]. Initial work on parameter learning is reported in
[HSPS19], where the proposed approach is successfully applied to learn regularization
parameters for the linearized assignment flow. However, this general framework is not
limited to the linear model and can also be used for learning parameters of the fully
nonlinear flow. The work of [ZZPS20] introduces an unsupervised assignment flow, where
specified labels simultaneously evolve on a separate feature manifold coupled with the
underlying assignment process, allowing to adapt the given label dictionaries. A further
extension to a completely unsupervised scenario, where no labels are prespecified at all,
is presented in [ZZPS19]. There, the emergence of labels together with their assignments
is induced by a low-rank data representation evolving through dynamically assigning the
data to itself, resulting in the so-called self-assignment flow.

1.2.3. Replicator Dynamics

Replicator equations are a widely used dynamical model in various fields, including evo-
lutionary biology, game theory and economics, see [HS03, San10] and references therein.
Even though the replicator dynamic seems to be a simple ordinary differential equation
at first glance, it possesses a rich mathematical structure [AE05] and is even capable of
chaotic behavior [SC03]. Since the literature on replicator dynamics is vast, only a few
related works on models involving spatial interaction in physics [dB13, TC04] and ap-
plied mathematics [BPN14, NPB11] are pointed out, as well as extensions to an infinite
number of strategies (i.e. infinite labels in the case of image labeling) [AFMS18]. There
are also applications for finding good local optima for combinatorial problems, such as
the graph isomorphism problem [Pel99].

Regarding the connection to information geometry, it is well known that if the fit-
ness function corresponds to the gradient of a potential, then the replicator equation is
nothing else than the Riemannian gradient flow with respect to the Fisher-Rao metric
[AJVLS17, HS03].
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1.3. Contribution and Organization

In [APSSl?], the assignment flow originally started out as a variational model contain-
ing Riemannian means on the assignment manifold. Using a simplifying assumption and
approximating the Riemannian mean to first order by the geometric mean, the corre-
sponding Riemannian gradient descent flow resulted in the assignment flow formulation.
Unfortunately, this approximation is unavoidable for obtaining efficient numerical up-
date schemes, as there is no explicit formula for the Riemannian mean. Even though
the mean itself can be computed numerically (cf. [APSS17, Sec. 3.3.2]), the derivation
of a numerical scheme for the corresponding derivative, contained in the Riemannian
gradient, is rather involved. This motivated the investigation of variational approaches
for image labeling on the assignment manifold in this thesis. Among other things, the
convergence of general variational models will be investigated together with the question
to which extend the assignment flow is still variational.
The main contributions of this thesis include:

e Transferring established convergence and stability results for gradient flows of an-
alytic functions on Euclidean space to Riemannian gradient flows of log-barrier
perturbed analytic objective functions on the assignment manifold.

e Proving that the assignment flow is not a Riemannian gradient flow. Introducing
a suitable parameterization of the assignment flow by its dominant component
and showing that this in turn is a Riemannian gradient flow with an explicitly
given potential. Also, generalizing this potential to the continuous-domain case,
which reveals connections to harmonic maps and corresponding partial differential
equations (PDEs).

e Deriving a relaxed geometric variational formulation of discrete energies corre-
sponding to discrete graphical models on the assignment manifold. This is done
by reformulating the smoothed local polytope relaxation in terms of entropy reg-
ularized local Wasserstein distances. The resulting inference process through the
Riemannian gradient flow always satisfies the local marginalization constraints and
incorporates a smooth rounding mechanism towards unambiguous labels decisions.

Subsequently, an overview regarding the organization of this work is given:

In Chapter 2, the necessary mathematical background for this work is presented. The
basic notation used throughout this thesis is laid out in Section 2.1. The reader is
assumed to be familiar with the basic definitions and facts from differential geometry
and convex analysis presented in the corresponding appendices A and B. Section 2.2
introduces the necessary fundamental concepts and results from information geometry
needed to define and investigate the dynamical formulation of the image labeling problem
on the assignment manifold in Section 2.3.

In Chapter 3, the process of inferring label assignments through the Riemannian gra-
dient descent flow and the corresponding numerical integration with the geometric Euler
method are considered. For this, Section 3.1 defines the log-barrier method on the as-
signment manifold and Section 3.2 introduces special affine coordinates as well as the
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Lojasiewicz inequality for analytic functions. After these mathematical preparations,
the established convergence theory of gradient flows for analytic functions in Euclidean
space is transferred to Riemannian gradient flows on the assignment manifold in Sec-
tion 3.3. Section 3.4 deals with the corresponding theory for the numerical integration
through the geometric Euler method.

Chapter 4 is concerned with the variational formulation of the assignment flow. In
Section 4.1, it is shown that even though the assignment flow itself is not a Riemannian
gradient flow, it can alternatively be parameterized by its dominant component, called
S-flow, which in turn admits the characterization as a Riemannian gradient flow. Sub-
sequently, the corresponding potential is investigated and basic properties are evaluated
with two academical examples. A continuous-domain variational formulation is studied
in Section 4.2. After establishing well-posedness of the associated optimization problem
and deriving a numerical algorithm for solving it, the close relation of this approach to
the assignment flow is illustrated by an experiment. In the end, a PDE characterization
of solutions is obtained by a ‘formal’ derivation.

Finally, in Chapter 5, an alternative approach for optimizing discrete functions related
to discrete graphical models is presented. For this, a relaxed variational model on the
assignment manifold is derived in Section 5.2 using entropy regularized local Wasser-
stein distances. This derivation is based on the smoothed local polytope relaxation,
which will be introduced in Section 5.1. Following the corresponding Riemannian gradi-
ent flow of the variational model results in an alternative inference process for discrete
graphical models using parallel ‘Wasserstein messages’ along edges. In contrast to estab-
lished methods, the local marginalization constraints are always satisfied and a smooth
rounding mechanism towards integral assignments is incorporated in the inference pro-
cess. Basic properties of this approach are evaluated with academical experiments in
Section 5.3, including a comparison with two established methods in the field.

A summary of this thesis together with a short list of further research directions is
presented in Chapter 6.






Chapter 2
Preliminaries

In this chapter, the central mathematical objects of this thesis are defined, the so called
assignment manifold, encoding fully probabilistic label assignments, together with the
assignment flow, inferring label configurations on the assignment manifold. Before this
is done, the fundamental concepts from information geometry are introduced, necessary
to define and investigate the dynamical formulation of the image labeling problem on
the assignment manifold. The reader is assumed to be familiar with the basic definitions
and results from differential geometry and convex analysis as presented in Appendix A
and B.

2.1. Basic Notation

In the following, an overview of the notation for standard mathematical objects used
throughout this work is given. For the notation regarding differential geometry and
convex analysis, the reader is referred to the corresponding appendices A and B. Unless
otherwise stated, the Einstein summation convention is used (see appendix A).

For n € N={1,2,...}, the first n natural numbers are denoted by
[n] :={1,2,...,n—1,n}

and the n-dimensional vector containing only ones by 1, := (1,1,...,1) € R™. The
standard basis of R™ is given by B, := {e1,...,e,} CR™.

For two indices ¢,j € N, the Kronecker delta is denoted by ¢;; and takes the values
0ij = 1if i = j and 9;; = 0 else. The indicator function of a set S C X is defined as

1 ,forzesS

(2.1)
0 ,forz¢s.

Xg: X = {0,1}, z— Xg(2) :{

For a differentiable function f: U — R, with U C R"™ open, the ordinary gradient is
denoted by! 9f and the Hessian by Hess f. The dependence of a linear map F: V — W
between two vector spaces V and W on the argument z is denoted by F[z], for example
F[A] = BT AT + AB for matrices A € R™*™ and B € R™*9, If the action of I on z is
explicitly given by matrix multiplication, then also Fz is used. The kernel (nullspace)

! As subdifferentials of a function will not occur in this thesis, there is no danger of confusion.
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and image (range) of a linear mapping F' is denoted by ker(F') and Im(F). If U C V is
a linear subspace of a Euclidean vector space (V, (-,-)), then the orthogonal projection
onto U is denoted by Py: V — U and the orthogonal complement of U in V by U=,

Due to the Einstein summation convention, basis vectors will always have lower and
vector coordinates always upper indices, e.g. if z € R™, then z = z'e;. Unless otherwise
stated, a matrix A € R™*™ will be identified with an element of the product space

RMX71 o (Rn)m _ H an

1€[m)]

that is, the i-th component of A = (Ai)ie[m} is given by the i-th row vector of A, again
denoted by A; € R™. Expressing this row vector A; in coordinates gives A; = Ale;.
Thus, an element of a matrix A € R™*" will be indexed by A, where ¢ € [m] is the row

index and j € [n] the column index. The j-th column vector of A is therefore denoted
by A7,

The standard inner product of two vectors z,y € R™ is denoted by (z,y) and the
induced Euclidean norm by ||||, other norms will always be indicated by a corresponding
subscript. If M C R™ is a submanifold, then the canonical Riemannian metric given by
the induced Euclidean metric is sometimes denoted by E = (-,-) to simplify notation,
especially in the context of Riemannian gradients. Furthermore, the Frobenius inner
product of two matrices A, B € R"™*" is given by

(A,B) :=tr (ATB) = Z A{Bg = Z (Ai, B;) = Z (A7, B),

i€[m],j€[n] 1€[m] jE€[n]

and induces the Frobenius matrix norm, again denoted by || -||. The closure of a set M in
R™ or R™*" with respect to || -|| is indicated by M and the interior by int(M) := M \ M.
Furthermore, open Euclidean balls with radius » > 0 around a point x € R™ are always
denoted by B,(x) and similarly for balls around X € R"™*"™.

Inequalities between two vectors or matrices are meant componentwise, i.e. if z = z’e;
and y = y'e; are vectors in R", then 2 > y means 2’ > ¢* for all i € [n]. The Hadamard
product, i.e. componentwise multiplication of matrices A, B € R™*", is denoted by AeB
and componentwise division for B > 0 by % or A/B respectively. Define 4°" to be the
identity matrix and inductively A* := AeA*( =1 for k € N. For two vectors z,y € R,
the Hadamard product is simply denoted by xy := xey, since there is no confusion with

matrix multiplication. Also, for z,y,z € R™ and A, B,C € R™*" the relations
ty = Diag(z)y, (19,2) = (v,yz) and (AeB,C) = (4, BeC)
hold. The componentwise application of a given scalar function f: R — R to a vector

z = z'e; € R™ is defined by f(z) := f(z')e;, e.g. e* = (e”',...,e*") € R". Similarly,
f(X) denotes the componentwise application of f to a matrix X € R™*".

10
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2.2. Information Geometry

The notion of a dually flat manifold originates in the field of information geometry,
where families of probability distributions, such as exponential families, are treated as
manifolds. There, the investigation of intrinsic geometric properties of these statisti-
cal manifolds naturally leads to the concept of dually flat structures, which provides a
rich mathematical framework with applications in statistical inference, information the-
ory, machine learning and many more, see [AN07], [Amal6], [AJVLS17] and references
therein. These basic information geometric concepts will be a powerful tool for defin-
ing and investigating the dynamical formulation of image labeling on the assignment
manifold throughout this work.

In the following, the general concept of a dually flat manifold together with some of the
fundamental properties are introduced, based on the aforementioned references. Then,
the natural dually flat structure for the space of discrete probability distributions with
full support, used to encode label decisions in the subsequent sections, is considered.

2.2.1. Dually Flat Manifolds

Let (S, g) be a Riemannian manifold. Two affine connections V and V* on S are dual,
if for all vector fields X,Y, Z € X(S)

Zg(X,)Y)=9(VzX,Y) 4+ g(X,V3Y) (2.2)

holds. The triple (g, V, V*) is called a dualistic structure on S. The manifold S together
with the choice of a dualistic structure is a dualistic manifold, denoted by (S, g, V,V*).

For a given connection V there exists a unique dual connection V*, implying the
equality (V*)* = V. Uniqueness also results in self-duality (V9)* = V9 for the Levi-
Civita connection V9 associated to the Riemannian metric g.

A statistical manifold is a dualistic manifold (S, g, V, V*) with V and V* torsion free.
Since V and V* are dual connections, V/ := $(V + V*) is a metric connection on (S, g).
Because V and V* are additionally torsion free, so is V’ and as a consequence, equals
the Levi-Civita connection V9 = V’. Furthermore, the dual connections V and V* of
the statistical manifold S can be encoded by a symmetric 3-tensor as follows.

Theorem 2.2.1. For every statistical manifold (S, g,V,V*) there is an associated sym-
melric 3-tensor via the construction

T(X,Y,2):=g(ViY —VxY,Z) for X,Y,Z € X(S)

Conversely, any symmetric 3-tensor on a Riemannian manifold (S, g) results in a sta-
tistical manifold (S, g,V,V*), where V is defined by the equation

1
9(VxY,Z) = g(V%Y,Z) - iy(X,Y, Z) forall X,Y,Z € X(S)

and V* is uniquely determined by V through the duality condition (2.2).

11
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Proof. See [AJVLS17, Thm. 4.1] and [AJVLS17, Thm. 4.2]. O

A dualistic manifold (S, g, V, V*) is called dually flat manifold if both dual connections
V and V* are flat. Since flat connections are also torsion free, a dually flat manifold is
always also a statistical manifold.

The next result shows that any dually flat structure is locally induced by dually convex
functions defined on dual affine coordinates.

Theorem 2.2.2. Let (S, g,V,V*) be a dually flat manifold. For any V-affine coordinate
system 0 on U C S, there exists a dual coordinate system n on U which is V*-affine. Also,
there are smooth convex functions ¥ (6) and ¢(n) (convex with respect to the coordinates)
related by a Legendre transformation

w(n) = max{(0,n) —(0)} = ¢" (),

inducing the dual affine coordinates

n=0Y(0) and 0=0p(n) with ¥(0)+e(n)—(0,n) =0, (2.3)
as well as the Riemannian structure
o 0 0? o 0 0?2
i =9 (aez aw) oigai ¥ @ 9 =9 <anz anﬂ> anioni © (24)

with g9 = g;‘j. Furthermore, the components Jji. of the symmetric 3-tensor 7 from
Theorem 2.2.1, encoding the dual torsion free connections V and V*, are given by

83

) = 2.
Tk = Ggioeions (25)
showing that 1 completely induces the dually flat structure.
Proof. For a proof see [AJVLS17, Thm. 4.4] as well as [ANO7, Thm. 3.6]. O

Following the construction of [ANO7, Sec. 3.4], there is a uniquely determined local
divergence for every dually flat manifold (S, g, V, V*), called the canonical local diver-
gence. Let 6 and n be dual V- and V*-affine coordinate systems on an open set U C S
together with their respective convex potentials ¢(0) and (7). For p,q € U, the canon-
ical divergence associated with ¢ is defined by

Dy(pllg) ==v(0(p)) + ¢(n(q)) — (8(p),n(q))
D0 (0p)) — 0 (0(a)) — (06:(6(0)). 0(p) — 0(a)) = Dy(6(p), 6(q)),

which is nothing else than the Bregman divergence (B.7). Dually, there is the corre-
sponding canonical divergence associated with ¢ by exchanging the role of 1 and 7,
resulting in

(2.6)

Dy(pllg) = ¢(n(p)) + ¢ (0(q)) — (n(p),0(q)) = Dyu(n(p),n(q))- (2.7)

12



2.2. Information Geometry

Comparing (2.6) and (2.7) shows that the two divergences are given by the same ex-
pressions and only differ by swapping the arguments. This motivates to define the dual
canonical divergence as

Dy (pllg) == Dy (pllg) = Dy(allp)-

Furthermore, they also induce the Riemannian metric by

82 82 ..
— — i
5050 Dy(pllq) = gij as well as o Dy(pllg) =g

and it can be shown that Dy (p|q) is invariant under affine coordinate transformations.
Thus, (2.6) and its dual are indeed uniquely determined by the dually flat structure.

2.2.2. Discrete Probability Distributions with Full Support

Probability distributions on a discrete set X with a finite number of elements |X| = n
are identified as points on the probability simplex

A:={peR"|(1,,p) and p > 0} = conv(B,). (2.8)

Hence, the set of discrete probability distributions on X with full support is represented
by the manifold
S:={peA|p>0} =rint(A), (2.9)

with constant tangent space
Tp8 = {’U € R" ‘ <1n,’1)> = O} =:Ts VP cS (210)

and trivial tangent bundle TS = § x Ts. In the following, the natural dually flat struc-
ture of S is introduced, based on [Amal6] and [AJVLS17].

The manifold S can be viewed as an exponential family (see [Amal6, Sec. 2.2.2]) by
defining the natural parameters § = 0(p) € R*~! of a point p = p'e; € S as

)

' =log L forien—1], (2.11)
p

with the associated convex cumulant generating function
Y(0) =log (1 + (1,1, ee>) = —logp™. (2.12)
The resulting dual coordinates n = n(p) € R*~! are
n'=p' foric[n—1] (2.13)
with the negative entropy as corresponding dual convex function

e(n) = (n,logn) + (1 — (Ly—1,m)) log (1 = (1,—1,7m)) = (p,logp) =: —H(p). (2.14)

13
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Therefore, the natural dually flat structure of S is induced by the strictly convex negative
entropy —H (p). The resulting Riemannian metric

1
gp: Ts xTs =R, (u,v) = gp(u,v) = <u,Diag <p> v> , VpesS, (2.15)

is called Fisher-Rao (information) metric and plays an important role for estimation
theory in statistics and related fields, see [ANO7], [AJVLS17] and references therein.
The related dual connections, induced by (2.5) through Theorem 2.2.1, are denoted
by V() and V(™) = (V(e))* and called e- and m-connection respectively. With this
(S, g, v, V(m)) is a dually flat manifold and the above introduced dual coordinates 6 in
(2.11) and n in (2.13) are dual e- and m-affine global coordinates of S. The corresponding
maximal m- and e-geodesics at p € S in the direction v € Ts are given by (see [AJVLS17,
Prop. 2.5])

A ) = S, tspttu (2.16a)
ty
+O R S, tes 2 (2.16b)
(p,e7)

where (t7,t7) C R is the maximal interval for %Sm) with = < 0 < t*. Therefore, the
resulting exponential maps are

EXp(m): éa(m) — 8’ (p7 ’U) — EXpI()m) (U) =p+v (217&)
Exp®: S x Ts = S, (p.v) =+ Explf) (v) = <p> (217b)
p,er

with &™) = {(p,v) ’ p+veS} C TS = 8 x Ts. Furthermore, the canonical diver-
gences associated with ¢ and ¢ from (2.6) and (2.7) in this setting are given by the KL
divergence from (B.12) and its dual (see [AJVLS17, Eq. (4.78)]),

Dy(pllg) = KL*(p,q) = KL(¢,p),  Dy(pllg) = Dy (plla) = KL(p, q)

Remark 2.2.1. The exponential maps Exp(m) and Exp(e) corresponding to V(™) and
V(€ are not the exponential map Exp? with respect to the Levi-Civita connection V9
induced by the Riemannian metric on S. Consequently, the affine geodesics (2.16) are
not length-minimizing with respect to the Riemannian structure g. But locally, they
provide a close approximation [APSSl?, Prop. 3] and are more convenient for numerical
computations.

There is an alternative characterization of the Fisher-Rao metric on S. For this,
consider the part of the sphere with radius two, denoted by 2S™, in the positive orthant
of R™, i.e.

28%,:=28"NR%; = {z e R" | ||z[|* =2, = > 0}.

14



2.3. Image Labeling by Geometric Assignment

This manifold is identified with S via the following diffeomorphism, called sphere map,

£: S —=28%,, p—&(p):=2/p.

The submanifold 2S%, C R™ has a canonical Riemannian metric given by the induced
Euclidean metric F = (-,-) on R™.

Proposition 2.2.3. [AJVLS17, Prop. 2.1]. The sphere map & is an isometry between the
Riemannian manifolds (S, g) and (282, E), i.e. the Fisher-Rao metric is the pullback
of the standard Fuclidean metric under &,

00(1,0) = (€ () [ul, de(p) o]) = <j]5 ﬁ>

forallpe S and u,v € Ts.

As a consequence of this relation between S and 2SZ, there is an explicit expression
for the Riemannian distance d, on S, given by

dy(p, q) = ds» (v/p, /) = 2arccos ({/P. V1)), (2.18)

as well as an explicit expression for the geodesics on (S, g), see [APSS17, Proposition 2]
for details. Because all geodesics of the sphere 25™ eventually leave the positive orthant

in finite time, the Riemannian manifolds (252, F') and (S, g) are not complete.

2.3. Image Labeling by Geometric Assignment

In this section, the dynamical formulation of image labeling on the assignment manifold
together with the required definitions and geometric concepts from [APSS17] and [Sch20]
are introduced. Even so, the main area of application in this thesis will be in the
context of image labeling, the smooth geometric assignment approach is developed in
full generality, i.e. for any given data with values in an abstract metric space defined on
an arbitrary graph. Thus, the framework is also applicable to manifold valued images,
spatio-temporal data in R x R%, graphs representing a discretized submanifold in R? and
many more.

First, the labeling problem on a graph with respect to some given data and a predefined
set of labels is formalized. Next, the assignment manifold, encoding the label decisions
on the graph, is introduced together with the induced dually flat structure and the
resulting Riemannian gradient, as well as the replicator operator and the lifting map.
These concepts are then combined to define the assignment flow, a spatially coupled
dynamical system on the assignment manifold for inferring label assignments. Finally,
geometric Runge-Kutta methods for numerically integrating the assignment flow on the
assignment manifold are briefly discussed.

15



Chapter 2. Preliminaries

2.3.1. The Labeling Problem on Graphs

Let G = (V,€) be an undirected graph with m := |V| vertices. Throughout this text,
the identification V = [m], resulting from any numbering of the vertices, will be used for
convenience. Suppose some data

fV—=F, i fi)=fieF (2.19)

defined on G with feature values f; in a metric space (F, dr), called feature space, together
with prototypical features or labels

X={l,. }CF (2.20)

is given, with |X| = n. Each label ¢; represents a class j of features. The labeling
task or labeling problem corresponds to finding a task specific label assignment V — X,
assigning a class label to each node, depending on the given data f in a local spatial
context encoded by the graph structure. Since the number of vertices m is finite, label
assignments can equivalently be viewed as elements of A™.

The spatial relation between the data points f;, represented by the adjacency relation
of the graph, induces neighborhoods

Ni={keV]|ike&}, VieV, (2.21)
where ik is shorthand for the undirected edge {i,k} € £. Unless otherwise stated,
i € N; VieV (2.22)

is always assumed. As a consequence of the graph being undirected, the neighborhoods
satisfy the relations

keN;, & ieN, VikeV, (2.23)

meaning that feature fj is spatially related to feature f; if and only if f; is related to
fr. For various calculations, it will be convenient to use the indicator function of the
neighborhoods N from (2.1), for i € V, which take the form

1 ,forjeN;

2.24
0 , else. ( )

As a result of the symmetry relation of the neighborhood structure in (2.23), the equality

Xn, () =X, (1) Vi,j eV (2.25)

follows. Furthermore, weights w;; € R for all k € N; may be associated to every neigh-
borhood N; from 2.21, fulfilling

wig >0 and Y wyp=1 VieV. (2.26)
keN;
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2.3. Image Labeling by Geometric Assignment

These weights quantify the influence of feature f; on f; in the spatial neighborhood
j € N; and are used to parametrize the regularization property of the assignment flow
below.

The graph G may result from discretizing the image domain  C R? of a given (gray-
value) image 2 — R. In this case, each node indexes a position z; € € and neighboring
nodes k € N represent spatial locations xj with small distance ||x; — x| to x;. The
features f; are then called image features and are extracted from the raw image at pixel
7 in a preprocessing step. The resulting labeling task is referred to as image labeling.

In this setting, a standard graph for representing rectangular digital images is the
image grid graph G, = (V4,&,) from low-level image processing. The vertex set is given
by Vy = [ng] X [ny] C Z x Z, representing the n, x n, pixel grid of the image, ns,n, € N.
For a given radius r € N, the neighborhood N; at vertex i € V, is chosen to be the
|| - [lmax ball in Vg, centered at 4, i.e.

M:{jevg } Hi_j”maxgr}-

These neighborhoods are also called ‘N x N meighborhoods’, because for a vertex in the
interior of the pixel grid, N; is given by the IV x N pixel patch centered at i, where
N = 2r + 1. This neighborhood structure uniquely determines the edge set &, of the
grid graph G,.

2.3.2. Assignment Manifold

Every label ¢; € X can be encoded as the vertex e; of the probability simplex A from
(2.8), with e; being the j-th standard basis vector of R”. This results in the identification

X C A.

It is therefore natural to allow fully probabilistic label assignments on the manifold S of
discrete probability distributions with full support from (2.9). Points p € S sufficiently
close to e; are interpreted as unique label assignments ¢; € X.

In the same way as global discrete label assignments ¥V — X are encoded as points
in the product space X, also global probabilistic label assignment ¥V — S may be
represented on the product space of probability distributions with full support.

Definition 2.3.1 (Assignment Manifold). The set of global probabilistic label assign-
ments is called assignment manifold and defined by the product space

we=]]s. (2.27)
%

Remark 2.3.1. In the following, points on the assignment manifold will always be
denoted by upper-case letters.
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The fact that the tangent space Ts of S is constant together with the identification
(A.4) for the tangent space of the product manifold W, implies that the assignment
manifold also has a constant tangent space

TpW = [[TrS =[] Ts = Tw. VP =(P)icv €W,
=% %
and therefore a trivial tangent bundle TW = W x Ti.
Since a point p € S C R™ has coordinates p = p’ e;j in the standard basis e; of R",
the i-th component of a point P = (F;);cy € W has coordinates P; = Pl-jej. As a
consequence, W is identified with the following embedding into R™*"

W= {W e R™" | W1, =1, and W] >0 for all i € [m], € [n]}. (2.28)

Thus, points W € W are row-stochastic (m x n) matrices, where the i-th row vector,
denoted by W; = sz ej € S, represents the label assignments for node ¢ € V. Due to
this embedding of W, the tangent space Ty, can be identified with

Tw ={V e R™"| V1, =0}.

Therefore, every row vector V; = Vij ej of a tangent vector V' € Tyy is contained in T,
for every i € V.

As a consequence of the natural dually flat structure of S, induced by the negative
entropy (see Section 2.2.2), this probabilistic encoding of label assignments allows for a
geometric model of the labeling task within the rich framework of information geometry.
In the following, the product dually flat structure of W is investigated and subsequently
the replicator operator as well as the lifting map are introduced together with their basic
properties.

Dually Flat Structure of the Assignment Manifold

The dually flat structure of the factors S naturally carries over to the product space W
in the following way.

Let P € W. For the i-th factor S of W, i € V, denote the e-affine coordinates (2.11)
by 0; = 0;(P;) € R" ! and the dual m-affine coordinates (2.13) by n; = n;(P;) € R*}
as well as the corresponding convex function (2.12) by v;(6;) and dual convex function
(2.14) by ¢;(n;). Furthermore, define the global product coordinates of W by

0:=(0i)icy and 1n:=(ni)icy (2.29)
together with the associated convex functions
$(0) = wi(6;) and @(n) =) @i(m).
SY 9%
Since v factorizes, the conjugate function of v is given by

Y*(n) = QIE%X { Z ((0s,mi) — i (0:)) } = Zmeé}x {0, m5) — i(6:)} = 0(n),
i€y ‘

' =Y

K3
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2.3. Image Labeling by Geometric Assignment

showing that # and 7 are global dual e- and m-affine coordinates of W, induced by the
negative global entropy, or again simply called entropy, on VW defined by

=Y H(P) C2) _ > wilm) = —p(n), VP eW. (2.30)
% ey

By Theorem 2.2.2; 9/ induces a Riemannian metric with coordinates

o 0 0? 0? o 0
oy o = N < 0 = 5 s o
9P (89,@ 60{) 80;69{“ ) klael 561 Vi (Ok) = Sri19p, (6) (892 60{)

at P € W, where 0y, is the Kronecker delta. For V,U € Ty, these coordinates of the
Riemannian metric result in

(e o (o o
V,U) =V U} — — | = VU —— | = Vi, Up).
gP( ) ) k lgP (60}2786‘Z> k k;ng; (8‘92’80‘;> g}gljk( ks k‘)

Therefore, the Riemannian metric of the dually flat structure (W, g, V(©), V(™) induced
by the negative global entropy Hyy from (2.30), is given by the Riemannian product
metric, again called Fisher-Rao metric and denoted by g. Again due to the special
factorization of 1 and ¢, the canonical divergence between P,Q € W is the global KL
divergence, or again simply called KL divergence, given by

o(PIlQ) =) Dy, (Pi|Qi) =Y KL(P;, Qi) = <P,log (g>> = KL(P,Q). (2.31)

% %

Replicator Operator, Riemannian Gradient and Lifting Map

To simplify notation and streamline calculations in the following, it will be advantageous
to introduce the replicator operator and the lifting map from [Sch20] together with their
basic properties and relations.

For every p € S, the replicator operator is the linear map R,: R" — Ts, defined by

R, := Diag(p) —pp' € R™", (2.32)
and the lifting map by

n pe”
exp,: R" =S, x> exp,(r):= ety (2.33)

Furthermore, the barycenter, given by the uniform distribution, is denoted by

1
ls:=-1,€8 (2.34)
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Chapter 2. Preliminaries
and the orthogonal projection Prg: R™ — Ts with respect to the standard inner product
on R™ is given by the matrix

Prg =1, —151] € R™™, (2.35)

The next two lemmas collect some basic properties for the replicator operator and the
lifting map frequently used in the subsequent chapters.

Lemma 2.3.1. The symmetric matriz R, € R"*" satisfies the following properties:
(1) R,Pry = R, = PrgR,, for all p € S and ker(R,) = R1.

(2) Restricting the linear map R, to Ts results in a linear isomorphism R,: Ts — T's
for every p € S with inverse

1
(Rp|T3)_1 = PTS Dlag <p> : Tg — TS, V= PTS%- (236)

(3) The replicator operator R, and the variance of a vector x € R™ with respect to the
probability distribution p € S are connected by the identity

(x, Ryx) = Var,(x) > 0. (2.37)

Thus, R, is a positive semi-definite symmetric matriz and has real eigenvalues in

the interval 0 < A\ < ... < A\, < % The restricted map Ry|rs is a symmetric

positive definite endomorphism on Ts.

Remark 2.3.2. Strictly speaking, the restriction of R, to Ts and its inverse should
always be denoted by R,|7s and (R,|rs)~!. However, to simplify notation only R, and

R, 1 are used in the following. This will not be a source of confusion, because solving

an equation R,z =y € Ts for x € R" only introduced an additional projection Prg due
to property (1), i.e.
y=Ry,x=R,Prsx & Rgly = Prgx.
Proof. To (1): Let p € S be arbitrary and take any = € R”. Then
(Rpx, 1n) = (pz,1n) — (2,p)(p, 1n) = (x,p) — (2,p) = 0,
showing that R,z € Ts and therefore also Prg R, = R,. Since Prg and R, are symmetric,
R,Pry = (PrgRy)" = R) = R,,.
Let p € S and « € R™. Because p > 0, it follows
ze€ker(Ry,) < 0=Rpr=p(z—(z,p)l,) < z€RL,.

To (2): Since R1, = ker(R,) is the orthogonal complement of Ts, the decomposition
R" = R1, & Ts follows and therefore also ker(Rp|7s) = 0. As a consequence, the
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endomorphism Rp|7y is an isomorphism. To verify that the inverse is given by (2.36),
take an arbitrary v € Ts. Keeping (v,1,) = 0 in mind,

1
R,Pr, Diag <> v = Rpg =v—(v,1,)p=n.
p p
To (3): Let = 2'e; € R" and p = p'e; € S. It follows
i 2 i
<£L',Rp$> = <$,p$> - <‘T7p>2 = Z (.’ﬂ - <33,p>) p = Varp(:n) Z 07
i€[n]

proving (2.37) and that R, is indeed positive semi-definite. Because of R" = R1,, & T,
any x € Ts implies © ¢ R1,,. Therefore, the above equation also yields (x, Ry|rsz) =
Vary(x) > 0 for all 0 # x € Ts, showing that R,|rs: T'— T is positive-definite.

Since R, is symmetric, all eigenvalues A; are real. For p = p'e; € S, the i-th absolute
row sum of R, is given by

i i i i j i i - i —-1)2
DR =p1=p)+p D> P =2p(1-p)=2""=2(p'—27")",
Jj€n] i#j€ln]

resulting in ||Rpllec = max;ep Zje[n] |(Rp)ij| < % Thus, if A is an eigenvalue with

corresponding eigenvector = # 0, then the estimate

1
Alllzalloo = IAzxlloe = [IBpzalloe < [IBpllocl[2alloc < Fllzalloc

holds. Because R, is positive semi-definite, all eigenvalues fulfill 0 < A < % O

Lemma 2.3.2. The following properties hold for the lifting map (2.33):
(1) The lifting map implicitly projects onto Ts, i.e.

exp,,(Prsr) = exp, (), Va € R"™. (2.38)

(2) The restriction exp,: Ts — S is a diffeomorphism for every p € S with inverse
exp;lz S —Ts, qr—>exp;1(q) = Pry log}%. (2.39)
The differentials of exp,, and exp}j1 atv € Ts and q € S, respectively, are given by
dexpp(v)[u] = Rexpp(v)u and dexp;l(q)[u] = R;lu Yu € Ts. (2.40)

(3) For every p € S, the maps exp,, and Exp](f) are related by Expg,e) oR, =exp,. Asa

consequence, the inverse of the e-exponential map at p € S is globally defined and
given by
(Exp](f) )_1 =R,o0 expglz S —Ts. (2.41)
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4) IfR™ is viewed as an abelian group, then exp: R" xS — S given by (v, p) — exp, (v
p
defines a Lie-group action, i.e.

exp, (v +u) = €XDexp, (u) (v) and exp,(0) =p VYv,u € Ts and Vp € S.

(2.42)
Furthermore, the following identities hold for all p,q,a € S and v € R"
exp,(v) = exp, (v+ equ_l(p)) (2.43a)
expy ! (p) = —exp, ' (q) (2.43b)
equ_l(a) = expljl(a) - expgl(q). (2.43c¢)
(5) For x € R" and p € S, the lifting map is characterized by
epr(—x) = argming e {(q, x) + KL(q,p)}. (2.44)

Remark 2.3.3.

(1) Similar to Remark 2.3.2, the restriction of exp,, to T's and its inverse should always
be denoted by exp,|rs and (expp|TS)_1. However, as a consequence of property (1)

q = exp,(z) = expy|rs(Prsz) & (expylng) ' (q) = Prsz

for all z € R" and p,q € S. Hence, in order to simplify notation exp, and exp, 1
will be used in the following, by keeping in mind that an additional projection
enters the equation if exp,, 1is applied.

(2) The characterization of exp,, in (2.44) was already derived in [BT03] as a special
case for solving convex optimization problems mingec f(z). There it is shown
that the mirror descent method [NY83] can be viewed as a nonlinear projected
subgradient method using Bregman divergences, i.e.

2 = 9" (0p(a¥) — D f (2")) = argming e p {hy(z, 0 f (")) + Dy(x, 2*)}

where hy > 0 is the step size and ¢ a smooth strictly convex function fulfilling
some additional technical assumptions. If the convex function is defined on the
probability simplex f: A — R and ¢ is chosen as the negative entropy, then
D, = KL and the characterization (2.44) follows in the form

= expyr ( — tkaf(zk))

Proof. To (1): Take z € R® and o € R. Then et = ¢%e® and therefore also
exp,(z + al,) = exp,(z). Due to Prgx =z — (r,1,)1s by (2.35), the previous identity
directly implies the statement.

Statement (2) is shown by a direct computation. Fix p € S and let ¢ be any point in
S. Then by property (1),

q
q q Py q
Py (P s logp> = xP (l"gp> S n T g ©
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For an arbitrary v € T, it follows from ker(Prg;) = R1 that

exp, (V)

Prg log < ) = Prglog <<e> = Prg (v — (log(p, €"))1,) = Prgv = v.

p,€ev)

The differentials are calculated using (A.3). For this, let u € Ts and define y(¢) := v+tu
as well as 3(t) := ¢ + tu for sufficiently small ¢ € R. Using (2.32) and (2.36), leads to

(%

d pe’®

ad 7‘ __bpe U — pe (pe’,u) = R U
dt (p, @) limo ~ {pyev) " (pevy2 1 T om0
d B(t) pu u 1
2Pl —‘ —p Pt _p Y= .
at’ Is 8 p lt=0 qup qu Ry u

Regarding (3), the definitions for Expz()e) in (2.17b) and exp,, in (2.33) together with
property (1) directly imply

which is equivalent to Expée) R), = exp,,. Since R, and exp,, restricted to T’s are invertible,

so is Exp](f) with inverse given by (2.41).

To (4): Properties (2.42) defining the group action are directly verified

pe* v

_ Ben®  _ pe"t
eXpexpp(u)(U) = <<peu> 6U> - (p eu+v> = epr(U—l-’U).
p,et)’ ’

Now, suppose p,q,a € § and v € R" are arbitrary. The group action property together
with p = exp, (exp;l(p)) yield

exp,(v) = exp (v) = exp, (v + equ_l(p)),

exp,, (expcj ! (p))

which proves (2.43a). To show (2.43b), set v, := exp,'(a) and substitute this vector
into (2.43a). Applying equ_1 to both sides then gives

exp;l(a) = expl;1 (expp(va)) = Vg + exp;l(p) = expljl(a) + expgl(p). (2.45)
Setting a = ¢ in this equation, (2.43b) is obtained from
0 = exp, ' (q) = exp;, ' () + expy ' (p).
Using exp, ! (p) = —exp, *(q) in (2.45) results in (2.43c).
To (5): The constraints of the optimization problem in (2.44) are (¢,1,) — 1 =0 and

g > 0. Therefore, the overall optimization problem is convex (B.19) and the KKT opti-
mality conditions (B.18) are sufficient. Because the objective (g, x —logp) + (p,logp) is
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strictly convex, the minimizer ¢* is unique. In order to determine this unique minimizer,
consider the Lagrangian (B.15) of the form

L(g,\,v) = (x,q) + KL(q, p) + A({q, 1n) — 1) — (v, q),

with Lagrange multipliers A € R and v € R", v > 0. The KKT-conditions (B.18) for the
minimizer ¢* and corresponding multipliers A*, v* are given by
0=0,L(q", \",v*) =z +1logq" —logp+ (1 +A")1, —v*" =0 (2.46a)
1={(¢",1,), ¢ >0, v*>0, (¥ q¢")=0. (2.46Db)

Rearranging (2.46a) yields

logq* =v* —z+logp— (1+ X)L, & ¢ =e "pe ),

Therefore, ¢* > 0 and (2.46b) implies v* = 0. Furthermore,
1= (Lo,q") = (7%, phe” Y.

As a consequence, the minimizer ¢* has the form

—T
*

¢ = e*xpe*(H’\*) pe

~ (pe )

As shown in [AJVLS17, Prop. 2.2] and [APSS17, Prop. 1], the Riemannian gradient
and the Euclidean gradient of a function are related by the replicator operator. This
relation can easily be derived by using the above properties of the replicator operator.

= exp,(—). O

Lemma 2.3.3. Suppose J: S — R is C'. Additionally to the Fisher-Rao metric g, let
E = (-,-) be the standard Euclidean metric on S C R™. Then the Riemannian gradient
grad, J(p) of (S,g) and the Riemannian gradient gradg J(p) of (S, E) are related by

grad, J(p) = Rpgradg J(p). (2.47)

If J is defined on an open subset U C R™ containing S, then gradg J(p) = Prs0J(p)
and the relation takes the form

grad, J(p) = Rp0J(p). (2.48)

Remark 2.3.4. As a consequence of this relation, the Riemannian gradient of J repre-
sents a replicator equation with fitness function 9.J or grad, J respectively, selecting the
assignment with the highest fitness, a fact well known in evolutionary game dynamics

[HS03].

Proof. Let p € S and v € Ts. By the definition of the Riemannian gradient,

(gradp J(p),v) = dJ(p)[v] = gp(grad, J(p),v) = <PTS Diag (%) grad, J(p),v).
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2.3. Image Labeling by Geometric Assignment

Since v was arbitrary, the equality
gradp J(p) = Prg Diag (%) grad, J(p)

follows. Multiplying the above equation by R, and keeping in mind that Prg Diag(p~!)
is the inverse of R, on Ts by Lemma 2.3.1 (2), the relation (2.47) is established. If J
is defined on the set U containing S, then dJ(p)[v] = (0J(p),v) = (Prs0J(p),v) for all
v € Ts, proving grady J(p) = PrydJ(p). Due to R,Pry = R, by Lemma 2.3.1 (1), also
(2.48) follows. O

All the introduced concepts on S naturally extend to the product manifold WW. The
global uniform distribution, given by the uniform distribution in every row and again
called barycenter, is denoted by

1y = (1s,...,1s) = 115" €W,

where the second equality is due to the embedding (2.28). All the mappings Prg, R,
exp and Exp(® as well as their inverses also carry over to the assignment manifold as
product maps (see (A.5)) and are again denoted by the same symbols, e.g. for X € R™*"
Ve Ty and W € W, given by

PTW[X] = (PT

s S Tw,

Rw[X] = (Rw,Xi), e € T,

EXP%/T/)(V) = (EXPE/?/Z(V;))ieV eEW

and so on. Also most of the properties from Lemma 2.3.2 and Lemma 2.3.2 are still
valid. As a result of the factorization

min {(P,X) +KL(P,W)} = g min {(P;, X;) + KL(P;, W;)} (2.49)

[3

for W € W and X € R™*" also the characterization (2.44) and the corresponding
interpretation of the lifting map in Remark 2.3.3 (2) are valid on W

expyy (—X) = argminpeam {(P, X) + KL(P,W)}. (2.50)

As a direct consequence of the Fisher-Rao metric on W being a product metric, the
same relation between the Riemannian and FEuclidean gradient as in Lemma 2.3.3 holds.

Corollary 2.3.4. Let J: W — R be C' and consider the Fisher-Rao metric g as well
as the standard Euclidean metric E = (-,-) on W. Then the Riemannian gradients
grad, J(W) of (W, g) and gradg J(W) of (W, E) are related by

grad, J(W) = Rw[gradg J(W)], YW e W. (2.51)

If J is defined on an open set U C R™*™ containing W, then grady J(W) = Pr,, [0J (W)]
and the relation takes the form

grad, J(W) = Rw[0J(W)], YW € W. (2.52)
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Remark 2.3.5. As a result of the identification in (2.3.2), the gradients grad, J(W),
grady J(W) and 0J(W) are real m x n matrices. For ¢ € V, the i-th row of these
matrices is denoted by grad, ; J(W), gradg ; J(W) and 9;J (W) respectively, representing
the change of J with respect to the i-th row W; of W. Locally at a vertex i € V, (2.52)

takes the form
gradgﬂ- J(W) = Rw,0;J (W), YW e W. (2.53)

Since 0;J(W) generally not only depends on W; but also on assignments W} at other
locations j € V, the Riemannian gradient grad,.J(W) represents a spatially coupled
replicator equation with fitness grady J or 0J respectively.

2.3.3. Assignment Flow

Motivated by the relation (2.52) between the Riemannian and the Euclidean gradient,
the dynamical selection process of the assignment flow is modeled as a spatially coupled
replicator equation, combining three distinct objectives: (I) selecting the best label fit at
every location i € V while (II) minimizing the deviation to neighboring assignments in
a small neighborhood around ¢ for spatial reqularization and (III) gradually enforcing
unambiguous labels decisions. In the following, the construction of the assignment flow
is explained in more detail.

Based on the given data (2.19) and labels (2.20) with values in the feature (metric)
space (F,dr), the label fit is measured by the distance matrix Dy € R™*™ with i-th
row defined by

Dr;:= (dr(fi,t1),--.,dr(fi, tn)) € R, for all i € V. (2.54)

This distance information is lifted onto the assignment manifold by the following likeli-
hood matriz

L(W) :=expy (—Dx/p) € W, (2.55a)
_1p_.
W. Fi
Li(W) =L;(W;) = Ze—pll)7 p >0, i€V, (2.55b)
(Wi e »77)
where p > 0 is a scaling parameter to normalize the a-priori unknown scale of the

distances induced by the features f; depending on the application at hand. As a result
of (2.49) and (2.50), the likelihood vector L; is characterized by

Li(W;) = argmin e n {p(Wi, Dr;) + KL(p, W;) }.

and can be interpreted as selecting the best label assignment at every ¢ € V while taking
the current assignment state W; € S into account through the KL divergence, with the
tradeoff controlled by p.

This representation of the data on the assignment manifold WV is regularized in the
local neighborhoods (2.21) using the associated weights (2.26) to obtain the similarity
matriz S(W) € W, with i-th row S;(W) defined through the condition

0= wir(Bxp{iy, ) (W) Viev. (2.56)
keN;
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2.3. Image Labeling by Geometric Assignment

If the e-exponential map Exp(® is replaced by the exponential map Exp? with respect
to the Riemannian structure (Levi-Civita connection), then the above condition would
be the optimality condition (A.16) used to determine the Riemannian center of mass. In
view of Remark 2.2.1, this interpretation of the similarity matrix is only approximately
true mathematically. However, as the next proposition shows, it is still correct conceptu-
ally: S;(W) moves W; towards the normalized geometric mean of the likelihood vectors
Ly, for k € N;.

Proposition 2.3.5. For everyi € V and W € W, the i-th row S;(W) of the similarity
matriz S(W) € W is uniquely determined through condition (2.56) and can be explicitly
expressed as
1 1
Si(W) = expyg (3 win(expil(Wi) — =Dy )). (2.57)
keN; P
Denoting the weighted geometric mean of the likelihood vectors in the neighborhood N;
around i € V with weights w; = (wik)ken; by

gmwi{Lk<Wk)}keNi = H (Le(Wi)) ™,
kEN;

the similarity matriz is equivalently characterized as the normalized geometric mean,
which is the weighted center of mass with respect to the canonical KL divergence on S

oy = e LW bkeny o
Si(W) = (L, gm { L (W) beens,) ° peA{kgA:/i wkL (P Lk(Wk))}' 2

Remark 2.3.6. In a similar way, the normalized geometric mean was already derived
in [APSS17, Lem. 5] as a reasonable approximation of the underlying Riemannian mean
with respect to the Fisher-Rao metric.

Proof. To simplify notation in this proof, the explicit dependency of the similarity and
likelihood vectors on W is dropped and they are simply denoted by S; and Lg. Next,
note that by (2.43a), the likelihood vector at k& € V can be expressed as

Ly, = expy, (—=Drp/p) = expyg (expry (Wi) — Drp/p) (2.59)
and by (2.43c), the following identity holds
expg,' (Lx) = expy s (Ly) — expy, (Sk)- (2.60)

Applying the inverse of Rg, ) to (2.56) (the inverse of Exp(Sei) only takes values in Ts)

and using the explicit expression for (Expfgei) )_1 from (2.41) yields,

0 = RE}(W) Z wik(Eng)(W) )71(Lk<Wk>) = Z wikexpgil(w)(Lk)
keN; keN;

(2.60) _ .
= Z wikexplsl(Lk) - explsl(Sk).
k‘E./\/;'
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Bringing eXpISl(Sk.) to the other side and applying exp; . finally results in

Sk = eXPls( Z WikGXPISl(Lk)> (22) eXpls( Z Wik (eXPISl(Wk) - D]:k/p)>7
kEN; keN;

showing uniqueness and existence for every W € W. The connection to the normalized
geometric mean is established by continuing the first equality of the above equation

Sk = expgq (kzj\; wikexpisl (Lk)) (2.39) expy (PTs kzj\:[ Wik log(Lk))
eN; €Ny
(239 o)) _ S L (W) f e
B eXplS(IOg (kl;\lf Ly k)) N <1n,gmwi{Lk(Wk)}€keM>'

Let a € RY, and consider the problem of minimizing the generalized KL divergence
KL(g, a) (B.13) with respect to ¢ € A for fixed a. Because the argmin does not depend
on constant terms,

argmin cn { KL(g,a)} = argmin ca {(q, —loga) +KL(q,1s)}

(2.44) a
= expls(loga):<l e

With this, the second equality in (2.58) directly follows from the observation

3" wi KL (¢, Li) = KL (q, I1 L‘,;”“> O

kEN; keN;

The inference of label assignments is defined as a dynamical system evolving on the
statistical manifold W steered by the similarity matrix, which quantifies label decisions
in a spatial context.

Definition 2.3.2 (Assignment Flow). The assignment flow on W is the dynamical
system

W(t) = Ry [SW ()], W(0) = 1yy. (2.62)

Because every S;(W), i € V depends on the assignments W, in a neighborhood k € N;
(see Proposition 2.3.5), the assignment flow is a system of spatially coupled replicator
equations. Integrating this flow yields smooth curves W;(t) € S for every pixel i € V
emanating from W;(0) = 1s, which approach a label state W;(t) for sufficiently large
t > 0 and hence a unique label assignment after trivial rounding.

28



2.3. Image Labeling by Geometric Assignment

2.3.4. Geometric Numerical Integration of the Assignment Flow

If a given ODE on a manifold can be represented by a Lie group action, then geometric
Runge-Kutta methods on the manifold can be used for integration, see [MK99] and
references therein. In the following, the application of this approach in [ZSPS20] to the
assignment flow is summarized.

Due to Lemma 2.3.2(4), setting A(V, W) := expy (V) defines a Lie group action on
the assignment manifold A: 7yy x W — W. Since the Lie group in the present case
is given by the flat abelian vector space Tyy, the geometric Runge-Kutta method on
the assignment manifold is considerably simplified. Overall, the resulting approach for
integrating an arbitrary vector field F': W — Ty is as follows. Suppose, the ODE

W(t) = Ry [F(W(t)], W(0)=1n (2.63)

on the assignment manifold is given. Then the parametrization W (t) = exp,,, (V(?))
yields an equivalent reparametrized ODE

V(t)=F(W(t)) = F(expy,, (V(t))), V(0)=0 (2.64)

purely evolving on the vector space Tyy. There, standard Runge-Kutta methods (see e.g.
[HPW93]) can now be used for numerical integration. Translating these update schemes
back onto W, yields geometric Runge-Kutta methods on W induced by the Lie-group
action A = exp.

Remark 2.3.7. Notice, that the assumption F(W) € Ty is crucial, because the trans-
formation of the ODE (2.63) onto 7y in (2.64) uses the inverse of Ry, which only exists
for elements from 7y, but not for those from R™*™. However, as already mentioned in
Remark 2.3.2 this is no limitation. Suppose any vector field G: W — R™*" is given.
Then the relation Rw = Rw Pr, from Lemma 2.3.1(1) allows to consider instead the
vector field

F(W) = Pr, [G(W)] € Ty,

without changing the underlying ODE (2.63) for W(t).

An important special case for numerically integrating the assignment flow (2.64),
sufficient for most applications (see the discussion in [ZSPS20]), is the explicit Euler
method on the vector space Ty, i.e.

VED =y ® Ly p(w®), W =expy (V) VO =0 (2.65)

with step-size hg > 0. Due to the Lie-group action, this update scheme translates to the
geometric Euler integration on W, given by

wik+D) — EXPyy (k) (hkF(W(k)))v WO =1y, (2.66)

with step-size hi > 0.
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Chapter 3

General Variational Models on the
Assignment Manifold

In the assignment flow framework from Section 2.3, the inference of assignment config-
urations is done by following a certain dynamical system, a spatially coupled replicator
equation, of the general form

W (t) = Ry [F(W(1))] (3.1)

with a vector field F: W — Ty acting as fitness function. During inference, a label
assignment with locally highest fitness is selected. In case of the assignment flow (2.62),
the fitness is given by the similarity matrix, consisting of weighted geometric means of
likelihood vectors in spatial neighborhoods, according to Proposition 2.3.5.

The more classical strategy for image labeling would be a variational approach (see e.g.
[LS11], [KAH'15] and references therein), i.e. finding an optimal labeling with respect
to an objective function, measuring the quality of label assignments depending on the
domain of application. In the present case of fully probabilistic assignments on W, this
would mean to devise a function J: W — R in such a way that minimizers correspond
to desired assignment configurations. In this approach, inference of assignments is done
by finding global minimizers of the optimization problem

nf {7}
Since there is a difference between methods for integrating a flow and optimizing a
function, the two mentioned approaches follow different philosophies. In the first case,
the focus of numerical algorithms is on closely following the dynamics of the system with
minimal deviation over a certain period of time, [HPW93]. In the second case, the aim
is on finding a global minimizer of J, irrespective of whether the chosen method follows
any specific dynamics or which minimizer is found, [NWO06].

Motivated by [APSSI?], the approach of variational models for image labeling on W in
this thesis is to combine both viewpoints: minimize the objective function J through the
dynamics of the Riemannian gradient descent flow with respect to the Fisher-Rao metric.
Due to the relation between the Fisher-Rao and Euclidean gradient from Corollary 2.3.4,
the resulting dynamical system has the form

W(t) = —grad, J(W(t)) = Rwq)| — gradg J(W(t))], WO =WoeWw (32)
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and fits into the general formulation (3.1) of the assignment flow for inferring label

assignments through spatially coupled replicator equations with fitness F' = — gradg J.
As a consequence of

d : 2

%J(W(t)) = gw (grad, J(W(t)), W(t)) = — ||grad, J (W (t)) Hg,W(t) <0, (3.3)

the function values of J are minimized along solutions W (t) of (3.2).

In order to avoid issues arising from the fact that (W, g) is not a complete Riemannian
manifold and minimizers of J may lie on the boundary of W, a slightly perturbed version
Je of the original variational model with preferable convergence properties is introduced
in the next Section 3.1. This is done by prohibiting arbitrary certain label decisions
using the log-barrier method, a standard interior point approach in optimization, see
e.g. [NN87, Ter96]. For all practical purposes, this perturbed version is a sufficiently
close approximation to the original function J and only has minimizers that stay a
small fixed distance away from the boundary, ensuring the numerical integration of the
Riemannian gradient flow (3.2) stays on W. The main class of variational models in this
work are analytic functions on W. Therefore, after some preparations in Section 3.2, it
will be shown in the subsequent Sections 3.3 and 3.4 that the perturbed model J. allows
to transfer the convergence and stability results for the gradient flow and numerical
integration of analytic functions on R™ from [AMAO5] and [AKO6] to the assignment
manifold. Furthermore, convergence rates for the Riemannian gradient flow and the
geometric Euler discretization are derived using the approach of [BDLO7] and [ABO09].
For this thesis to be as self-contained as possible, the results and involved concepts are
fully developed and proven in detail.

3.1. Log-Barrier Perturbation of the Variational Model

Throughout this chapter, J: W — R is always assumed to be at least C? and lower
bounded, i.e.
m}relf/v{J(W)} > —00.

Since (W, g) is not a complete Riemannian manifold (see Section 2.2.2), curves can leave
W in finite time. Also, minimizers of J may lie on the boundary of W = A™ outside of
W, representing arbitrary certain label decisions. In this case, solutions of the Rieman-
nian gradient flow might converge to a boundary point, leading to asymptotic singular
behavior. Optimization approaches in this scenario often assume J to be defined on an
open set containing YW = A™ and additionally to be convex, for proving convergence
results for the integral curves, see e.g. [ABB04] and references therein. In the following,
neither of these assumptions will be made.

As already mentioned in [APSS17], there is an additional practical issue using nu-
merical integration methods on the assignment manifold in applications. Numerically,
only finite precision is available to represent real numbers on a computer, resulting in
a difference between mathematical and numerical positivity. Therefore, if the integral
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curve of the Riemannian gradient flow is to close to the boundary of W, the numerical
integration method might leave the manifold.

In order to avoid these issues, the log-barrier approach of interior point methods for
optimization problems is applied, see e.g. [NN87, Ter96]. For this, consider the following
optimization problem on a convex domain given by equality and inequality constraints
of the form

;renRrb {®(z)} subject to Az =0b, ¥;(z) >0, Vi€ K]
where A € R4 b € R® and ®,¥;: R? — R, with ¥, convex for all i € [K]. In the
present case of the assignment manifold, the relevant inequality constraints are W > 0
for W € R™*™_ The log-barrier method consists of penalizing the inequality constraints
by —log(¥;(x)) for i € [K] and adding them all to the objective ® with a sufficiently
small factor 0 < ¢, resulting in the approximate optimization problem

;Ielglli {fb(ac) - sigq log (\Ilz(x))} subject to Az =b.

Since this is a minimization problem and —log(¥;(x)) — oo for ¥;(z) — 0, all points
z € R? with W;(x) = 0 for any i € [K] are avoided.

Motivated by this approach, the log-barrier function for the constraints W > 0 of the
assignment manifold is defined as follows.

Definition 3.1.1. The log-barrier function £&: W — R for W € W is given by

E07) =~ 57 S log (77) = ~(log (), 1w) = ~ 3 _(log(Wi), 1) (3.)

i€[m] j€[n] S%

Due to 0 < VVZJ < 1, this function is non-negative on W. It also has the property
that if (W(k))k N is @ sequence in VW converging to a boundary point, then the corre-
sponding log-barrier values diverge towards infinity, limy_,. & (W(k)) = oo. With this,
the perturbed variational model can be defined next.

Definition 3.1.2. The perturbed variational model J.: W — R is defined by
J(W) = J(W) — (W) = J(W) —e(log(W), L), WeW, (3.5)
for a sufficiently small 0 < ¢ < 1.

The interpretation of J. from the image labeling point of view is as follows: besides
measuring the quality of a probabilistic assignment with J, also an additional ”price”
for more certain label decisions is included in the model.

All local minimizers of J. less or equal a certainty value stay a small fixed distance
away from the boundary. This can be seen by noticing that all level sets of J. are
compact in R™*™ as shown next. Since function values along integral curves W (t) of
the Riemannian gradient descent flow are decreasing by (3.3), a minimum amount of
uncertainty is introduced in the model J., preventing W (¢) to reach the boundary.
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Definition 3.1.3. The level set of a function ®: W — R for o € R is given by
leve (@) := @ ((—00,a]) = {W € W: &(W) < a}.
Lemma 3.1.1. The level sets levy(J:) C W are compact.

Proof. Because W C R™*"™ is bounded with respect to the Euclidean norm || - ||, so is
levy(J:). To show the level set is compact, it remains to show lev,(J.) is closed as
a subset of R™*™. For this, let (W#),cn C leva(J:) C€ W be a sequence converging
to some W* € levy(J:) C W = A™. As a result of infyyeyy J(W) =: J* > —oo, the
estimate

o> J(WH) > 7" = = (log(W®),1,,1])

shows that the log-barrier is bounded on the whole sequence, implying W* € W. Since
J: is continuous on W, the estimate o > J.(W*) follows, proving lev,(J:) is closed and
therefore also compact. O

The perturbed variational model J; also results in a perturbed dynamical system for
image labeling through the Riemannian gradient of J..

Lemma 3.1.2. For W € W, the Fuclidean and Fisher-Rao gradients of J. are
gradp J.(W) = gradp J(W) — ePr,, [y /W]
grad, J.(W) = grad, J(W) + (W — 1yy)

Proof. The log-barrier function is well defined on RZ" with gradient 0§(W) = —1yy/W
for W € W. Since W C RZ", Corollary 2.3.4 gives

gradg (W) = —Pr, [lw/W] and  grad, &(W) = —Rw [1w /W]
The i-th row of grad, (W) reads

1s

1s 1s
Wi

1s }
Wi

E

Wil _<Wi

— (Wi, Z2)W;) = (Wi - 1s),
where the last equality follows from (1s,1,) = 1 by the definition of the barycenter 1g

from (2.34). O

In this chapter, the convergence properties for the perturbed Riemannian gradient
descent flow, induced by the perturbed variational model J., of the form

W (t) = —grad, J.(W(t)) = —grad, JW) +e(lw — W), W(0)=W’eW, (3.6)

is investigated. Compared to the unperturbed version (3.2), any integral curve W (t) of
this flow is now additionally slightly pushed away from the boundary and towards the
barycenter 1yy of W through the perturbation term. Therefore, adding the log-barrier
can be interpreted as adding a ”force field”, preventing W (t) from getting arbitrarily
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close to the boundary.

Next, the behavior of critical points of J. for small perturbation parameter £ con-
verging towards zero is considered. It will be shown that if a sequence of parameters ¢y,
decreases towards zero and the corresponding sequence of interior critical points W)
of J, converges to an interior point W* € W, then W* is a critical point of the original
objective function J. Thus, for most practical applications in image labeling, the per-
turbed model J. will be a good approximation to the original function J for sufficiently
small € > 0.

Proposition 3.1.3. Let (¢x)ken C Rso be such that limg_, oo e = 0. If (W(k))keN cw
is a sequence of critical points of Jg, , i.e. gradp J;, (W(k)) = 0, converging to some
interior point W* € W, then W* is a critical point of J, i.e. gradp J(W*) = 0.
Proof. The gradient gradg J. evaluated at W) gives

0 = gradg J. (W) = gradg J(WW) — ey gradp (W) vk e N.

Since W* € W, the expression gradEﬁ(W*) is well defined and H gradp §(W(k)) H is a
bounded sequence converging towards H gradg & (W*) H As a consequence of the conti-
nuity of grady J on W, it therefore follows
dg J(W*)| = I dg JW®)|| = 1i dgé(W®)|=0. O
| gradg J (W) || = lim [[gradp J (W) = lim e[| gradp (WH)]]

This statement also holds in the case where J is defined on an open set U C R™*"
containing W = A™ and local minimizers of J: A™ — R possibly lie on the boundary.
According to [RW09, Thm. 6.12], a necessary first-order condition for a point W* in the
convex set A™ to be locally optimal is given by the variational inequality

(OJ(W*),P—W*) >0 VYPeA™ (3.7)

Proposition 3.1.4. Assume J is defined on some open set U C R™*™ containing
the closure W = A™ and let (ex)ren C Rso be a sequence with limg_,oo e, = 0. If
(W(k))k;eN C W is a sequence of critical points of J., , i.e. gradg Jg, (W(k)) =0, con-
verging to some W* € A™ | then W* is a critical point of J, i.e. the variational inequality

(3.7) for W* is fulfilled.

Proof. Due to the fact that the log-barrier is well-defined on RZ", the perturbed func-

tion J. = J 4 &£ is defined on U N RY;™ with ordinary gradient 0.J. = 0.J + €d¢. By
Corollary 2.3.4, the Euclidean Riemannian gradient of J. is given by grady J.(W) =
Pr,,,[0J-(W)]. Therefore, the relation

0 = gradg J., (W®) = Pr, [0 (WW)] + e, Pr;,, [0 (WH)] (3.8)

holds for all & € N. Since £ is convex on RZ", the first-order convexity condition (B.4)
for an arbitrary P € W gives

§(P) = (W) + (ag(w®), P —wb)

= (W) +(Pr, [0 (W), P~ WH), .
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where the last equality follows from the fact that P—W®) e Ty, for all k € N. Combining
this inequality with the above relation results in

Jw®, p—wky = (pr [0J(W®)], P —wk)

= e, [og ()] P - W)
(3.9)
= ae (W) —ae(P) = e (P)

for P € W and all £ € N, where the last inequality holds due to £&(W) > 0 for all W. As
a consequence, taking the limit & — oo on both sides gives

(dT(W*),P—W*) >0, VPeW.

Because the function P +— (0J(W*), P — W*) is continuous on R™*™ the variational
inequality is fulfilled on all of A™. O

A critical but non-optimal point. In the remaining part of this section, a function
J: W — Ris constructed such that the points W*) € W are local minimizers of J., but
the limit point W* is only a critical point of J and not a local minimizer. Thus, in this
sense the previous two statements are the best one can hope for the log-barrier method
on the assignment manifold.

Before the example can be constructed, consider the Hessian Hessg ® of a C? function
®: )V — R from (A.17), with respect to the induced Euclidean metric £ = (-,-) on W.
Since (W, E) is a flat, parallel transport is the identity. Since the covariant derivative
of a vector field Y: W — Ty can be recovered through parallel transport by (A.8), the
following expression holds for every V € Ty = Ty W

d

VY (W) = %i_r}r(l)%(Y(W +HV) = Y(W)) = ZY(W +4V)| = dY(W)[V].  (3.10)

Therefore, the Hessian of ® evaluated at W € W in direction V' € Ty is given by
Hessp ®(W)[V] = VE grad, ®(W) = d grad, ®(W)[V]. (3.11)

Let n: W — Uy be the isometric chart from Corollary 3.2.3. Since the coordinates
of grady ®(W) in this chart are dd(n), the coordinates of Hessp ®(W) are given by
Hess ®(n). Thus, if gradg ®(W) = 0 and Hessp ®(W) is positive definite, then W is a
strict local minimum of ®.

Next, determine the unique minimizer of the log barrier £ on W. Since £ is strictly
convex on RZI™, so is £ on W and thus the minimizer is unique if it exists. As a
consequence of Corollary 2.3.4, the gradient of £ is given by

gradp §(W) = Py, [6§(W)} = —Pry [ll}

W
and therefore, according to (3.11), the Hessian has the form
d \%4
Hess §(W)[V] = 2 Pry [06(W +1V)]|,_, = Pr, [HesssW)[V]] = Pry, |25 .
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for V€ Ty. Note, that for all W e W and 0 # V € Ty

<V,HessE§(W)[V]> —< W.2> > (W]> > 0. (3.12)

i€[m] je[n]

Since gradg (1) = —Pg, [1m1;” = 0, it follows that 1yy is a local minimizer and thus
the unique global minimizer of £ on W.
After these preparations, define the function

=22 (W = 3) = (W = 1w)% 1),
1EM jEN
The gradient and Hessian of J at W € W are given by
gradp J(W) = 3Pr, [(W — 1y)*?] Hessp J(W)[V] = 6(W — 1)y)eV

for all V' € Tyy. Evaluating these expressions at 1yy gives grady J(1y) = 0 and
Hessg J(1yy) = 0. As a consequence of this, it follows for the perturbed model J.

gradg Je(1w) = gradg J(1yw) + e grad {(1w) =0
Hessg J:(1yy) = Hessg J(1y) 4+ ¢ Hessg £(1yy) = e Hessg £(1w).

Since Hessg £(1yy) is positive definite, the point J-(1yy) is a strict local minimum. How-
ever, 1lyy is not a minimizer of J, as shown next. For this, let » > 0 and assume
n = |X| > 3 labels are given. Define

1 n
Wiy = 1y + 1., <61T - e}). (3.13)
j=2

Because of Wi,1,, = 1,, and WL, > 0 for r > 0 sufficiently small, W, € W follows. To
determine the function values of J at W, note that (1mejT)o(lme ) = 0;j1me; holds,
where ¢;; is the Kronecker delta. With this,

J(Wir) = 4 (1e] = %1 ; lme]T>.3, Lnl;)
=2

= 1
= ir3<lmel — 3 Z 1meT 1 1T> = j:r?’m(l — 72)
2 (1)
Since 7"3m(1 — (H_%)Q) > 0 and J(1yy) = 0, the function value of W, are

JWen) >0 = J(1w) > J(W_,) (3.14)

for every sufficiently small » > 0, showing that J(1yy) is not a local minimum. Thus, if
€r > 0 is any sequence with limy_,, e = 0, then W) .= 1,y is a local minimizer of Jep
for all k£ € N, but limy_,.o W®*) = 1,, is not a local minimizer of J.

Even so the presented example shows that critical limit points are not guaranteed
to be optimal, this will rarely happen in practice, as the parameters of objective func-
tions usually contain random measurement errors in reality and therefore prevent such
‘pathological’ cases.
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3.2. Mathematical Preparations

3.2.1. Euclidean Isometric m-Affine Coordinates

Subsequently, an alternative pair of m- and e-affine coordinates is introduced, such that
the m-affine coordinates are an Euclidean isometry between & C R™ and an open set
U C R™ ! equipped with their corresponding induced Euclidean metric. This m-affine
chart naturally extends to the product manifold VW and provides a convenient way of
proving some of the results in this and subsequent chapters. These coordinates are then
also used to characterize convex functions on the assignment manifold ¥ independent
of any specific m-affine coordinate chart.

Construction of the m- and e-Affine Coordinates

For the construction of the Euclidean isometric m-affine coordinates, consider the linear
map G: R™ — R defied by G(x) := (1,,z). It follows from linear algebra that the set

A=G"1)={zeR"|(z,1,) =1}
is an affine subspace of R”. Due to the definition of S in (2.9) and the structure of
the resulting tangent space Ts in (2.10), the identities S = ANRY; and ker(G) = Ts
follow. Also note that the orthogonal projection Prg = I, — 151, from (2.35) has kernel

ker(Prg) = R1,, where 1s is the barycenter of S from (2.34). Thus, the affine space A
can be represented by

A=ker(G) + 15 = Ts + 1s,

Choose an orthonormal basis of Ts
Brg = {bi,...,bp_1} CTs CR" (3.15)
and define the matrix with i-th column given by the basis vector b; as
B:=(by]...|by_1) € RP*(=D), (3.16)
Since Brg is an orthonormal basis, the relations
B'B=1I,; and BB' = Pr, (3.17)

follow, where I,_; denotes the identity matrix. Therefore, a global affine chart of the
affine manifold A = Ts + 1s together with its inverse is given by

F:A—»R" 2= BT(z-1s) and FL:R"1 5 A y—By+1ls.  (3.18)

Lemma 3.2.1. The chart F: A — R"™! from (3.18) is an isometry, where A C R" and
R~ are viewed as Riemannian manifolds with the standard inner product (-,-).
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Proof. The tangent space of A is constant and given by T, A = Ts for every x € A. The
differential of F' at x € A has the form

dF(z): Ts = R" !, w dF(z)[u] = BT u. (3.19)
Now, let v € Ts. With respect to Brg, u has the coordinates u = 'b; = Bu with
BTy =14. For z € A and u,v € Ts, it therefore follows

(3.17)

(u,vy = (Ba, Bo) =" (u,0) = <BTU’ BTu> (3;9) (

WP, dF@)]). O

Since § = ANRY, the chart F' from (3.18) also defines a chart for S into the open
set U := F(S) C R" ! by

n:=Fls:S—=U p— B (p-1s) (3.20a)

n = (Fy):U—=S, n~ Bn+ls. (3.20b)

Proposition 3.2.2. If S C R" is viewed as a Riemannian submanifold with the in-
duced Euclidean metric E = (-,-), then the chart n: S — U from (3.20) is an isome-
try between (S, E) and (U,{-,-)). Furthermore, n is an m-affine coordinate system for
(S, g, v, V(m)), with the negative entropy as associated convex function

o(n) = (Bn+1s,log (Bn+1s)) = —H(p), (3.21)
forn=mn(p), p € S. The corresponding dual e-affine coordinates are given by

B

: R™! B'l LR ST S
0:S — , D> og(p) and 6 —Ts, 0 p(0) .5

(3.22)

with corresponding conjugate convex function

$(6) =log ((1n-1,€"%)), (3.23)
where B is the matriz from (3.16).

Remark 3.2.1. The formulas in (3.22) and (3.23) suggest to think of T's as an abstract
basis independent e-affine coordinate system with coordinate chart

S 3 p— v(p) = Prglog(p) = epr;(p) €Ts

(1n,e¥)

as well as convex function 9: Ts — R and conjugate convex function ¢: & — R given by

P(v) = log((1n, ")) =logexp(v) and ¢*(p) = ¢(p) = —H(p),

where the function logexp above is the well-known log-exponential function (see e.g.
[RW09]). Thus, (S, E) as a flat Riemannian submanifold of the affine space A, may be
viewed as an abstract basis independent m-affine coordinate system.

Ts>v—pv) =

=exp (v) €S,
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Proof. Due to n = Fs, the isometry property directly follows from Lemma 3.2.1. To
show that n is m-affine, consider the m-affine coordinate system 77 from (2.13) and the
coordinate change o :=nn~': R®~! — R?~!. The chart 7 can be expressed by the linear
map

7i(p) = Mp, with the matrix M := (I,_1,0,_1) € R®=D*",

where I,,_; denotes the identity matrix and 0,_; € R® ! the zero vector. Since the
inverse of 7 is given as an affine map p(n) = Bn + 1s by (3.18), the coordinate change
« is again an affine map

a(n) =7(pn)) =Cn+ec, with C:=MB and c:= Mls.

Because « is a diffeomorphism, the differential da(n) = C' is invertible, i.e. C' € GL,(R).
As a result of the characterization (A.11) in the Appendix A.3.3, n is also an m-affine
coordinate chart. The formula in (3.21) for the corresponding convex function is just
the coordinate expression ¢(n) = —H (n) = —H (p(n)) of the negative entropy on S in
1 coordinates.

To obtain the conjugate convex function and e-coordinates, consider the optimization
problem v(0) = max;,{(f,n) — ¢(n)} with optimality condition

6 = dp(n) = BT log(Bn + 1s), (3.24)

where the formula for the gradient follows from the fact that B'1s = 0 as a result of 15
being orthogonal to all basis vectors by, ..., b,—1 from (3.15). With p = p(n) = Bn+ 1s,
the desired expression 0(p) = BT log(p) in (3.22) directly follows. Multiplying (3.24) by
B yields

(3.17) 2.35) {log(p), 1n)

B = BB log(p) -

log(p) —

n-.

Pry log(p) (

Because e1n = ¢f1,, for every 8 € R, setting 8 := —(log(p), ln>% € R gives

eBG _ elog(p)JrBln — peﬁ.
As a consequence of e € R together with the constraint 1 = (1,,p), the identity
e? = (1,,eP% follows, resulting in the expression p(#) for the inverse #~! on the right-
hand side of (3.22).

For proving (3.23), let # € R"~!. Taking the logarithm of the expression for p(f) on
the right-hand side of (3.22) yields

log(p(6)) = BO — (log (1, eBe>)1n. (3.25)

The 7 coordinates of p(#) are n(0) = B (p(f) — 1s) = B p(f), where the last equality
again follows from BT1s = 0. Since

(0.1(0)) = (0, BTp(8)) = (B0, p(0)) "2 —H (p(8)) + log (1, €57, (3.26)
the conjugate convex function 1 (6) = ¢*(0) is given by
#(6) = (0,0(0)) — p(n(®)) “ZY (6,0(0)) + H(p(®)) “Z10g (1,,¢7). O
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As a direct consequence of the product structure of YW and Proposition 3.2.2, also the
corresponding product m-coordinate chart n: W — Uy = Hie[m] U c R*(=1) from
(2.29) is an isometry with respect to the standard Euclidean inner product.

Corollary 3.2.3. If W C R™*" is viewed as Riemannian submanifold with the induced
Euclidean metric E = (-,-), then the m-affine chart n: W — Uy from (2.29) is an
isometry between (W, E) and (U, (-,-)).

Characterization of Convexity on the Assignment Manifold

The characterization of convexity and strong convexity through Bregman divergences in
Section B.3 is only valid for functions defined on a convex set with nonempty interior.
However, the convex set W C R™*™ has no nonempty interior and therefore, the above
mentioned criterion via Bregman divergences only holds in an m-affine chart. In the
following, a coordinate independent way for characterizing convex and strongly convex
functions on W is given. For this, let E be the induced Euclidean metric of W C R™*"
and suppose ®: W — R is a C! function. Define Dg: W x W — R by

Dgo(P,W) := ®(P) — (W) — (grady ®(W),P - W),  VP,W € W. (3.27)
This function is linear in ®, i.e. if o, 3 € R and ¥, ® € C'(W), then
Doo1py = aDg + BDy.

As the next Lemma shows, using this coordinate independent Bregman divergence on W,
convexity and strong convexity can be characterized in the same way as in Section B.3.

Lemma 3.2.4. Let n: W — Uy be the isometric chart from Corollary 3.2.3 with respect
to the Euclidean metric E on W. If a subset K C W is convez, then also K = n(K)
1s convexr and a function ®: K — R is convex if and only if the coordinate function
d: K — R is convex. If ®: K — R is additionally C', then

Do (P,W) = Dg (n(P),n(W)) (3.28)
for all P,W € K and the following characterizations hold:
O is conver on K < VYP,W e K, Dg(P,W)>0 (3.29)
O is o-strongly convex on K < VP, W € K, Dg(P,W) > %HP — W% (3.30)
Proof. Tt is first shown that for all » € [0,1] and P, W € W the equality
n(rP+ 1 —=rW)=rn(P)+ (1 —r)n(W) (3.31)

holds. Since 7 is a product chart n = (1;);cy by (2.29), it suffices to show (3.31) for each
component 7;: S — U from (3.20), with ¢ € V. Let P,,WW; € S and r € [0,1]. Due to
ni(p) = BT (p — 1s) for p € S, it immediately follows

0i(rPi+ (1= r)W;) =BT (P = 1s) + (1 = )BT (W; — 1s) = riy(P;) + (1 — r)n; (W),
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establishing (3.31) on W. Due to n being a bijection, equality (3.31) directly implies
that convexity of K C W is equivalent to the convexity of K C Uy and that ®: K — R
is convex if and only if ®: K — R is convex.

Next, the equality (3.28) is proven. For this, suppose ® is C'. In the following, the
notation gradg ; ®(W) and 9;®(n) from Remark 2.3.5 is used to denote the i-th row of
the gradients, representing the change with respect to W; and n; respectively. Because
n: W, E) — (Uw,(-,+)) is an isometry, Lemma A.4.1 gives

OB(W) = dn(W)[gradz ®(W)].

As a result of the expression 7;(p) = B (p — 1s) for p € S on each component i € V by
(3.20), the i-th row of the gradients are related by

0 ®(n(W)) = d(W)[grad g ; ®(W)] = BT grad; ®(W). (3.32)

Define np := n(P) and nw = n(W) as well as np, := n;(P;) and nw, = n;(W;) for
the components, with i« € V. According to (3.20), the inverse of 7;(P;) has the form
P;(n;) = Bn; + ls, implying

Combining these equations shows the following relation for all components ¢ € V

(gradp,; ®(W), P, — W;) (:29) (BT gradg,; ®(W),np, — 1w, ) 22 (0:®(nw ), e, — nw, ),

resulting in the desired equality
Do (P,W) = ®(P) — ®(W) — (gradg ®(W),P — W)
= &(np) — ®(nw) — (82 (nw). np — nw') = Dg (np,mw)-

To show (3.29), assume ® is convex on K. By the first part, this is true if and only if
d is convex on f(, which in turn is equivalent to Dg (P, W) = Dy (np, TZW) > 0 for all
P,W € K by (B.9).

For proving (3.30), suppose ® is o-strongly convex. Since 7 is a Euclidean isometry,
it follows ||P — W|| = ||np — nw|| and therefore by definition, ® is o-strongly convex if
and only if P is o-strongly convex, which in turn is equivalent to

o o
Dy (P.W) = Dy (ne.mw) = Jlme —mwl = SIP-WIE  (331)
by (B.10). O

Lemma 3.2.5. The negative global entropy —Hyy from (2.30) is n~'-strongly convex.

Proof. Due to Proposition B.2.1, the negative entropy —H is 1-strongly convex on S =
rint(A) with respect to || - ||1 and therefore

1
D_pr(p,q) = KL(p,q) > 5 Ip - qdl} Vpges (3.35)
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by (B.10). As a consequence of the norm estimate ||z||? > n~!||z||? for # € R™ together
with the identity KL(P,W) = D_p,,,(P,W) and the corresponding factorization from
(2.31), it follows

(2.31) (3.35) 1 n~!
D_p, (P,W) =" KL(P, W) > o3 [P = Will} > —-[|P = W]”
% (1%

for all P,W € W. As a result of Lemma 3.2.4, the negative entropy —Hyy is indeed
n~!-strongly convex on W. O

3.2.2. Analytic Functions and the Lojasiewicz Inequality

Recall (e.g. from [KP02]) that a real analytic manifold M is a smooth manifold whose
coordinate transitions are real analytic. A function ®: M — R on an analytic manifold
M is real analytic if for each coordinate chart ¢ on M, the coordinate representation
$ = dop ! is real analytic. Therefore, viewing W as an affine manifold by the m-affine
charts, it is also a real analytic manifold and a smooth function ®: VW — R is analytic
if and only if it is analytic in any m-affine chart.

The fundamental property for proving convergence of analytic gradient flows in R" is
the Lojasiewicz inequality.

Lemma 3.2.6. [Lojasicwicz inequality] Let U C R be an open set, ¢: U — R a real
analytic function and z € U. Then there exist a neighborhood Uy, C U of z and constants
c¢>0, pel0,1) such that

V()| = clo(x) — d(2)|"  for all x € U, (3.36)

where the convention 0° = 0 is adopted in the case y = 0. The exponent  is also called
the Lojasiewicz exponent.

Proof. See [IL65] or [BMSS]. O

There are generalizations of the Lojasiewicz inequality to analytic Riemannian man-
ifolds [Lag07] as well as to the large class of subanalytic functions [BDLO07], used to
prove convergence for subgradient differential inclusions. For ease of exposition, the
Lojasiewicz inequality is directly shown to hold on W via the above introduced m-affine
isometric coordinates.

Corollary 3.2.7. [Lojasiewicz inequality on W] Let ®: W — R be analytic and Z € W.
Let E = (-,-) be the induced Euclidean metric on YW C R"™ ™. Then there exists a
neighborhood U, CW of Z and constants C > 0, p € [0,1) such that

| grady ®(W)|| > C|®(W) — ®(2)|* for all W € Uy, (3.37)

with the convention 0° = 0 in the case p = 0.
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Proof. Let n: W — Uyy be the m-affine isometric chart from Corollary 3.2.3, where
W C R™*™ is equipped with metric E. By assumption, P = don~!: Uyy — Ris analytic.
Define 1y :=n(Z) € Uyy. By Lemma 3.2.6, there exists a neighborhood U, C Uyy of 1z,
on which the Lojasiewicz inequality (3.36) holds with exponent p € [0,1) and constant
C > 0. Set Up, := np~(Uy). Since [|0d(n(W))|| = || gradg ®(W)]|, as a consequence of
Lemma A.4.1 and the fact that 7 is an isometry, the inequality

Clo(W) — 2(Z)|" = Cle(n(W)) = S(nz)|" < [02(n(W))]| = || gradp (W)

holds for all W € Uy, proving the statement. O

3.3. Perturbed Riemannian Gradient Descent Flows for
Optimization

In the following, convergence properties of the perturbed Riemannian gradient flow (3.6)
are investigated. After proving some basic relations between || - || and |-|[, in Sec-
tion 3.3.1, general properties of the Riemannian gradient descent flow for J. are shown
in Section 3.3.2. As the counterexamples from [PDM12] and [AMAO5] in the Euclidean
case demonstrate, integral curves of gradient flows do not necessarily converge to a
single point. However, for gradient flows of analytic functions in R, it can be shown
that bounded integral curves indeed converge [AMAO5]. Even stability results [AKO06]
and convergence rates are available [BDLO7] in this case. Proving the corresponding
statements on the assignment manifold will be done in Section 3.3.3.

3.3.1. Basic Estimates

In order to proof the convergence results in the remaining part of this section, some
basic relations between || - || and [|-[|, are needed. Establishing these relations will be
done in the following. First, the situation on one factor § of W is considered.

Lemma 3.3.1. For allp € S and u,v € Ts, the identity
gp(v, Ryu) = (v, u) (3.38)

and the inequality
[Ryul < [[Rpu

hold. Furthermore, for every compact subset K C S, there exist constants Cg,Clh > 0
such that

Ckllul| < ||Rpull,, < Ckl|Rpul| Vp € K and Vu € Ts. (3.40)

g9.p —

Proof. The identity in (3.38) is a consequence of

2.36)

gp(v, Rpu) (2.15) <v, Diag (%)Rpu> = <U, Pr, Diag (}D)Rpu> 23 (v, u).
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The inequality on the right-hand side of (3.39) follows from

(3.38)
IRpull?, 2 (u, Ryu) < [lull,

where the last estimate results from all eigenvalues of R, being upper bounded by 1/2
according to Lemma 2.3.1 (3). Define Ryu =: v, = vye;. Since the components of
p = ple; € S are contained in the interval 0 < p’ < 1, the inequality on the left-hand

side of (3.39) is a result of

2.15)

2 -
||’UpHg,p - (v;)Q 3 2 ”UPHZ

1

P

To show (3.40), let K C S be compact. The minimal eigenvalue Amin(Rp|75) of Ryl
continuously depends on p € S and is positive by Lemma 2.3.1 (3). Thus, a minimal
positive eigenvalue C,f := minpe g { Amin(Rp|75)} > 0 exists on K, implying

(3.38)
=7 (u, Ryw) > Amin(Rpl7s) [[u]l? > CFlull?,

2
1By
for all u € Ts and p € K. Similarly, the function «a(p) := maxie[n]{(Pi)fl} continuously
depends on p = p'e; € S and obtains a maximal value (C)? := maxpex{a(p)} > 0 on
the compact set K. As a consequence, using Ryu = v, = v;ei from above yields

(2.15) 1
- = S o)l = (Co) oy

, |
lopl2, *2 (0h)?

forall u e Ts and p € K. O

Because the Fisher-Rao metric g on W is a product metric, the equality (3.38) and
inequality (3.39) directly carry over to W, i.e. if W € W and U,V € Ty, then

gw (V, Rw[U]) = (V,U), (3.41)

[Bw U]l < [[Bw [Ulll,w < U] (3.42)

hold. For transferring the third inequality (3.40) to W, suppose K C W is a compact
subset. Since the canonical projection onto the i-th factor m;: W — &, defined by
(W) = W, is continuous, also K; := m;(K) C S is compact. Let CKwC}{i > 0 be
the constants fulfilling (3.40) on K; C S on the i-th factor of W. Then, the constants
Ck = minep{Ck,} > 0 and C} := maXiGV{C’}Q} > 0 satisfy the inequality

CllU || < |1Bw[U]ll,w < CklIRw[U]| VW € K and VU € Ty. (3.43)
As a direct consequence of the relation between the Riemannian gradient and Eu-

clidean gradient through the replicator operator in Corollary 2.3.4, the above inequalities
on W yield the following statement.
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Corollary 3.3.2. Let J: W — R be C'. Then, for all W € W, the Riemannian gradient
grad, J(W) of the Fisher-Rao metric g and the Riemannian gradient gradp J(W) of the
Euclidean metric E = (-,-) on W fulfill

gw (V, grad, J(W)) = <V, grad J(W)> = <V, oJ(W)), (3.44)

where the last equality holds if J is defined on an open set U C R™*™ containing W, and
the inequality

| grad, JOV)| < |lgrad, JOW)|,, < [l erady JO0)] (3.45)

is satisfied. Furthermore, for any compact set K C W, there are constants C,C > 0
such that

Ckll gradg JW)|| < ||grad, J(W)H%W < Ckllgrad, J(W)|| YW € K. (3.46)

3.3.2. General Properties of Perturbed Riemannian Gradient Flows

Following the Riemannian gradient flow for minimizing J. on the assignment manifold is
related to general optimization approaches on Riemannian manifolds, see [ABB04] and
references therein. In [ABB04] the optimization framework is developed for Riemannian
metrics induced by Legendre functions on convex subsets of R%. However, most ap-
proaches rely on the objective function also to be defined outside the manifold, so as to
be well behaved on the boundary. In contrast, in the present setting J is only assumed
to be defined on W and lower bounded.

First, it is shown that integral curves of the perturbed Riemannian gradient flow (3.6)
are well defined in the sense that they exist for all future time.

Proposition 3.3.3. For every initial condition W (0) € W, there exists a unique solution
W (t) of the perturbed Riemannian gradient descent flow (3.6) for allt > 0. The function
values J.(W(t)) are monotonically decreasing and converge towards

iV (1)) = bV (1)} > —oc. (3.47)

For a € R, the compact level sets lev,(J:) are positively invariant, i.e. W(0) € levy(Je)
implies W (t) € levy(Je) for all t > 0.

Proof. Let a € R and assume W (0) € levy(Jz). By the fundamental theorem on flows
A.2.1, there exists a unique maximal solution W: I — W of (3.6), where I C R is an
open interval containing 0. Define T)s := sup I € (0,+4o00]. Because of (3.3), the value
J-(W(t)) is monotonically decreasing in ¢, implying a > J.(W(0)) > J.(W(t)) and
therefore W (t) € levy(Je) for all t € [0,T37). Due to the compactness of levy(J:) by
Lemma 3.1.1, the Escape Lemma A.2.2 implies that Th; = +o0, showing that lev,(J:)
is positively invariant. The convergence of the function values J.(W(¢)) to the infimum
in (3.47) also follows from the monotonicity (3.3) by a standard argument. Since every
point W(0) € W is always contained in the level set levy, (J:) with o := J-(W(0)), the
statement for an arbitrary point on W follows. O
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As one would expected, the Riemannian gradient of J. converges towards zero for
t — oo. The proof follows the one in [Josl7, Lemma 8.4.4], however, with different
assumptions. The argument makes use of Barbalat’s lemma, stated next.

Lemma 3.3.4 (Barbalat’s lemma). Suppose ¢: [0,00) — [0, 00) is uniformly continuous,
i.e. for every e > 0 there exists a 0 > 0 such that |t1 — ta| < 0 for t1,t2 € [0,00) implies
lp(t1) — p(t2)| < e. If [;° @(t)dt < oo, then limy_o0 @(t) = 0.

Proof. See e.g. [Kha02] O

Remark 3.3.1. If ¢: [0,00) — [0,00) is Lipschitz, i.e. there exists an L > 0 such that
|<p(t1) — SO(tQ)‘ < L|t1 — t2| for all tq,t5 € [0, OO), (3.48)
then ¢ is also uniformly continuous, by choosing ¢ := £ > 0 for any given € > 0.

Proposition 3.3.5. If W(t) € W is an integral curve of the perturbed Riemannian
gradient descent flow (3.6) then lim;,o grad, J.(W(t)) = 0.

Proof. By Proposition 3.3.3, the solution W (t) € W of (3.6) exists for all £ > 0, is
contained in the compact set K := levy,(J:), with ag := J-(W(0)), and the function
values Jo(W (t)) converge monotonically decreasing to lim; oo Jo (W (t)) =: JZ > —o0.
As a result of

LW (1) - L0V (1) = - [

2d (3.3) [*2
t1 dt t1

T ())dt / Jevad, J(W | e

and Corollary 3.3.2, the overall estimate

0o (3.45) [o©
oo>JE(W(0))—J::/O ngange(W(t))H;W(t)dt > /O | grad, J-(W(t))||*dt

follows. Define 0 < || grad, J-(W(?)) |2 =: (). Tt is shown that ¢ is Lipschitz continuous
on [0, 00) by proving ¢(t) is bounded on [0, c0). For this, represent ¢ as the composition
o(t) = g(W(t)) with g: W — R defined by g(W) := || grad, Je(W)||2. Because J is C?,
the function g is C'!. Equipping W with the standard Euclidean metric E = (-, -) yields
the continuous gradient gradp g: W — Tyy. Since K is compact, there exists a constant
L > 0 simultaneously bounding g and || grady g||> on K. As a result of W (t) € K for all
t > 0 the estimate

()] = [gradg g(W (1)), W(1)| < || gradg g(W (¢))|]| grady J- (W (t))]| < L*

follows, showing that ¢ is indeed Lipschitz continuous on [0, 00). Lemma 3.3.4 together
with Remark 3.3.1 then implies lim;,« || grad, JA(W()||?> = 0. n
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3.3.3. Convergence Analysis for Analytic Variational Models

As already mentioned above, integral curve of gradient fields do not necessarily converge
to a single point. Thus, in order to prove any convergence results, additional assumptions
on the function J; have to be made. E.g. in [ABB04], a convexity assumption results
in a convergent statement for the corresponding integral curves [ABB04, Thm. 4.7] as
well as in convergence rates [ABB04, Prop. 4.4]. Since J is not assumed to be convex,
the focus will be on analytic variational models for the remaining part of this section.
For this class of functions, the Lojasiewicz inequality results in convergence statements
for integral curves of the corresponding gradient flow, as first shown by Lojasiewicz in
[Loj82]. See [AMAO5] for a review of the chase in RY, [Lag07] for the general case of ana-
lytic Riemannian manifolds and [BDLO7] for a generalization to subgradient differential
inclusions for subanalytic functions.

In the following, convergence for analytic J; on the assignment manifold will be shown
based on the case for analytic function in R? from [AMAO5]. This way, the parallels be-
tween the present continuous-time case and the geometric Euler discretization discussed
in the next Section 3.4 will become most apparent. Subsequently, the stability results
from [AKO6] are shown to also hold on the assignment manifold and finally, also conver-
gence rates are proven based on [BDLO7].

The key argument, underlying the following proofs is the fact that the Lojasiewicz
inequality can be used to find an estimate of the arc length for integral curves in various
situations. The corresponding statement in Lemma 3.3.7 below is a general formulation,
extracted from the proofs in [AK06] and [AMAO5].

Lemma 3.3.6. Let a € R. Then, there exists a constant C > 0 such that for any initial
condition W(0) € levy(Je), the flow W (t) from (3.6) fulfills
d
dt
Furthermore, % .J.(W (t9)) = 0 for some ty > 0 then W(t) =0 for all t > to.
Remark 3.3.2. The presentation in [AMAO5] follows the generalization of gradient

flows from [Lag02]. The first condition is called angle condition and the second one weak
decrease condition. To prove convergence, a flow only has to fulfill these two conditions.

Proof. If %JE(W(ISO)) = 0 for some g, then grad, J.(W (to)) = 0 as a consequence of

%JE(W(t)) = —||grad, JE(W(t))H;W(t) . (3.49)
Since integral curves are unique by Theorem A.2.1, the solution is given by the constant
curve W(t) = W(ty) for all t > to and therefore %W(t) = 0 follows. To prove the
first statement, note that due to Proposition 3.3.3, the flow W(t) € W with initial
condition W (0) € lev,(J:) =: K, is contained in the compact set K, for all ¢ > 0. By

Corollary 3.3.2, there exists a constant C' > 0 such that
Jerady Jo(W (0] 1y > Cllerad s J-(W(1))]
and  [lgrady Je(W(D)|, () = llerad, (WD) = [W ()]

J(W(t)) < =C|| gradg J-(W)[|W ()] for all t > 0.
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for all t > 0. Combining these inequalities with (3.49), results in the first statement. [

Lemma 3.3.7. Let J.: W — R be analytic, Z € W and o € R. Suppose U, C W is
a neighborhood of Z € W on which the Lojasiewicz gradient inequality with exponent
p € [0,1) is satisfied. Then there exists a constant C > 0 with the following property.
For any solution W (t) of the Riemannian gradient flow (3.6) with W(0) € levy(Je), if
J(W(t)) > Jo(Z) and W(t) € Uy is satisfied for t € [t1,t2], then the arc length of W (t)
on [t1, ta] with respect to the Euclidean metric || - || is bounded by

to . _
[ Wl < v m) - 12)' (3.50)
t1

Proof. To simplify notation, define ®(t) := J.(W(t)) — J-(Z). By Lemma 3.3.6 there
exists a C" > 0 such that any solution W(t) of (3.6) with W (0) € lev,(J:) satisfies
LI(W(t) < =C'|VI(W(@)|[|W(®)|| for all t > 0. Let C” > 0 and p € [0,1) be the

constants of the Lojasiewicz inequality on Uy, and define

C:=((1—-pmc'c”) " >o.
If W(t) is a solution of the Riemannian gradient descent flow with W (0) € lev,(J:)
satisfying W (t) € U on [t1,t2], then
d . .
520 < “CIVILWO)NWEI < -C'Cle@ W@ Vi€ [t t].  (3.51)
The remaining proof is divided into two cases.
First assume ®(¢) > 0 on [t1,t2). It follows by the definition of C' that

3.51)

d 1 . (
@(t)§—6||W(t)|y < 0 Vtety,ta).

l-p 1 d
(@) " =(

BRCORT
As a consequence of this and pu < 1, the arc length is upper bounded by

/2 W (t)|ldt < —C 2%(@(75))1*“6175

t1 tt

= [(@()"" = (@) "] < C(@(t)

where the last inequality holds due to ((P(tg))l_” > 0.
Now, suppose ®(t) > 0 on [t1,ts) is not true. Since ®(¢) > 0 on [t1,t2] by assumption,
the existence of
T :=inf {t € [t1,t2) | ®(t) =0} < 12

is implied. The condition ®(7") = 0 translates to J.(W(T)) = J-(Z). As a result of
the monotonicity of J.(W(t)) from Proposition 3.3.3, the equality J.(W (t)) = J.(Z) for
t € [T,t2) follows. Therefore %JE(W(t)) =0 on [T,t2), implying

Wt)=0 Vt>T (3.52)
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by Lemma 3.3.6. Due to the ®(¢) > 0 for all ¢ € [¢t;,T), by the choice of T, the above
estimate from the first case can be applied on [t1,T') resulting in

2 @s2) [T 1—p
Iy de 2 [ e < O(@ ()" =
t1 t1
After these preparations, it is now possible to prove the convergence of integral curves
for analytic J. on the assignment manifold.

Theorem 3.3.8. Assume J.: W — R is analytic and let W (t) € W be the solution of the
perturbed gradient descent flow (3.6) with W(0) € levy(J:). Then there exists a critical
point W* € leva(Je) CW of Je, i.e. grad, Jo(W*) =0, such that limy_,oo W (t) = W*.

Proof. The adapted proof of [AMAO05, Thm. 2.2] on W is given, using Lemma 3.3.7 for
estimating the arc length of W (¢). By Proposition 3.3.3, the flow W () is contained in the
compact set levy (J:) =: K. Thus, W (t) has an accumulation point W* in K, i.e. there
is a sequence 0 < t] < to < ... with limg_, o tx = oo such that limg_,o W (ty) = W*.
Because J-(W (t)) is monotonically decreasing in ¢, the continuity of .J. implies

Je(W*) = lim J.(W(ty)) = lim J.(W(t)). (3.53)
k—o00 t—00
Similarly, the continuity of grad, J.: W — Tyy and Proposition 3.3.5 give
grad, J.(W") = kli)ngo grad, J- (W (tx)) = tlggo grad, J-(W(t)) =0,

showing W* is indeed a critical point of J;.

As a consequence of J. being analytic on W, Corollary 3.2.7 yields the exists of a
neighborhood Uy, C W of W* on which the Lojasiewicz inequality holds with exponent
€ [0,1). In the following, it will be shown by contradiction that for arbitrarily small
r > 0, with B.(W*) C Uy, the curve W(t) eventually enters B,.(W*) and never leaves.
Since r is arbitrarily small, it then follows that W (t) converges to W*.

Assume an arbitrary r > 0 with B,(W*) C Uy, is given. Let C' > 0 be the constant
from Lemma 3.3.7 corresponding to the choice Z = W*. The fact that W* is an accu-
mulation point of the curve W (t) together with (3.53) implies the existence of a time
t1 > 0 such that

W (t) — W*|| < % and  C|J.(W(t1)) — J.(W*)[\F < Z (3.54)
Now, suppose W (t) would leave B, (W*) on [t1,00), i.e.
to:=inf {t >t [ W)W =r}>t

exists. The fact that W (t) € B,.(W*) C U on [t1,t3] by the choice of t5 together with
J(W(t)) > J.(W*) due to the monotonicity of J.(W(t)) shows that the assumptions of
Lemma 3.3.7 with constant C' are fulfilled on [t1,%2]. The resulting estimate of the arc
length by (3.50) gives

(3.54)
<

Wita) =Wl < [ I < OV ) = Lov)
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It then follows [W(t2) — W*[| < [IW(t2) - W(EDI| + [W(t) - W] < 5+ % = 5,
contradicting the choice of t5. Thus W (t) has to be contained in B, (W*) for all ¢t > ¢;,

proving the statement. O

Stability of the Riemannian Gradient Flow for J.

Even if the objective function is C'°°, local minima are not necessarily stable equilibria
of the corresponding gradient flow, as the counterexample from [AKO06, Prop. 2] in the
Euclidean case shows. There are also C*° functions with stable equilibria which are not
local minima. However, in [AK06] it is shown that for analytic functions on RY, local
minima are in one to one correspondence with stable equilibria of the gradient flow. The
same holds for strict local minima and asymptotically stable equilibria.

In the following, this is also proven for the Riemannian gradient descent flow of J.
on the assignment manifold, where stability will be understood with respect to the || - ||
norm on R,

Definition 3.3.1 (Stability). Let F': W — Ty be a vector field on W. Consider the
dynamical system W (t) = F(W(t)) and suppose W € W is an equilibrium point, i.e.

F(W) =0 holds.

(1) W is (Lyapunov) stable, if for every r > 0 there is a 6 = §(r) > 0 such that if
[W(0) — W] <6, then |W(t) — W|| < r for all t > 0.

(2) W is asymptotically stable, if it is stable and a constant § > 0 can be chosen such
that if [|[IWW(0) — W|| < & then limy_,o, W (t) = W.

The stability results on the assignment manifold W are directly shown using the
Lojasiewicz inequality on W from Corollary 3.2.7.

Theorem 3.3.9. Let J.: W — R be analytic. Then Z € W is a local minimum of J. if
and only if Z is a stable equilibrium of the Riemannian gradient descent flow (3.6).

Proof. The first direction is an adapted version from the proof of [AK06, Thm. 3] and
is similar to the argument in Theorem 3.3.8. For this, assume Z is a local minimum of
Je. Due to the local minimality, there exists a neighborhood U,, C W of Z such that
Je(Q) = Jo(Z) for all Q € Uy, and grad, J.(Z) = 0, showing that Z is an equilibrium
of the Riemannian gradient flow (3.6). Since J. is analytic, there is a neighborhood
Ur, C W of Z from Corollary 3.2.7 on which the Lojasiewicz inequality is fulfilled with
exponent 4 € [0,1). Assume an arbitrary r > 0 with B,(Z) C Uy, NUy is given. Choose
«a sufficiently large such that also B,.(Z) C lev,(J:) holds and let C' > 0 be the constant
from Lemma 3.3.7 corresponding to the choices of o and Z. Then, by the continuity of
Je, there is a 0 < ¢ < 7 such that

ClJ(X) = J(Z)|F 7+ < % VX € Bs(2). (3.55)

Now, suppose an arbitrary W (0) € Bs(Z) is chosen. It is shown by contradiction that
W (t) € B,(Z) holds for all ¢ > 0. Assume W (t) leaves B,.(Z) at some point, i.e.

Ti=inf{t=0[ W) - 2|l =r}
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exists. Then W (t) € B,(Z) Cc U, NU,, for all t € [0,T] by the choice of T, resulting
in J.(W(t)) > J(Z) on [0,T]. Since a was chosen such that B,(Z) C levy(Je), the
starting point W (0) is contained in lev,(J:). Overall, the assumptions of Lemma 3.3.7
with constant C' from above are satisfied, resulting in the arc length estimate

(3.55)
< (3.56)

e~ =3

T
IW(T) =W(O)]| < /0 IW@®)lldt < ClJ(W(0)) — Je(2)I'™*

It then follows ||W(T') — Z|| < [[W(T) =W (0)||+ ||[W(0) = Z|| < 7+ < 5, contradicting
the choice of T. Thus W (t) € B,(Z) for all ¢ > 0 must be true, showing that the local
minimum Z is indeed a stable equilibrium.

As for the other direction, suppose Z is a stable equilibrium. Since J. is analytic,
Corollary 3.2.7 gives a neighborhood Uy, C W of Z on which the Lojasiewicz inequality
(3.44) with constants C' > 0 and p € [0,1) is fulfilled. Choose any r > 0 with B,(Z) C
Ur. Because Z is stable, there is a 6 = 6(r) > 0 such that W (¢t) € B.(Z) for all t > 0 if
W(0) € Bs(Z). To show Z is a local minimum, let X € Bs(Z) be arbitrary. According to
Theorem 3.3.8 the trajectory W (t) with initial condition W (0) := X converges towards
a point W* € W, the values J.(W(t)) are monotonically decreasing and the gradient
vanishes

0 = grad, J.(W*) = Ry+[grad g J-(W™)].

Due to the invertibility of Ry« by Lemma 2.3.1, also gradg J.(W*) = 0 follows. Since
W(t) is contained in B, (Z) for all ¢ > 0, the limit point W* lies in the closure B.(2).
Because r was chosen to guarantee B, (Z) C Uy, the Lojasiewicz inequality

ClJ(W") = J(Z)|" < || gradg J-(W)|| = 0,
resulting in J.(W*) = J-(Z). As a result of the monotonicity of J.(W(t)),
J(X) = J(W(0)) = J.(W(t) = J(W*) = Je(Z)
follows. Since X € Bs(Z) was arbitrary, the equilibrium Z is a local minimum of J.. [

Theorem 3.3.10. Let J.: W — R be analytic. Then Z € W is a strict local minimum
of J- if and only if Z is an asymptotically stable equilibrium of the Riemannian gradient
descent flow (3.6).

Proof. Suppose Z € VW is a strict local minimum, i.e. there is a neighborhood U,,, C W
of Z such that J.(X) > J.(Z) for all X € U, with X # Z. By Corollary 3.2.7,
there exists a neighborhood Up, C W of Z on which the Lojasiewicz inequality with
exponent g € [0,1) and constant C' > 0 is fulfilled. Choose r > 0 sufficiently small
such that B,(Z) C U, NUyg. Since strict local optima are also local optima, it follows
from Theorem 3.3.9 that 7 is a stable equilibrium of the flow, thus there is a § > 0
such that if W(0) € Bs(Z) then W (t) € B.(Z) C U, for all ¢t > 0. For any such
W(0) € Bs(Z), Theorem 3.3.8 shows the convergence of W (t) € B,(Z) towards a critical
point W* € B,(Z) C Uy, i.e. grad, J-(W*) = 0. Due to the invertibility of Ry« by
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Lemma 2.3.1 and grad, J.(W*) = Rw-[gradg J-(W™)], also gradg J.(W*) = 0. The
Lojasiewicz inequality then implies

ClJe(W") = J(2)]" < | gradp J(W)[| = 0, (3.57)

showing hat J.(W*) = J.(Z). Because W* is an element of U,, and Z is a strict
minimum, the equality J.(W*) = J.(Z) implies Z = W* = lim;_,o W (¢). This proves
the asymptotic stability of Z.

Conversely, suppose, Z is an asymptotically stable equilibrium, i.e. Z is stable and
there is a 0 > 0 such that lim;_,o W(t) = Z for all W(0) € Bs(Z). Since Z is stable,
Theorem 3.3.9 shows that Z is a local minimum on some neighborhood U,,. By choosing
a sufficiently small 6 > 0, Z is a local minimum on Bs(Z) C U,,. It remains to show
Z is also strict on Bs(Z). For this, suppose J.(Z) = J.(X) holds for some X € Bs(Z).
As a consequence of Z being asymptotically stable, the flow W (t¢) with initial condition
W(0) = X converges towards Z. According to Proposition 3.3.3 the corresponding
function values J. (W (t)) are monotonically decreasing, resulting in the inequality

JA(2) = J.(X) = JW(0)) > J(W(1)) > Jim J.(W (1)) = J.(2).

This shows J.(W(t)) = J-(Z) is constant for all ¢ > 0 and %JE(W(t)) = 0 follows.
Lemma 3.3.6 then implies W (t) = 0 for all ¢ > 0, proving that W (t) is constant and
hence X = W (0) = limy_,oc W () = Z holds. This establishes the strict minimality of Z
on Bs(Z). O

Convergence Rates of the Riemannian Gradient Flow for J.

The derivation of convergence rates for bounded solutions of subgradient differential
inclusions from [BDLO7] can be adapted to obtain convergence rates for the perturbed
Riemannian gradient descent flow (3.6). The argument relies on comparing solutions of
differential equations on R.

Lemma 3.3.11 (Comparison Lemma). Consider the scalar differential equation

y(t) = f(ty(®),  y(to) = yo (3.58)

where f(t,y) is continuous in t and locally Lipschitz iny, for allt > 0 and ally € I CR.
Let [to, T) be a maximal interval of existence of the solution y(t) (T could be infinite)
and suppose y(t) € I for allt € [ty,T). Let o(t) be a continuous function satisfying the
differential inequality

o(t) < ft,a(t)), olto) <o, (3.59)
with o(t) € I for allt € [to,T). Then o(t) < y(t) for all t € [to,T).

Proof. See e.g. [Kha02] O

53



Chapter 3. General Variational Models on the Assignment Manifold

Theorem 3.3.12. Let J.: W — R be analytic and suppose W (t) € W is a solution
of the perturbed gradient descent flow (3.6) converging towards W* € W. Let Ur, be a
neighborhood of W* on which the Lojasiewicz inequality is fulfilled with exponent u €
[0,1). Then the following estimates hold for t — oo

(1) If p € [0,3), then W (t) converges to W* in finite time.
(2) If u= %, then there exist 3,C > 0 such that

W (£) — W*|| < CeP, (3.60)

(3) If n € (%, 1), then there exist §,C > 0 such that

1—p
—1

|W(t)—W*| < C(t+p) 2»-T. (3.61)

Proof. The proof follows the one for the convergence rates in [BDL07], with some neces-
sary modifications. Since W (t) converges to W*, there is a T' > 0 such that W (t) € U
for all ¢t > T. Because J.(W(t)) is monotonically decreasing by Proposition 3.3.3,
also J.(W(t)) > J(W*) for all ¢t > T is fulfilled. Therefore, all the assumptions for
Lemma 3.3.7 are satisfied and there exists a C’ > 0 such that

o(t) == /too W (@E)|dt < C'(J(W(H) — Jo(2)) ™ <00 forallt>T.  (3.62)

The following two properties
W) = W*| <o) and o(t) = —[IW(H)] (3.63)

show that o(t) is non-negative and monotonically decreasing. Below, the convergence
rates are proven using the above comparison lemma together with a differential inequality
of o(t), which is derived now. For this, suppose p € (0,1). Then (3.62) and the
Lojasiewicz inequality (3.2.7) on Uy, with constant C' > 0 imply

o(t) < C'(J(W (1) = J(2))' " < Tl grad g LW (0)]| = (3.64)

Since levy,(J:) =: Ko, with ag := J.(W(0)) is positively invariant and compact by
Proposition 3.3.3, it follows W(t) € K,, for all ¢ > 0. According to (3.46) of Corol-
lary 3.3.2, there is a constant Cy, > 0 such that

Coyll gradg J-(W(t))]| < | grad, J(W(t))|| for all ¢t > 0. (3.65)

1—p

With this and C = CCuy ™ >0, the estimation of ¢(t) in (3.64) can be continued as

1—p 1—p

o(t) < Cllgrady J-(W ()| = < T grad, J.(W(2))]

T T (— )

o4
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Rearranging this inequality and setting v := ﬁ as well as L := (6’) ' >0, results in

o(t) < —L(a(t))".
The smooth function R~y — Rsq, given by y — L(y)¥, is locally Lipschitz and the
comparison lemma can be applied in the following arguments to obtain convergence
rates. For this, consider the autonomous ODE

y(t) = —L(y(t))” with y(0):=0(0) >0 (3.66)

and assume a solution on [0, 7) exists. Then

(3.63)
W)W < oft) <y(t) (3.67)

for all t € [0,7), according to the comparison lemma 3.3.11.

In the following, W (0) # W* is always assumed, resulting in ¢(0) > 0. In order to
prove the convergence rates, it remains to find solutions of y(t) with initial condition
y(0) = 0(0) > 0 depending on the value of p € (0,1).

To (1): If u = 0, then |J.(W(t)) — Jo(W*)|# = 1 for J.(W(t)) # J-(W*) and 0° = 0
otherwise, according to the adopted convention. Proposition 3.3.5 and the Lojasiewicz
inequality with constant C then give

ClI(W (1)) — Jo(WHH < || grady J-(W(E))]| = 0 for ¢ — oc. (3.68)

Hence, there is a Ty with J.(W(t)) = J.(W*) for all ¢t > Tj, resulting in %JE(W(t)) =0
for t > Tp. Lemma 3.3.6 then implies W (¢) = 0 for t > Tp, showing that W (t) is constant
from Ty onward. Since W (t) converges towards W*, the equality W (t) = W* for t > Tj
follows, proving convergence in finite time.

Now suppose p € (0, %) Then, v = ﬁ € (0,1) and by separation of variables, the
solution

y(t) = (c(0)' " — (1 - l/)Lt)ﬁ for 0 <t < M =T (3.69)
- T (1-v)L
for the ODE (3.66) is found. For ¢ = 7, the value y(7) = 0 together with (3.67) implies
W (r) = W*, showing that W (t) converges in finite time.

To (2): If p = 3, then v = ﬁ = 1 and the ODE (3.66) takes the form y = —Ly.
Thus, the solution of the initial value problem is given by y(t) = o(0)e~%* for all ¢+ > 0.
Due to (3.67), setting C := ¢(0) > 0 and 5 := L > 0 results in the desired estimate.

To (3): If u € (%, 1), then v = ﬁ > 1 and thus v —1 > 0. By separation of variables,
the solution

1
y(t) = (v = D)Lt +0(0)" WD) 7T =C(t+8) 71 forallt>0 (3.70)
for the ODE (3.66) is found, with C' := ((v — l)L)fvil > 0 and = 0(8/):7(1;;1) > 0.
Because of 15 = %, the desired estimate for |[W(t) — W*|| follows from (3.67). [
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3.4. Numerical Integration of the Perturbed Riemannian
Gradient Descent Flow

Recall the geometric integration framework from Section 2.3.4 for numerically integrating
flows of the form W (t) = Ry [F(W(t))] with an arbitrary vector field F': W — Tyy.
Due to the relation between the Fisher-Rao and the Euclidean gradient in Corollary 2.3.4,
the Riemannian gradient descent flow (3.6) fits into this integration scheme with the
vector field F(W) = — gradg J.(W).

In general, there is a difference between numerically integrating a vector field and
numerically optimizing a function. In the first case, it is important to develop methods
to accurately follow the dynamics given by the vector field, see e.g. [HPW93]. In the
second case, the focus is on minimization and methods trying to find descent directions
by preferably using second-order information, without the need to track any specific
integral curve, see e.g. [NWO06]. The explicit Euler method is the simplest approach that
can be viewed as both, a method for numerically integrating the flow and for optimizing
Je. Therefore, in the following, convergence will only be investigated for the geometric
Euler integration (2.66) on W.

As it turns out, most of the results in the continuous-time setting from the previous
Section 3.3 carry over to the corresponding statements for the geometric Euler in the
discrete-time case. In Section 3.4.1 the geometric Euler is revisited and connections to
existing numerical optimization techniques in the literature are pointed out. Section 3.4.2
introduces the concept of L-smooth adaptability from [BSTV18], a weaker form of the
Lipschitz condition for determining step-sizes. Subsequently, this concept is used in
Section 3.4.3 to inspect general properties of the geometric Euler with Armijo step-size
selection. Similar to the continuous-time setting, convergence and stability results for
iterative optimization schemes are known for analytic functions on R? [AMAO5] as well
as convergence rates [AB09]. In Section 3.4.4 , these results are shown to also hold for
analytic J; on the assignment manifold.

3.4.1. Geometric Euler Integration

The explicit geometric Euler integration (2.66), for integrating the Riemannian gradient
descent flow (3.6) takes the form

WED = expy < — hy gradg JE(W(k)))v WO ew, (3.71)

with step-size hy > 0. Using the characterization of expy, in (2.50) and keeping in mind
that the argmin does not depend on constant terms, results in the expression

WD = argming e o { i grads J. (WH), W = w®) £ KL (W, W) L (3.72)
As already mentioned in Remark 2.3.3 (2), this clearly demonstrates the connection

between geometric Euler integration of the Riemannian gradient descent flow and the
Bregman projected (sub)gradient methods in optimization, as e.g. in [BT03]. In [RM15],
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it was proven that this relation holds in general between natural gradient descent up-
dates, originally proposed in [Ama98], and mirror descent updates with respect to the
convex function inducing the dually flat structure on the manifold.

The geometric Euler (3.71) is also related to line-search methods on manifolds as in
[AMSO08], based on the concept of retractions. A retraction for a general manifold M
is a smooth mapping R: TM — M such that for every x € M, R,: T, M — M fulfills
R2(0) = z and dR,(0)[v] = v for every v € T, M. The line-search method on M for
minimizing a given function ®: M — R is based on the update zry1 = Ry, (hilk),
where (i, € T, M and hj, > 0 are a suitable chosen search direction for minimizing ®
and a positive step-size. Consider the exponential map Exp®: TW =W x Ty — W
corresponding to the e-connection. Since Exp(® is an exponential map, it obviously
fulfills all the requirements to be a retraction on W. Thus R = Exp(®) can be chosen.

Keeping in mind the relations Exp%ff,) o Ry = expyy for all W € W from Lemma 2.3.2 (3)
and grad, J.(W) = Ry [gradg J-(W)] from Corollary 2.3.4, results in

WD = Ry (— hygrad, Jo(W®)) = Exp{y) (Ryyw [ — higradg J(WH)])
= exPyyr) ( — hgradg J: (W(k))).
Therefore, the geometric Euler update can also be interpreted as a line-search method
on W in the setting of [AMS08], with the choice Exp(®) as retraction.
To simplify notation for the subsequent analysis of the geometric Euler scheme (3.71),
the following map is defined.
Definition 3.4.1. Define the geometric Euler map GE: R x W — W by
(h,W) = GER(W) := expy, ( — hgradg J-(W)). (3.73)
A geometric Euler (GE) sequence is a sequence of the form
WD = GE,, (W®),  w®ew (3.74)
with step-sizes hy > 0 for all kK € N.

The next lemma collects some important basic properties of the geometric Euler map,
relevant for the convergence analysis below.

Lemma 3.4.1. Let h > 0. Then gradg J-(W) = 0 if and only if W = GE,(W).
Additionally, the inequality

h< gradp J.(W), GE, (W) — W> + KL (GEh(W), W) <0 (3.75)
holds for all h >0 and W € W

Proof. Let gradp J.(W) = 0. Because expyy, is a Lie group action by Lemma 2.3.2; it
directly follows GE, (W) = expy,(0) = W. If W = GE, (W) = expy (—hgradg J.(W)),
then it again follows from Lemma 2.3.2 that

0 = expyy (W) = exp_l(GEh(W)) = —hgrady J.(W).
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Since h > 0, grady J-(W) = 0 follows. To prove inequality (3.75), define
Fpw(P) = h{gradg J.(W),P = W)+ KL (P,W)  VPeW.

With this, the characterization of the geometric Euler step in (3.72) is expressed as
GER(W) = expy (—hgradg J.(W)) = argminpcam { Fp,w (P)}, implying the inequality

Fr,w(GE,(W)) = ngiAnm {Fow(P)} < Fw(W)=0. O

3.4.2. L-smooth Adaptability

In order to establish convergence results, it is usually assumed (e.g. [BT03]) that J; is
convex and globally Lipschitz continuous. Since neither of these assumptions are given
in the present case, the concept of L-smooth adaptability, introduced in [BSTV18], is
used in a slightly modified version. This concept can be viewed as a generalized Lipschitz
condition and is applied to derive the sufficient decrease property of the geometric Euler
update for a suitable choice of step-sizes, depending on the constant L.

Definition 3.4.2 (L-smooth adaptable (L-smad) [BSTV18]). Let ®,¥: W — R be two
C! functions and additionally assume V¥ is convex. Then, the pair (®,¥) is called L-
smooth adaptable (L-smad) on a convex subset K C W, if there exists a constant L > 0
such that LY — & is convex on K.

For proving convergence results, an alternative characterization of the L-smad condi-
tion as in [BSTV18, Lemma 2.1] is more convenient. This characterization is also valid
on the assignment manifold, as shown next.

Corollary 3.4.2. Let ®, ¥: W — R be C! and suppose ¥ is conver. Then (®, V) is
L-smad on a convex subset K C W if and only if

O(P)— (W) — <gradE (W), P — W> < LDy (P, W) VP,W € K.
Proof. Due to Lemma 3.2.4, LY — & is convex on K if and only if
0< DL\IJ,@(P, W) = LD\I;(P, W) — Dq)(P, W) VP, W € K.

Bringing Dg (P, W) to the left-hand side together with the definition of Dg from (3.28),
shows the equivalent characterization. ]

The next proposition gives a sufficient condition on ® and ¥ such that (®,V) is L-
smad on compact convex subsets of WW. As a consequence of this, it will be shown that
(Jey —Hyy) is always L-smad on compact convex subsets of the assignment manifold,
where Hyy is the global entropy from (2.30).

Proposition 3.4.3. Let ®,¥: W — R be C? and assume U is o-strongly convex with
respect to a norm || - ||, on R™*™. Then, for any compact convex subset K C W there
exists a constant L > 0, such that (®,¥) is L-smad on K.
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Proof. Let n: W — Uy be the isometric chart from Corollary 3.2.3. If K C W is
compact convex, then so is K := n(K) C Uy, according to Lemma 3.2.4. Define the C?
function ay, := LW — &, with constant L > 0 and consider the coordinate expressions &y,
¥ and ®. Since any two norms on R™*™ are equivalent, there exists a constant v > 0
with | X ||, > v||X|| for all X € R™*™. Thus, the fact that ¥ is o-strongly convex with
respect to || - ||, and (B.10) gives

Dg(P,W) > —||P w2 > —||P W|? VP,W eK,

showing that W is & := vo-strongly convex on K (i.e. with respect to || - ||). Due to the
characterization (B.6),

(X,Hess U(n)[X]) > 7||X|*  Vn€Upy and VX € R™*" (3.76)

follows. Denote the maximal eigenvalue of Hess ®(1) by /\max( ). As a consequence of
K being compact and )\maX( ) continuously depending on 7, the maximum eigenvalue
Mg :=max, g )\I‘gax(n) exists and results in

(X, Hess &(n)[X]) < A%

max

(MIX|? < M| X|?  Vne€ Uy and VX € R™". (3.77)
Combining the estimates (3.76) and (3.77) finally gives
(X, Hess ap (m)[X]) = (L7 — M) X (3.78)

for all n € Uy and X € R™*"™. Hence, Ld — Mg > 0 can be achieved by choosing
a sufficiently large value for the constant L. This results in Hess &y (n) being positive
definite for all n € K, implying the convexity of &, on K. Then, also a;, = LU — ® is
convex on K, according to Lemma 3.2.4 and proves that (®,¥) is L-smad on K. O

Corollary 3.4.4. For every compact convex subset K C W, there exits an L > 0 such
that (Je,—Hyy) is L-smad on K.

Proof. Since —Hyy is n~!-strongly convex on W and —Hyy as well as J, are C? , the
statement directly follows from Proposition 3.4.3. O

Similar to [BSTV18, Lemma 4.1] the L-smad property of (J., —Hyy) on compact
convex subsets guarantees a sufficient decrease of the objective function values for the
geometric Euler updates (3.71).

Lemma 3.4.5 (sufficient decrease). Let o € R. Then there is a constant L > 0 such
that for any parameter T € [0,1) and step-size h € (0, L1 (1 — 7)], the inequality

J.(GE,(W)) < Jo(W) + 7{ grad J.(W), GE, (W) — W) < J.(W) (3.79)

holds for all W € lev,(J:), where GE is the geometric Euler map from (3.73).
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Proof. By Lemma B.1.1, K, := conv(lev,(J:)) is a compact convex subset of W. Choose
an arbitrarily large R > 0. Since the geometric Euler map GE: Rx W — W from (3.73)
is continuous, so is J: o GE: R x W — R and obtains a maximum on the compact set
[0, R] x K,, denoted by

= ma Je(GER(W))t > a. 3.80

(hW)E[0.7)x Ko {Je(GEAW))} (3:80)
Define K7 := conv(levg J:). Again by Lemma B.1.1, also K7 is a compact convex subset
of W and as a consequence of Corollary 3.4.4, there exists a constant Lg > 0 such that
(Je, —Hyy) is Lg-smad on Kg. Define the desired constant L as

L :=max{Lgz R7'} > 0.

Notice that (J., —Hyy) is also L-smad on Kg, because of L > L. Since a < @, the
inclusion lev,(J:) C levg(J:) and thus also K, C Kz hold.
Now, let 7 € [0,1) and h € (0,L7(1 — 7)]. Due to the definition of L > 0, the
inequalities
h<R and L<h'(1-7) (3.81)

follow. Suppose an arbitrary W € levy(Je) is given. Then, (h, W) is contained in
[0, R] x K, and implies GE,(W) € Kg, as a result of (3.80). Tanks to the equiv-
alent characterization of the L-smad property in Corollary 3.4.2 and the fact that
W, GE,(W) € Kz, the inequality

J(GER(W)) — J.(W) — { grad Jo(W), GE,(W) — W) < LKL (GE,(W), W) (3.82)

holds. Furthermore, the choice of h and Lemma 3.4.1 give

LKL(GE, (W), W) (3§1) h~ (1 — 7) KL(GE, (W), W) (3.83a)
(325) —(1 = 7){gradg J-(W),GE,(W) — W). (3.83b)

Overall, the established inequalities lead to

J(GER(W)) — J.(W) (322) (gradg J-(W),GE,(W) — W) + LKL (GE,(W), W)
(323) T< gradg J.(W), GE, (W) — W>,

proving the inequality on the left-hand side of (3.79). The one on the right-hand
side follows from ( gradg J-(W),GE,(W) — W) < —h 'KL(GE,(W),W) < 0, due
to Lemma 3.4.1. O
3.4.3. Geometric Euler with Armijo Step-Size

The sufficient decrease result in Lemma 3.4.5 shows that a constant L > 0 exists such that
if the constant step-size h € (0, L~*(1 — 7)), with 7 € (0,1), is chosen in the geometric
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Euler update (3.71), then for every W & lev,(J.) the function values J.(W ")) are
decreasing. However, in order to choose a constant step-size this way, one has to know or
estimate the constant L. This might be infeasible in practice. An alternative approach
for obtaining step-sizes which decrease the function value J.(W®*)) without knowing L
is given by Armijo step-size selection via line-search. This is a well-known technique for
step-size selection in optimization problems on real vector spaces [NWO06] as well as for
optimization on manifolds [AMS08].

In the following, Armijo step-size selection for the geometric Euler on W is introduced
and basic convergence properties are proven.

Definition 3.4.3 (Armijo step-size). Suppose a descent parameter T € (0,1), a dimin-
ishing factor s € (0,1) and a mazimal step-size hpyax > 0 is given. Define the function

B:N—=R,  j=B()) =8 hmax > 0. (3.84)
For W € W, let jmin(W) € N be the smallest integer such that the Armijo condition

Je(GEg(j(W)) < Jo(W) + 7(gradp J- (W), GEg;(W) — W) for j € N (3.85)

7)
is fulfilled, where GE is the geometric Euler map (3.73). The Armijo step-size for W € W
is defined by

hT,s,hmaX(W) = ﬂ(jmin) = ijinhmax > 0. (386)
Remark 3.4.1. As a consequence of
gW(gradg J-(W),GE(W) = W) = (grady J.(W), GE, (W) — W),

resulting from GE,(W) — W € Ty together with (3.44), the Armijo condition (3.85)
is exactly the same as the one on manifolds in [AMS08]. However, in what follows
the presented version will be more convenient for proving the convergence results and

additionally highlights the connection to other optimization techniques in the literature,
such as [BSTV18].

Choosing the Armijo step-size for the geometric Euler sequence (3.74) avoids to deter-
mine L from Lemma 3.4.5 and potentially allows for a larger step-size locally, while still
ensuring the sufficient decrease of the generated sequence. Algorithmically, the Armijo
step-size is calculated by successively computing the sequence

8(0), 8(1), B(2), . ..

until the Armijo condition (3.85) is satisfied. The next lemma shows that this procedure
always terminates.

Lemma 3.4.6 (Armijo line-search terminates). Suppose 7,s € (0,1) and hyax > 0 are
given. Then for every a € R there exists a minimal step-size 0 < hmin < hmax Such that
the Armijo step-size (3.86) is a is a well-defined function

hTaS,hmax: leVa(Jg) — [hmin; hmaXL (387)

levy(J:))| < oo.

max (

taking only finitely many values, i.e. |hrsp
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Proof. Again by Lemma B.1.1 and the compactness of lev,(J:), the set conv(lev,) is
compact convex. Due to the sufficient decrease property in Lemma 3.4.5, there exists a
constant L, such that

J(GEL(W)) — JL(W) < 7{ grady; J(W), GE, (W) — W) (3.88)

for all W € levy(J:) and h € (0,L71(1 — 7)]. As a result of s € (0,1), the function
B: N — R from (3.84) is strictly monotonically decreasing and lim;_,, 5(j) = 0. Thus,
there exists the minimal integer [y, > 0 (not to be confused with the minimal integer
in Definition 3.4.3) such that

Pin i= Blmin) < L1 — 7).

Because of hyin € (0, L71(1 — 7)], the sufficient decrease condition (3.88) is fulfilled
and therefore also the Armijo condition (3.85). As a consequence of this, the smallest
integer jmin(W) satisfying the Armijo condition is upper bounded by Iy, and has to
be one of the finitely many candidates 0 < 1 < ... < lyin. Therefore, the Armijo

line-search sequence 3(0), 3(1),... terminates and h, s p,.. (W) is well-defined for every
W € levy(Je), taking only one of the finitely many possible values
hmax = /B(O) > /B(l) > ... ﬁ(lmin) = hmin O

In the remaining part of this section, it will be shown that geometric Euler sequences
with Armijo step-size inherit the corresponding convergence properties from their contin-
uous counterpart in Section 3.3. For this, it will be convenient to introduce the following
notation.

Definition 3.4.4 (geometric Euler sequence with Armijo step-size (GEA)). Let the
parameters 7,5 € (0,1) and hpax > 0 be given. The geometric Euler map with Armijo
step-size GEA: W — W is defined as

W GEA(W) := GEjuy(W)

where GE is the geometric Euler map from (3.73) and h(W) = h, s 4. (W) the Armijo
step-size (3.86). The discrete-time dynamical system

WD) — geA(w®),  w@ ew (3.89)

is called geometric Euler sequence with Armijo step-size (GEA) and the step-size in
iteration k € N is denoted by hy, := h(W®*)) > 0.

In order to study the convergence behavior of GEA-sequences, some basic estimates
involving the map GE# are needed. These are given in the next preparatory lemma.

Lemma 3.4.7. Let o € R and suppose the parameters 7,s € (0,1) as well as hypax > 0
are given for the geometric FEuler with Armijo step-size. Then,

J(GEA(W)) < J.(W), VW €leva(Je) (3.90)
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and there are constants C1,Cy > 0 as well as C1,Cq > 0 such that

C1||GEAW) — W|| < || gradg J-(W)| < C|| GEA(W) — W

. (3.91)
Ci|GEAW) = W||* < J.(W) — J.(GEA(W)) < Co||[GEAW) —W|  (3.92)

hold for all W € levy(Je).

Remark 3.4.2. Suppose (W(k)) is a GEA-sequence with starting point W € W and
parameters 7,5 € (0,1), hmax > 0. Then the inequalities (3.91) and (3.92) say that any
of the quantities H gradg Je (W(k)) H, HW(k) — w1 H or J, (W(k_l)) —J: (W(k)) can be
used as a criterion for terminating the sequence.

Also, notice that the inequality on the left-hand side of (3.92) really involves the
squared Euclidean distance.

Proof. The well-known fact that continuously differentiable maps are Lipschitz contin-
uous on compact convex sets is frequently used in the following. For this, note that the
set K, := conv(lev,(Jz)) is compact convex by Lemma B.1.1. For simplicity, denote the
Armijo step-size (3.86) by hw = hr g p. (W),

First, (3.90) is proven. As a result of Lemma 3.4.6, there is a minimal step-size such
that 0 < hmin < hw < hpax for all W € lev,(J:). Since h(W) fulfills the Armijo
condition (3.85), Lemma 3.4.1 gives

J-(W) — J.(GEA(W)) > —7(grady J-(W), GEA(W) — W) (3.93a)
> ﬁ KL (GEA(W), W) >0, (3.93b)

implying the inequality J. (GEA(W)) < J (W) for all W € levy(J:). Tt also follows that
J-(GEA(W)) < J.(W) < a and thus GEA(W) € lev,(J:) for all W € levy(J:).

Next, the inequality (3.91) is shown. For this, note that exps, : 7w — W and
eprvlvz W — Ty from Section 2.3 are continuously differential. Since K, is compact
convex, eprylv is Lipschitz continuous with some constant Ly > 0. Inequality (3.90) for
the function values shows GE4(W) € K, for all W € lev,(J.), resulting in

lexpy} (GEA(W)) — expy} (W)]] < Lo||GEA(W) — W. (3.94)

By continuity of eprylv, the set expzvlv(Ka) is compact and conv (expfylv (Ka)) =: M,
compact convex, due to Lemma B.1.1. Hence, exp,,,, is Lipschitz continuous on M, with
some constant L1 > 0. Set V := expl_vlv (W) as well as U := expl_ylV (GEA(W)). The fact
that U,V € M, for W € lev,(J:) then implies

|GEA(W) — W|| = |lexpy,, (U) — exp(V)]|| < L1[|U = V| (3.95)
As a result of Lemma 2.3.2 together with the definition of GE4(W), the identity

_ 2.43¢ _ _
— hw gradg J-(W) = exp;;! (GEA(W)) (22 explvlv (GEA(W)) - explvlv (W) (3.96)
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follows. Thus, combining (3.96) with (3.94) and (3.95), keeping hmin < hyw < hpax in
mind and setting Cy := (hmaxL1) ™! > 0 as well as Cy := h;lilnLQ > 0, finally proves the
inequality (3.91).

At last, (3.92) is shown. Due to —Hyy being n~!-strongly convex by Lemma 3.2.5,

-1
KL (GEA(W), W) > “—||GE* (W) - W’

holds all W € lev,(J.). Combining this with (3.93) and defining C := 7(2hmaxn) "t > 0
results in the first inequality of (3.92). Because K, is compact convex, J. is Lipschitz

continuous with some constant Cy > 0 and the second inequality of (3.92) follows from
the fact that J.(W) — J.(GE4(W)) > 0. O

With the estimates from the previous lemma, the discrete analog of Proposition 3.3.3
and 3.3.5 regarding the Riemannian gradient flow can now be shown for GEA-sequences.

Proposition 3.4.8. Suppose the parameters 7,5 € (0,1) and hmax > 0 are given. If
(W(k))keN is a GEA-sequence with W(© e W, then the function values J. (W(k)) are
monotonically decreasing with limit value
lim J.(W®) = inf {T.(WM} > —oc. (3.97)
€

k—4o00

Furthermore, limy_, gradp J; (W(k)) =0 as well as limg_, gradg Je (W(k)) =0 and
lim || —w®)| = o.

k—o0

For o € R, the compact level sets levy(J.) are positively invariant, i.e. WO € levy(J2)
implies W®*) € lev,(J.) for all k € N.
Proof. Let o € R and assume W € lev,(J.). According to (3.90) from Lemma 3.4.7,
the sequence of function values J; (W(k)) is monotonically decreasing and therefore fulfills
Je (W(k)) < J. (W(O)) < « for all k& € N, showing the positive invariance of lev,(J;).
Due to the monotonicity of the function values, the convergence in (3.97) to the limit
value J} := infgen {JE (W(k))} follows.

As a consequence of Lemma 3.4.7 and the fact that lev,(J:) is positively invariant,
there exist constants C,C’ > 0 such that

CH grady J (W(k)) Hg (321) C,HW(kH) _ W(k)HQ (322) 1. (W(k)) _ JE(W(kH))

is fulfilled for all k£ € N, resulting in
C lim || gradg J.(W®)|]> < ¢ lim ||[w*+D —w®)?
k—o0 k—o0

< lim (L (W) = L (WED)) = gz = gz =0,

Because of ||grad, J-(W)| < |[|gradg J(W)|| by Corollary 3.3.2, also grad, JS(W(k))
converges to zero.

Since any starting point W(® € W is always contained in the level set levy, (Jz) with
ag = J. (W(O)), the statements also hold for an arbitrary W(© e wW. O
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Remark 3.4.3. All that was needed in the preceding proof are the inequality on the
right-hand side of (3.91) and the one on the left-hand side of (3.92). In the more general
setting of non-convex composite functions in [BSTV18], sequences fulfilling an analogue
of these two inequalities plus an additional continuity assumption for the objective func-
tion are called gradient-like descent sequences. These properties are all that is needed
to prove the corresponding results in a more abstract setting, cf. [BSTV18, Prop. 4.1].

3.4.4. Convergence Analysis for Analytic Variational Models

Similar to the continuous-time case, the iterates of numerical methods for minimizing
a ' function do not necessarily converge to a single point, see the counterexample
from [AMAO5] in R%. Therefore, some additional assumptions on J. are again needed to
ensure convergence of the iterates. Once more, the focus will be on analytic variational
models in the remaining part of this section. Also in this case, the Lojasiewicz inequality
can be used to obtain convergence and stability results of the corresponding discrete-
time dynamical system, as proven in [AMAO5] for analytic functions on R?. In [AB09],
even convergences rates are derived. In the following, these results are proven for GEA-
sequences on W under the assumption of J. being analytic.

As in the analysis for continuous-time setting in Section 3.3.3, the key argument for
proving the results is the fact that the Lojasiewicz inequality can be used to estimate
the sum of the length of line segments between iterates, the discrete analogue of the arc
length. The corresponding discrete-time version of Lemma 3.3.7 will be proven below.

Corollary 3.4.9. Let a € R and suppose the parameters T,s € (0,1) and hpax > 0 are

given. Then, there exists a constant C' > 0 such that any GEA-sequence (W(k))keN with
WO ¢ levy(J.) satisfies
J.(W®) — (WD) > O|| gradg J.(WE)||[[w D — w k)| (3.98)

for all integers k > 0. Furthermore, J. (W(k‘)“)) =J: (W(ko)) for some kg € N implies
Wko) = W& for all k > k.

Remark 3.4.4. These two conditions together are called strong descent conditions and
are all that is assumed in [AMAO05, Thm. 3.2] to prove convergence for analytic functions.

This assumption is sufficiently general to cover the analysis of trust-region methods in
[AMAO5, Sec. 4.2].

Proof. First note that the set lev,(J:) is positive invariant by Proposition 3.4.8 and
therefore contains W) for all k € N. As a consequence of Lemma 3.4.7, there are
constants C7 > 0 and C5 > 0 such that

V) = () > G — e
Co 4 WO > | arad . ()|

holds for all k € N. Combining these inequalities and setting C' := C1Cy 1'> 0 proves the
first statement. For the second statement, assume J. (W(k0+1)) = J: (W(ko)) for some
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ko € N. Then the above inequality gives

0= J. (W) — g (WkotD) > T, ||[wkotD) _ yyr(ko) 2

)

implying W*o+1) = (ko) - By induction, it follows
Wk+1) — GEA(W(k)) _ GEA(W(kO)) — ko) _ py7(ko)
for k > k. ]

Lemma 3.4.10. Let J.: W — R be analytic, Z € W and o € R. Suppose the parameter
7,5 € (0,1) as well as hmax > 0 are given and Uy, C W is a neighborhood of Z on
which the Lojasiewicz inequality with exponent p € [0,1) holds. Then there exists a

constant C > 0 with the following property. For any GEA-sequence (W(k))neN with

WO € levy(J.), if there are ky < ki such that J. (W(k)) > J. (Z) and W) e U for
ko < k < k1, then the sum of the length of line segments of W), for ko < k < ki, with

respect to the Fuclidean metric || - || is bounded by
k1—1 u
> WD —w®| < o (L (W) - g (2)) " (3.99)
k=ko

Proof. To simplify notation during the proof, define ®(W) := J.(W) — J.(Z). Due to
Corollary 3.4.9 there exists a constant C’ > 0 such that for any GEA-sequence with
WO € levy(J.) the inequality (3.98) is satisfied for all k € N. Let C” > 0 and p € [0,1)
be the constants of the Lojasiewicz inequality on Uy, from Corollary 3.2.7 and define

C:=((1—pc'c) " >o.
If (W(k))keN is a GEA-sequence with W(©) e levy(J:) and W®) e Uy for ko < k < k,

then combining (3.98) and the Lojasiewicz inequality gives
o(WW) — @(WE) > || gradg @ (WHE)|| WD — w k)|
for kg < k < ky. The remaining proof is divided into two cases.

First assume CID(W(k)) > 0 for kg < k < k1. Then the above inequality together with
the definition of C results in

(@(WH))"
Because of > 0, choosing ¢ € R in the interval 0 < @(W(kﬂ)) <({< @(W(k)) gives
(<I> (W(k)))fu < (7. As a consequence of this and the fact that 4 < 1, the inequality

Hw(k-ﬁ-l) _ W(k)H < (1-pC for ko < k < k. (3.100)

@(W(@)—(I)(W(k—&-l))_ <I>(W(k)) 1 3 q)(W(k)) ]
TN~ o) G = Loy &

=(1- M)*l ((@ (W(k)))l—u _ (@(W(k+1)))lfp>
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holds for kg < k < k;. Combining this with (3.100) results in the overall estimate for
the sum of line segments

k1—1 ki1—1
Z Hw(kﬂ) _ W(k)H <C Z (((I)(W(k)))l—u _ (@(W(k+1)))1_“>
k=ko k=ko

= (@) — (2(W ) ) < (e (W),

where the last inequality is a consequence of (@(W(kl)))l_“ > 0.
Now suppose @(W(k)) > 0 for kg < k < ki is not true. Since CD(W(]“)) > ( for
ko < k < kq by assumption, the existence of

K:=min{leN|ky <l <k and @(WP) =0} <k

follows. Since the condition @(W(l)) = 0 is equivalent to J; (W(l)) =J (Z), the mono-
tonicity of the function values J. (W(k)) from Proposition 3.4.8 results in the equality
Je (W(k)) = J. (Z) for K < k < k1. As a consequence of K < ki, this equality holds
at least for K and K + 1, ie. J.(WK)) = J.(Z) = J.(WEH). Thus, Corollary 3.4.9
implies

wk =W vE > K. (3.101)

Due to @(W(k)) > ( for kg < k < K by the choice of K, the estimate from the first case
can be applied for the length of line segments on kg < k < K resulting in

k1—1 K—-1

(3.101) _
3 [[w kD @) P2 ST ) B < o(@ (W) 0
k=ko k=ko

Applying this estimate for the sum of the length of line segments, convergence for
GEA-sequences of analytic J. can now be proven.

Theorem 3.4.11. Let J.: W — R be analytic and assume (W(k))keN

with WO € levy (J2) and parameters 7, s € (0,1) as well as hymax > 0. Then there exists a
critical point W* € levy(Je) of Je, i.e. grad, J. (W*) =0, such that limy_,oo W& = W*,

1s o GEA-sequence

Proof. For completeness, the adapted proof of [AMAO05, Thm. 3.2] on W is given, using
Lemma 3.4.10 for estimating the sum of line segments. Due to Proposition 3.4.8, the
sequence is contained in the compact set lev,(J:) =: K, and therefore has an accumula-
tion point W* € K,, i.e. there is a subsequence k1 < kz < ... with lim;_, Wki) = W+,
As a consequence of the continuity of J, it follows

J-(W*) = lim. J(Wki)) = Jim T (W), (3.102)
Similarly, the continuity of grad, J.: W — Ty and Proposition 3.4.8 imply

grad, J:(W*) = lim grad, JS(W(kﬂ')) = lim grad, JE(W(k)) =0,

Jj—o0 k—o00
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showing that W* is a critical point of J..

As a consequence of J. being analytic on W, Corollary 3.2.7 yields the exists of a
neighborhood Uy, C W of W* on which the Lojasiewicz inequality holds with exponent
€ [0,1). In the following, it will be shown by contradiction that for arbitrarily small
r > 0, with B.(W*) C Uy, the iterates W) eventually enter B, (W*) and never leave.
Since r is arbitrarily small, it then follows that W®) converges to W*.

Assume an arbitrary r > 0 with B,(W?*) C Uy is given. Let C > 0 be the con-
stant from Lemma 3.4.10 corresponding to the choice Z = W*. As a consequence of
limg o0 ||[WHEHD — WH®)|| = 0 from Proposition 3.4.8 together with (3.102) and the fact
that W* = lim;_, W(kf), there exists an index kg € N such that

WD Wl < 2 ¥k > ko (3.103a)
ko —we | < & (3.103b)
C(I(WH) = L (w) ™" < 2 (3.103c)

holds simultaneously. Now suppose W) would leave B, (W*) for some k > kg, i.e.
K :==min{k > ko | [|[W® —W*|| = r} > ko
exists. The inequalities (3.103a) and (3.103b) result in

[ ot D) g || < (| tkott) — pyrho)|| 4 [l tho) — | < % + % <r (3.104)

from which Wkotl) ¢ B (W*) and therefore kg < K — 1 follows. The fact that
W) is contained in B, (W*) for kg < kK < K — 1 by the choice of K together with
Je (W(k)) > Je (W*) due to the monotonicity of J. (W(k)) shows that the assumptions
of Lemma 3.4.10 with constant C' for kg < k < K — 1 are fulfilled. The resulting upper
bound for the sum of line segments then gives

K-2
W ] < Y - | < o) - )L
k=ko

Combining all these estimates yields
900 = e < 0 = W R e )= <

contradicting the choice of K. Therefore, W*) has to be contained in B, (W*) for all
k > ko, proving the statement. O

Stability of GEA-Sequences

The stability analysis for Riemannian gradient descent flows of analytic J. carries over to
GEA-sequences, viewed as a discrete-time dynamical system induced by the map GE4.
Again, stability with respect to the Euclidean norm on R™*™ is considered.
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Definition 3.4.5. Let F': W — W be a continuous map. Consider the discrete-time
dynamical system W+ = F(W(k)) on W and suppose W € W is a fixed point, i.e.
W = F(W).

(1) W is (Lyapunov) stable, if for every r > 0 there is a § = §(r) > 0 such that if
WO —W| <6, then |[W®*) — W] < r for all integers k > 0.

(2) W is asymptotically stable, if it is stable and a constant § can be chosen such that
if [W© —W|| < 6 then limp_,o W) = W.

In [AMAO5, Prop. 3.3], stability of local minima is shown for discrete dynamical sys-
tems on R? fulfilling the strong descent conditions from Corollary 3.4.9 together with
an additional termination criterion. A similar result is also presented in [AMSO08] for se-
quences generated by retractions on a manifold. Subsequently, analogue stability state-
ments as for the continuous-time case are directly proven for GEA-sequences on the
assignment manifold.

Theorem 3.4.12. Let J.: W — R be analytic and suppose the parameters T,7 € (0,1)

as well as hpax > 0 are given. Then Z € W is a local minimum of J. if and only if Z
is a GEA stable fixed point.

Proof. The first direction is an adapted version from the proof of [AMAO05, Prop. 3.3]
and is similar to the argument in Theorem 3.4.11. For this, assume Z is a local minimum
of J.. Then, there exists a neighborhood U, C W of Z such that J.(P) > J.(Z) for all
P € U, and gradp J.(Z) = 0. According to Lemma 3.4.1, Z = GE“(Z) follows, showing
that Z is a GEA fixed point. Due to J. being analytic, there is also a neighborhood
Ur C W of Z by Corollary 3.2.7 on which the Lojasiewicz inequality is fulfilled with
exponent p € [0,1). Assume an arbitrary r > 0 with B,.(Z) C U,, N Uy is given and
choose a sufficiently large such that B,(Z) C lev,(J:) holds. Let C' > 0 be the constant
from Lemma 3.4.10 corresponding to the choices for v and Z. By Lemma 3.4.7, there
exists a constant C’ > 0 with

|GEA(W) —W|| < C'| gradp J-(W)|| YW € leva ().

As a consequence of the continuity of J. and gradg J., there exists a 0 < J§ < g such
that simultaneously

e T (3.105)

|GEA(P) ~ Pl| < & and C(J:(P) ~ J:(2)) -

for all P € Bs(Z) holds. Now suppose an arbitrary W) € B;(Z) is chosen. It is shown
by contradiction that the whole GEA-sequence W®*) lies in B,.(Z). Assume W®*) leaves
B,(Z) for some integer k > 0, i.e.

K:=inf{k>0]||W®H -Z||>r}>0

exits. Due to (3.105), ‘W(l) — W(O)H < r follows, which in turn implies 0 < K — 1.
The fact that W) is contained in B,.(Z) cU,NUy, for 0 < k < K — 1 by the choice
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of K, results in J; (W(k)) > J. (Z) for 0 < k < K — 1. Since o was chosen such that
B(Z) Cleva(J2), the starting point W) also lies in levy (Jz). Overall, the assumptions
of Lemma 3.4.10 with constant C are satisfied, resulting in the estimate

(K-1) (0) ~ (k+1) (k) 1—p (3:105) 7
WD —wO < 37 WD —w®| < 0(:(P) - (2) " <
k=0

Combining all the estimates yields
00 — O < [0 — D D - O ) - 2] < ]

contradicting the choice of K. Thus W*) ¢ B,(Z) for all integers k > 0 has to be true,
proving that Z is a stable fixed point.

For the other direction, suppose Z is a stable fixed point. Because J; is analytic, there
is a neighborhood Uy, C W of Z by Corollary 3.2.7 on which the Lojasiewicz inequality
with constant C' > 0 and exponent p € [0,1) is fulfilled. Choose any r > 0 with
B,(Z) C Up. Since Z is stable, there is a § = §(r) > 0 such that if W) € Bs(Z) then
W®) € B,(Z) for all k > 0. To show Z is a local minimum, let P € Bs(Z) be arbitrary.
By Theorem 3.4.11, the GEA-sequence W®*) with W) := P converges towards a critical
point W* € W, the function values J. (W(k)) are monotonically decreasing and the
gradient at W* vanishes. Due to

0 = grad, J. (W*) = Rw- [ gradp J.(W*)]

and the invertibility of Ry~ by Lemma 2.3.1, also gradg J.(W*) = 0 follows. As W)
is contained in B,(Z) for all k > 0, so is the limit point W*. As a result of B,.(Z) C Uy,
the Lojasiewicz inequality

C|| (W) = L(2)||" < || erad J-(W¥)| = 0
shows J.(W*) = J.(Z). As a consequence of the monotonicity of J. (W®*)),
Jo(P) = (W) > 1 (W®) > L (W*) = L(2)
follows. Since P € Bj(Z) was arbitrary, the fixed point Z is a local minimum of J,. [

Theorem 3.4.13. Let J.: W — R be analytic and suppose 7,7 € (0,1) as well as
hmax > 0 are given. Then Z is a strict local minimum of J: if and only if Z is a GEA
asymptotically stable fized point.

Proof. Assume Z is a strict local minima of J.. Then, gradp J-(Z) = 0 and there exists
a neighborhood U,,, C W of Z such that J.(P) > J-(Z) for all P € U, with P # Z. By
Corollary 3.2.7, there is a neighborhood Uy, of Z on which the Lojasiewicz inequality is
valid with constants C' > 0 and p € [0, 1). Fix aradius 7 > 0 such that B,.(Z) C U,,NU.
According to the previous Theorem 3.4.12, local minima are stable fixed points. Thus
there is a 6 > 0 such that W(© ¢ Bs(Z) implies W¥) € B,(Z) for all integers k > 0.
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Due to Theorem 3.4.11, the GEA-sequence converges to a fixed point W* € B,.(Z) C U,
with gradp J.(W*) = 0. Therefore, the Lojasiewicz inequality on Up, gives

ClI-(W*) — J(2)|" < || gradg J-(W¥)|| =0,

implying J.(W*) = J.(Z). Since Z is a strict minimum on U,, and W* € B,.(Z) C Uy,
by the choice of > 0, equality of the function values results in Z = W* = limg_. W),
Thus, the asymptotic stability of Z is established.

Now suppose Z is an asymptotically stable fixed point, i.e. Z is stable and there is
a d > 0 such that W© ¢ Bs(Z) implies limy_ o0 W) = Z. Due to the stability of Z,
the previous Theorem 3.4.12 shows the local minimality of Z. By choosing a sufficiently
small 6 > 0, Z can be assumed to be a minimum on Bs(Z). It remains to show Z
is also strict on Bs(Z). For this, suppose J.(Z) = J-(P) for some P € Bs(Z). As
a consequence of Z being asymptotically stable, the iterates W®*) with starting point
WO = P converge towards Z. By Proposition 3.4.8 the function values J. (W(k)) are
monotonically decreasing, resulting in the inequality

Jo(2) = Je(P) = J:(WW) > (W) > lim J. (W) = J(2).

Therefore, J. (W(k)) = J: (Z) is constant for all k& € N. Corollary 3.4.9 then implies
that the whole sequence W) is constant, resulting in P = W = lim;_,,c W¥) = Z.
Hence, Z must be a strict minimum on Bj(Z). O

Convergence Rates of GEA-Sequences

In the following, the convergence rates for bounded Bregman proximal gradient sequences
from [BSTV18] are proven for GEA-sequences, based on the original proof in [AB09].

Theorem 3.4.14. Let J. be analytic and suppose the parameters 7,7 € (0,1) as well
as huyax > 0 are given. Assume (W(k))keN is a GEA-sequence converging to W* € W
and let Ug, be a neighborhood of W* on which the Lojasiewicz inequality is fulfilled with
exponent u € [0,1). Then the following estimates hold for k — oo

(1) If u =0, then W) converges in a finite number of steps.

(2) If p € (0, 3], then exist constants C >0 and ¢ € (0,1) such that
I~ < et
(3) If p € (%, 1), then there exists a C > 0 such that
1—p
Wk —w|| < Ck™ 2T

Proof. The proof is an adapted version of the one in [AB09] with some necessary modi-
fications. Because W*) converges to W*, there exists a K > 0 such that W®*) ¢ U}, for
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all k > K. Also, J.(W®)) > limy_,o J. (W®) = J.(W*) by Proposition 3.4.8. There-
fore, with the choices Z = W* and a = J; (W(O)), all assumptions of Lemma 3.4.10 are
fulfilled and there exists a C’' > 0 with

o =Y W —wO|| < T (WH) — (W) < 00, forall k > K. (3.106)
=k

By definition of o; and the triangle inequality,
op > [W® =W and o — oprr = [WE —W®|| forall keN.  (3.107)
This equation shows that o is non-negative and monotonically decreasing in k. Thus,
ko> K: opy=0 =  Vk>ko: 0=o04 > ||[WH - W~ (3.108)

In this case, W®*) = W* is constant for all k > ko and hence, the sequence converges to
W* in a finite number of steps.

To (1): If = 0, then |J.(W®) — JL(W*)|* =1 for J.(W®*)) £ J(W*) and 0° = 0
otherwise, according to the adopted convention. Because W® e U, for k > K and
limg_, o0 gradg Je (W(k)) = 0 by Proposition 3.4.8, the Lojasiewicz inequality implies

C| I (WW®) — J. (W) " < ||grad J.(W®)|| = 0 for k — oc.

Hence, there exists a ky > K with J. (W(k)) = J: (W*) being constant for all k > k.
Then, the estimate (3.106) implies o, = 0 and as a consequence of (3.108) the sequence
W) converges to W* in finitely many steps.

According to Lemma 3.4.7, there exists a constant Cy > 0 with

| gradg J.(W®) || < Co||[wHH) —wk|| - vk e N.

Therefore, (3.106) together with the Lojasiewicz inequality on Uy, and the above estimate
for H gradg Je (W(k)) H imply
o < C'|J. (W) — L. (W) [ < €| gradp J. (W) ||+

1—p

- Lo (3.109)

for k > K, with suitable choices for C”,C > 0.

To (2): If u € (0, %], then 1 < 1_7“ Because limy,_, o, ||W(k+1) - W(k)H = 0 by
Proposition 3.4.8, the above chosen constant K can be assumed to be sufficiently large,
such that additionally to W®*) € Uy, also o — Ok41 = HW(kH) — W(k)H <lfork>K
holds. In this situation, (3.109) gives

1—p

o1 < 0k < Clog —opy1) # < Clog — opyr) for k> K,

where the first inequality follows from the monotonicity of 0. Rearranging yields

C~0'k for k > K.
C

Ok41 <
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Define ¢ := 1f(j € (0,1). Then, it follows from induction that

op < o =0k for k> K,

with C := ¢ Kog > 0.

To (3): Since p € (3,1), the variable p := 755 1s contained in p € (1,00). First,
suppose o, = 0 for some kg > K. Then (3.108) again implies W& = W* for all
k > ko, showing that W) converges in finitely many steps and the estimate for the rate
of convergence trivially holds. Thus, in the following o > 0 for £ > K is assumed. If
t > 0 is chosen in the interval 0 < o041 <t < o, then ak_p < t7”. Define the constant

C':=CP(p—1)"1 > 0. With this, (3.109) can equivalently be rewritten as

. s %%
1 < CP(of — opt1)0,” = C’p/ o, Pdt < C’p/ t~Pdt
Ok41 Ok+1
cro 1- 1 1-
= fp(ak r— Uk—&-/l)) = C/(Uk+’1) —o, "),

for k > K. By telescopic canceling and J}{p > 0,

k-1 k-l . .

k—K=Y 1<CY (o8 —0, ") =C'(0, " =0y ") <Clo " fork > K.

1=K 1=K

Therefore, if £ > 2K, then .
27k <k-K<Clo, " (3.110)

Due to the definition of p, the expression 0 > 1 — p = (1 — 2u)(1 — p) ! follows. Hence,
rearranging the above inequality and keeping 1 — p < 0 in mind, yields

(3.107) (3.110) . 11 deu
Wk —w*|| < o < (C'2) TekTe =Ck T for k > 2K,

~ 1
with C' := (C'2)"7=» > 0, establishing the desired asymptotic estimate. O

73






Chapter 4

Variational Formulation of the
Assignment Flow

Comparing the Riemannian gradient descent flow induced by a C! function J: W — R
W = —grad, J(W) = —Rw [ gradg J(W)]
with the specific form of the assignment flow
W = Ry [S(W)],

raises the following natural question: Does there exist a potential J such that the assign-
ment flow is a Riemannian gradient descent flow with respect to J, i.e. does the equality
RwS(W) = —grad, J(W) hold?

This question will be answered in the beginning of Section 4.1, by proving that no such
potential exists (Section 4.1.1). Subsequently, a novel parameterization of the assign-
ment flow is derived by separating a dominant component of the flow, called S-flow, that
completely determines the remaining component and hence essentially characterizes the
assignment flow (Section 4.1.2). As it turns out, the S-flow does correspond to a non-
convex potential, under an additional symmetry assumption with respect to the weights
(2.26) that parameterize the similarity matrix (2.57). This potential can be decomposed
into two components which clearly identify the two main interacting processes of the
assignment flow: regularization and gradually enforcing integral assignments.

Based on this result, a corresponding continuous-domain variational formulation is
consider in Section 4.2. Well-posedness of the resulting optimization problem is proven
(Section 4.2.2), which is not immediate due to nonconvexity, and an algorithm that
computes a locally optimal assignment is proposed (Section 4.2.4). A numerical example
demonstrates that the PDE-based approach reproduces results obtained with the above
discrete-domain variational formulation of the S-flow. Finally, a PDE that characterizes
global minimizers of the nonconvex objective function is derived under an unrealistic
regularity assumption, providing yet another interpretation of the assignment flow.

This chapter is based on a preliminary version of the presented results currently sub-
mitted for publication and is available as preprint [SS19b].
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4.1. Discrete-Domain Variational Model

In the following, the question from the introduction of this chapter will be negatively
answered in Section 4.1.1, by showing that for all practical purposes a potential for the
assignment flow does not exist. However, in Section 4.1.2, the assignment flow is decou-
pled into two separate flows, where one flow, called S-flow, steers the other and in this
sense dominates the assignment flow. Under the additional assumption that the weights
w;j of the similarity map S(W) in (2.57) are symmetric, it is shown that the dominating
S-flow is indeed a Riemannian gradient flow induced by a nonconvex potential. This
result is the basis for the continuous-domain formulation of the assignment flow studied
in Sections 4.2 below. Finally, some basic properties of this potential flow are evaluated
by investigating two academical image labeling problems.

4.1.1. Nonexistence of a Potential

In Theorem 4.1.2 below, it is shown that under some mild assumptions on the distance
matrix Dr (2.54), which are always fulfilled in practice, no potential J exists that
induces the assignment flow (2.62). In order to prove this result, explicit expressions
for the differential dS(W) of the similarity map (2.56) and its transpose dS(W)T with
respect to the standard Euclidean structure on R™*"™ are derived next.

Lemma 4.1.1. The i-th row of the differential dS(W) is given by

= Y wijRy, (W =3 forall X € Ty and i € V.
JEN;

Furthermore, the i-th row of the adjoint differential dS(W)T: Ty — Tw with respect to
the standard Euclidean inner product on Tyy C R™*" 4s given by

ds; Z wﬂPTS ') X for every X € Tyy and i € V.
JEN; Wi

Proof. Define the map F;: W — R" by Fy(W) := 3\, wij (exp[sl(Wj) - %D]:j) for all
W e W. Let v: (—e,¢) — W be a smooth curve, with ¢ > 0, 7(0) = W and §(0) = X.
It then follows for the differential of F;

d

d X;
@F ‘t =0 Z Wi dteXPls (’Ya }t o = Z WUPTSW
JEN; JEN;

dE;(W)[X] =

As a consequence of the explicit expression S;(W) = expy  (F;(W)) for the i-th row of
the similarity map from Proposition 2.3.5, the differential of S; is given by

(2.40)
dSi(W)[X] = dexpy ( (F(W)) [dE(W)[X]] "=" Rexp, (rwy)dFs(W)[X]
X
= Rg,(w ZWZJPTsi = ZWURS (W) W
JEN; J JEN;
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4.1. Discrete-Domain Variational Model

where Rg, ) Prs = Rg,w) from Lemma 2.3.1 was used to obtain the last equation.
Now let W € W as well as X,Y € Ty be arbitrary. The symmetry of the matrix

Rg,w) € R™"™ and the indicator function of the neighborhoods X . (2.24) together
with their corresponding symmetry relation (2.25) result in

<dS(W)[X],Y> -y <dS( > >3 ww<R5 W) Y>

1% 1€V JEN;
=> > Xl wm< > ZZXN Wu< RS‘EVW“> (4.1)
i€V jevy i€V jevy J
Yy WU<X],pTSRS ) Z> S (Y P Y>.
JEVIEN; JEV 1EN;
On the other hand,
<dS(W)[X],Y> - <X, dS(W)Tm> = <Xj,de(W)T[Y]>. (4.2)
JjEV

Because (4.1) and (4.2) hold for all X,Y € Ty, the formula for dS;(W)'[X] is proven.
O

In order to prove the following nonexistence result, it will be assumed that for at least
on node i the corresponding row in the distance matrix Dz, is not constant, i.e. there
is at least one preferred label choice based on the distance information. Since in reality
any measured data contains errors, this assumption will always be fulfilled in practice.

Theorem 4.1.2. Suppose |X| = n > 3 and there exists a node i € V such that the
distance vector Dr; € R™ is not constant, i.e. Dr; ¢ R1,. Then no potential function
J: W — R emists satisfying Rw[S(W)] = — grad, J(W), i.e. the assignment flow (2.62)
18 not a Riemannian gradient descent flow.

Proof. According to Lemma 2.3.1, Ry [S(W)] = Ry [Pr, [S(W)]] and Ry : Tyy — Tw
is invertible. Therefore, the question of the existence of a potential J: W — R for the as-
signment flow (2.62) can be transferred to the Euclidean setting by applying (Rw |7, )~
to both sides of the equation Ry [S(W)] = —grad, J(W) = Ry [—gradg J(W)], result-
ing in

Priy[S(W)] = — gradys J(W) € T,

Consider the Riemannian Hessian Hessg J from (A.17). In this Euclidean setting,

—Hessp JW) "2 —dgrad, J(W) = d(Pr, o S)(W) = Pr,,dS(W) = dS(W),

where the last two equations follows due to Pr;,, being linear and dS(W): Ty — T
Since the Riemannian Hessian is symmetric by (A.18), it follows that if a potential J
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Chapter 4. Variational Formulation of the Assignment Flow

exists, then Hessg J(W) and therefore also dS(W) must be symmetric with respect to
the Euclidean inner product for every W € W.

Hence, in order to prove that a potential cannot exist, it is shown that dS(W) is not
symmetric at every point W € W. To this end, a point W € VW and tangent vector
X € Ty with dS(W)[X] — dS(W)T[X] # 0 are constructed. It suffices to show

dS;(W)[X] — dS;(W)"[X] #0 for some row index j € V. (4.3)

To simplify notation, the j-th row of the distance matrix Dz; is denoted by D; in the
remainder of the proof. Due to the hypothesis,

D; = Dr; # R1,. (4.4)
Let k,l € [n] be label indices such that

DF = min D and D! = max D3.
s€[n] s€(n]

Relation (4.4) implies D¥ < D!, resulting in

_1pk _1pl
e oDl > 7ol (4.5)

Using the standard basis B,, of R", define
u:=¢ep—e €T1s, er, e € By (4.6)
Since n > 3, there is also a point
peS with p#1ls and pi = py, (4.7)
e.g. by choosing 0 < a < % and setting py = p; = @ and p, = (n — 2)7'(1 — 2a) for all

indices r ¢ {k,l}.
With these choices, define the point W € W, by setting

1
W; = expp(;D]) for all jeV.

According to (2.43a), the j-th row of W can be expressed as W; = expPy (v + %Dj),

with v = eXpIS1 (p). The expression for the r-th row of the similarity matrix from
Proposition 2.3.5 then implies

5:00) =expy, (Y wny(exni (1) = 20,))
JEN(r) (4.8)

= expls( Z wrjv> = expy4(v) = p,
JEN(r)
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4.1. Discrete-Domain Variational Model

for all » € V. Now, define the tangent vector X € Ty by

X, = ueTs, ifk=1
0, ifk # 1.

Using the expressions for dS;(W) and dS;(W)" from Lemma 4.1.1, one obtains

Xz' RSi w XZ
ASi(W)IX] = dSi(W)T[X] = wiRs, )it —wisPry— 1
(4.8) Ryu
= wyR i P
P pp(%DZ) Wepr(%Dl)
(2'33)w (p e%Di> R ue_%Di P (6_;DiR u) (4.9)
= WilD, — I\ ——— . .
P D w P P

1p.
Since wj; (p, eﬁDl) > 0, only the expression inside the brackets has to be checked. As for

the first term, using the definition of R, (2.32), one obtains

Setting a := ((eiiD", 15>1n — eiiDi), it follow for the second term

— 5 1. _1pn. _ 1. _1p.
Pr,, (%Rﬂt) = Pp, (e_EDzu — (u,p)e PDZ> = Py — (u,e PDZ>15 + (u, p)a.

Thus, the term inside the brackets in (4.9) reads

_1
p i

—1ip; e
(o

ue r

R, Rpu> = —(u, e_%Di>p + (u, e_%Di>13 — (u,p)a
= (u, e_%Di>(13 —p) — {u, p)a.

The choices of u and p in (4.6) and (4.7) imply

(u, e_%Dz) = e_%Df — e_%Dé (455) 0 and (u,p)=pr—p =0
such that
(w5 (15— p) = (wpha = (707 — 75 (15— p) £ 0.
can be concluded. This proves (4.3) and consequently the theorem. O
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Chapter 4. Variational Formulation of the Assignment Flow

4.1.2. S-Parameterization and Variational Model

Even though Theorem 4.1.2 says that no potential exists for the assignment flow in
general, in this section a “hidden” potential flow is revealed under an additional sym-
metry assumption on the weights w;; from (2.26). To this end, the assignment flow is
decoupled into two components, where one component depends on the second one. The
dominating second one, therefore, provides a new parameterization of the assignment
flow. Assuming symmetry of the averaging weights, i.e. w;; = wj;, the dominating flow
becomes a Riemannian gradient descent flow. The corresponding potential defined on a
continuous domain will be studied in the subsequent Section 4.2.
For notational efficiency, all weights (2.26) are collected into the averaging matriz

Wij if j GM,

, fori,jeV, (4.10)
0 else

0% e R™™ with (Q”)z = X, (F)wij = {
where X - (j) is the indicator function of the neighborhoods (2.24). Due to the properties

of the weights,
0“1, =1, (4.11)

holds and the symmetry of the averaging matrix Q% is equivalent to the symmetry
wi; = wj; of the weights.

For an arbitrary matrix M € R"*"  the average of its row vectors using the weights
indexed by the neighborhood N is given by the corresponding row vectors of the matrix
Q“M, ie.

> wiMy, = (M), VieV. (4.12)
keN;
Next, a new representation of the assignment flow is introduced based the averaging
matrix.

Proposition 4.1.3. The assignment flow (2.62) is equivalent to the system

W = Rw|[S] with W (0) = 1yy (4.13a)
S = Rg[Q¥S] with  5(0) = S(1y). (4.13b)

Remark 4.1.1. Observe that the flow W (t) is completely determined by S(¢). In the
following, the dominating part (4.13b) is referred to as the S-flow. In order to stress the
underlying connection to the assignment flow and to simplify notation, the S-flow S is
again denoted by S.

Proof. Let W(t) be a solution of the assignment flow, i.e. W; = Ry, S;(W) for all i € V.
Set S(t) := S(W(t)). Then (4.13a) is immediate from the assumption on W. Using the
expression for dS;(W) from Lemma 4.1.1 gives

Si = = SW)i = dSi(W)W] = >~ wiiRs,aw)

d JEN;

N

vy 4.14
W, (4.14)

80



4.1. Discrete-Domain Variational Model

Since W solves the assignment flow and ker(Rg, ) = R1, by Lemma 2.3.1, it follows
from the explicit expression (2.32) of Rg, ) that

W; Ry, S;(W)
Rsi(W)Wj. = Bson = = fs.om) (Sj(W) — (W, Sj(W)>1n)
= Rs,(w)S;(W)

Substitution of this identity into (4.14) and keeping S;(W) = S; in mind, results in

Si= 3" wyRs,nS;(W) = Rg, 3 wyyS; "2 Rg (045), for all i € V.
JEN; JEN;
Collecting these vectors as row vectors of the matrix § gives (4.13Db). O

Next, it will be shown that the S-flow, which essentially determines the assignment flow
(Remark 4.1.1), becomes a Riemannian descent flow under the additional assumption
that the averaging matrix (4.10) is symmetric.

Proposition 4.1.4. Suppose the weights defining the similarity matriz in (2.56) are
symmetric, i.e. (¥ T =Q¥. Then the S-flow (4.13b) is a Riemannian gradient decent
flow S = —grad, J(S), induced by the potential

J(S) = —%(5, 0“S), S eW. (4.15)

Proof. Since J is defined on all of R™*™ and Q“ is symmetric, the ordinary gradient is
given by 0J(S) = —Q“S. Due to Corollary 2.3.4, the Riemannian gradient is expressed
as grad, J(S) = Rs[0J(5)] = —Rs[Q*S]. O

It is interesting to note that the decoupling of the assignment flow in the continuous-
time case has an analogue in the discrete-time setting. Due to Proposition 4.1.4, this
discretization of the S-flow (4.17b) is nothing else than the corresponding geometric
Euler discretization of the Riemannian gradient descent flow with respect to the objective
function J.

Proposition 4.1.5. The geometric Euler integration (2.66) of the assignment flow
(2.62) with step-sizes hy, > 0, given by

Wwk+) = XDy (k) (hkS(W(k))) (4.16)
is equivalent to the geometric Euler integration of the decoupled system (4.13), given by
W = expyya (hké(’“)) with WO =1, (4.172)

5~ expg (m5") with 5 = 8(1w). (4.17b)
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Chapter 4. Variational Formulation of the Assignment Flow

Proof. Assume W®*) is the discrete-time solution of the assignment flow given by (4.16)
and define S .= § (W(k)) for all £ € N. Then (4.17a) is a direct consequence of the

(k+1)
w;

assumption on W®*), Using (2.43a), can be rewritten as

Wi(k+1) = eXpWi(M (hkgz(k)> = €XP1g (eXpIsl (W(k)) + hk?gk)) (4.18)

for every i € V. As a result of the explicit expression (2.57) for gl(»k) = Si(W(k)) from
Proposition 2.3.5, it follows

eprSl (ggkﬂ)) 220 Z Wij (eprS1 (Wj(kJrl)) - ;D]:j)

JEN;
. 1 S
(19 D wy (GXPI;(WJ(k)) - ;Dﬂ') Thi ) 55
JEN; JEN;

(2.57) expy] (?f“) ¥ Iy (ng(k)> p

1
where the last equality also used the relation (4.12) for the last term. Applying exp, s
to both sides and again using (2.43a) gives

S = o (it (1) 0 (°5°) ) =g (n(5) ) s

1
Collecting these vectors as row vectors of the matrix S results in (4.17b). O

In the following, an alternative expression for the objective function J is derived. For
this, consider the matrix

Lg = I, — Q¥ € R™™, (4.19)

where I,,, denotes the identity matrix. Since I,,, = Diag(Q“1,,) by (4.11) is the degree
matrix of the symmetric averaging matrix Q“, Lg can be regarded as Laplacian (matrix)
of the underlying undirected weighted graph G = (V, £)!. For the analysis of the S-flow
it will be convenient to rewrite the potential (4.15) accordingly.

Proposition 4.1.6. Under the assumption of Proposition 4.1.4, the potential (4.15) can
be written in the form

1 1 1 1
J(S) = 55, LgS) = SISI2 = 3 D2 3 willSi— S - SlISIZ (4.20)
i€V jEN;

The matrix Lg is symmetric, positive semidefinite and Lgl, = 0.

IFor undirected graphs, the graph Laplacian is commonly defined by the weighted adjacency matrices
with diagonal entries 0, whereas €2;; = wi; > 0. The diagonal entries do not affect the quadratic form
(4.20), however.
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4.1. Discrete-Domain Variational Model
Proof. From the expression of the Laplacian (4.19) and the potential (4.15),

J(8) = =5 ((S, (2 = I))S) + (8,5)) = 5 ({5, LgS) — |ISI?)

N

directly follows. Thus, the focus will be on the double sum of (4.20).

First, note that ||S; — S;||> = (S;,S; — Si) + (S, Si — Sj). As a consequence of the
symmetry relation X . (j) = X N, (7) for the indicator functions of the neighborhoods
(2.24) as well was the symmetry assumption on the weights w;; = wj;, the identity

DD wii(85, 85— i) = D> X ()wi (S = D X, (Dw;i(Ss, S5 — i)

i€V jEN; i,jEV INIS%
=D ) w8, S =S =)0 wi(Si, Si— ;) (4.21)
JEViEN; i€V jeN;

follows, where the last equality results from renaming the indices ¢ and j. Thus, using
the properties of the weights (2.26),

SNoS T wllsi - SilE = Y0 w858 - S0+ D0 Y wig(Si S - 8)

i€V jeN; i€V jeEN; i€V jeEN;
:1) QZ Z wij<5¢, S; — Sj> = 22 <Sz, S; — Z wiij>
i€V jeN; ey JEN;
= 2) (Si,(LgS)s) = 2(S, LgS).
%

The properties of Lg follow from the symmetry of ¥, nonnegativity of the quadratic
form in the above equation and definition (4.19). O

The expression in (4.20) allows to clearly identify the two competing ‘forces’ governing
the S-flow, and due to the decomposition (4.13) also the assignment flow: reqularization
through the convex term

Jreg(S) := 5 LgS) = Z > willSi— Sil1%, Sew, (4.22)
zEV JEN;

favoring constant assignments and integrality enforcing through the concave part
1
Jint (S) = —§HS|]2, Sew. (4.23)

Lemma 4.1.7. For all p € A the inequality ||p|| < 1 holds and ||p|| =1 if and only if p
18 a standard basis vectors of R™, i.e. p € B,,.

Proof. The first inequality and the ‘if’ statement are obvious. As for the ‘only if’, suppose
p=ple; & By, ie p' <1 forallic[n]. Then (p')? < p' and ||p||> < ||Ip|l1 = 1. O
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Chapter 4. Variational Formulation of the Assignment Flow

As a consequence of this property, the integrality term Ji,; attains its minimum

min{Jint(S)} = —-m 4.24
min{Jne(8)} = — (124)
only at the vertices of the simplex, representing integral (unique) label decisions. There-
fore, in contrast to classical methods, where a post-processing step is needed to achieve
integrality, the dynamics of the S-flow (and therefore also the assignment flow) has a
built in state depending mechanism to continuously enforce integrality.

Introducing an additional parameter o > 0 in the model enables to trade off the
influence of integrality enforcing against regularization

1 1
Ja(8) 1= Jreg + fim. = 5(S, LgS) — 05\\5”2, Sew. (4.25)

Since J, is a continuous function on the compact set W = A™, the existence of mini-
mizers on A™ is ensured. For a tending towards 0, the integrality enforcing term Jint
vanishes in the limit and the model reduces to a convex function J, = Jree with global
minimizers given by constant assignments. For very large «, the dynamics is dominated
by the integrality term Ji,; and the influence of regularization through Jies is greatly
diminished.
Since the function J,, is defined on all of R"*"™ the ordinary gradient is given by
(4.19)
0Ja(S) = (Lg — aIm)S = ((1 —a)ly, — Q“)S, vSew,

where I,,, denotes the m x m identity matrix. The resulting Riemannian gradient descent
flow on the assignment manifold W has the form

S = —grad, Jo(S) = Rg[(al, — Lg)S],  S(0) = S(1w) € W.

4.1.3. Experiments

In the following, two academical examples are presented to illustrate and assess basic
properties of the S-flow under the symmetry assumption (Q¥)7 = Q¥ of the weights.
For this, the framework of log-barrier perturbed objective functions from Chapter 3 is
applied and GEA-sequences from Section 3.4.3 are used for numerical integration of the
resulting perturbed Riemannian gradient flow. Both examples are represented on the
grid graph from Section 2.3.1.

Perturbed model and flow. The perturbed variational model is given by
Joe(S) = (JQ)E(S) = Jo(S) — e(log(9), 1), Sew, (4.26)
with 0 < ¢ < 1. By Lemma 3.1.2, the Euclidean gradient has the form

gradp Joe(S) = Pr, [(Lg — aln)S — elyw/S], Sew, (4.27)
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4.1. Discrete-Domain Variational Model

resulting in the perturbed Riemannian gradient flow
S =Ry [(Oz[m - Lg)S] + 6(11/\) - S), S(0) =S(1w) e W. (4.28)
Due to Jae: W — R being analytic, the convergence and stability results from Sec-

tion 3.3.3 apply.

Numerical integration. For parameters 7,s € (0,1) and hpyax > 0, the general update
scheme of a GEA-sequence (3.89) is of the form

SEFD = GEA(SM) = expy) (— hy, grad Ja;E(S(k))>, SO = S(1) € W, (4.29)

where the step-size h, = h(S(k)) > 0 is the Armijo step-size (3.86) depending on the
choices for the descent parameter 7, the diminishing factor s and the maximal step-size
hmax. Replacing the Euclidean gradient by the explicit expression in (4.27) and using
the fact that the liftmap implicitly projects onto 7yy according to (2.38), the update
scheme reads

S — exp oo (hk((alm ~ Lg)S™ 4 glw/sm)) SO = S(1y).

As a consequence of J,..: YW — R being analytic, the convergence and stability results
from Section 3.4 are valid.

Termination criterion. In both experiments, the normalized relative change of J,..

Ja's (S(k)) - Ja's (S(kJrl))
b ) > 4.
GO (4.30)

nredqe (S(k)) =

is used as convergence criterion. Using the properties of the liftmap from Lemma 2.3.2,
it can be shown that for A, — 0, the nrc of J,,. approaches

2
i o (SY) ] oo llerad, Jose (Sl 500 >0 (4.31)

e (SO ae(SW)[ 7

and is therefore an approximation of the relative continuous-time change (3.3) for the
underlying Riemannian gradient flow.

Symmetric uniform weights. Consider a general grid graph G, = (Vy,&,). For a
vertex i € V, in the interior of the grid with an associated N x N neighborhood N,
uniform weights w;; = I/\% = ﬁ for all j € N; are chosen. Since |N;| < N? for vertices
i € V close to the boundary of the grid, symmetry of the weights can only be ensured
if wij = % for i # j € N; and the remaining mass is concentrated at the center weight
wy;. Overall, the symmetric uniform weights, used in the following examples, are defined
as
o , for i # j
i s(L+ N2 —|N;]) , fori=j.

-2~
|

(4.32)

Z
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Unbiased Geometric Regularization

The image labeling experiment from [APSS17, Fig. 6] is used to evaluate the influence of
p and the neighborhood size |N;| = N x N on the performance of geometric regularization
of the S-flow in an unbiased way. The spatial structure of the data is given by a grid
graph G, with V = [256] x [256] pixels (see Section 2.3.1). In order for the distance matrix
not to be biased towards any specific label, every pixel can take one of 31 possible discrete
values with uniform distance between the values. This is modeled on the set of standard
basis vectors in R3! as metric space and labels space

.legglz{el,...,egl}:){

with distance measure dz(f, ') := || f—f'|l1. Thus, for any given input data f: V, — F,
the entries of the distance matrix are given by

Df£=||ei—ej||1={2 ot 7

0 ,else

and are therefore unbiased towards any label. The underlying ground truth pattern
together with a noisy version used as input for the model J,.. (4.26) is depicted on the
left in Figure 4.1, where the 31 elements of F = X are encoded by 31 different colors
for visualization purposes. Symmetric uniform weights (4.32) are used for regularization
together with the integrality enforcing parameter « = 1 and perturbation parameter
e = 10719 For the GEA update scheme (4.29), the chosen parameters are 7 = 0.01,
s = 0.5 and hmax = 0.5. The iteration is terminated if the nrc of J,. (4.30) drops below
the threshold of 1076, In all experiments, the step-size of the last iterate was maximal,
i.e. hy = 0.5, meaning the function value in the last iteration changed less then 5-10~7
percent.

The 3 by 3 image array on the right-hand side of Figure 4.1 shows the influence
of different choices for p € {0.01,0.1,1.0} and N € {3,5,11} on the regularization
properties of the model J,... The color values of each image represent the expected label
value Eg, [X] =3~ c5) Sij ¢; for every pixel 4, given the assignments S after termination of
the sequence. Increasing the neighborhood size results in more regularized assignments
but also in an increasing loss of pattern structure by favoring rounded edges. The effect
of p appears to depend on the given neighborhood size N. For a small size of N = 3,
larger p values produce less noisy assignments, while for a larger size of N = 11, an
increase of p leads to an additional loss in spatial structure, as can be seen in the last
row for the bottom right structure of the images. In the case of N = 5, the effect of p
in the parameter range (0.01,1.0) seem negligible.

In Figure 4.2, the effect of different neighborhood sizes N and parameters p on nrc J,..
as well as the average values of Ji; and Jyeg can be seen. The left column of Figure 4.2
corresponds to the choices of N € {3,5,11} for fixed p = 1.0. In this case, the values
of %Jim (top left) rapidly decrease within the first 300 iterations, slightly delayed for
increased neighborhood sizes N. Since %Jint has the minimal value of —% by (4.24),
corresponding to integral assignments, this plot shows that unique label decisions are
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p=0.01 0.1 1.0

™

X

™

ground truth data

0

X

0

i

i

X

noisy input data —
I

g

Figure 4.1.: Influence of the parameter p and neighborhood size N on the regularization
of the S-flow model Jy.. (4.26) with o = 1 and ¢ = 1071°. Left: The underlying ground
truth pattern together with the noisy version used as input of the model. The data is
given on a 256 x 256 pixel grid, where each pixel can take one of 31 possible discrete values,
encoded by 31 different color values for visualization purposes. Right: The results for
varying p € {0.01,0.1,1} and NV € {3,5,11} after reaching the termination criterion with
a threshold of 1076, The images depict the expected label value Eg, [X] = > e S7¢;
given the assignment S; for every pixel i.

enforced in the early phase of the minimization process, while the remaining time is
mostly spend for regularization. Since the Euclidean distance [|S; — S;||? between two
assignment vectors is maximal if §; and S; are two distinct integral assignments, i.e.
if S; and S; are distinct vertices of the simplex A, the early integrality enforcement
amplifies the Euclidean distance between different assignments and therefore leads to
an increase of %Jreg (middle left). Larger neighborhood sizes N result in higher values
for %Jreg and longer runtime until the convergence criterion is fulfilled (bottom left), as
more spatial information is incorporated in the regularization measure. The (log-scale)
plot on the bottom left depicts the corresponding nrc J,.. curves.

For the right column of Figure 4.2, corresponding to the choices p € {0.01,0.1,1} for
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Figure 4.2.: Influence of varying neighborhood sizes N (left column with fixed p = 1)
and parameter values p (right column with fixed N = 3) on the average values of
the integrality enforcing and regularization terms Jin, (4.23) (top row) and Jyeg (4.22)
(middle row) in the first 300 iterations as well as the normalized relative change nrc J,..
(4.30) (bottom row) for all iterations.
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4.1. Discrete-Domain Variational Model

fixed neighborhood size N = 3, consider the initial condition S(1yy) of the S-flow. Due
to Proposition 2.3.5

1
Si(y) = expy (— ;a,), Vi €V,

with the average vectors a; := ) jen; wijDrj € R™. From this expression, it can be seen
that the influence of the averaged data a; is diminished for large values of p. In the limit
lim, o0 Si(1yy) = 1s, in which case any information is lost. On the other hand, for p
tending towards 0, it can be shown (see Lemma 5.2.15 below) that if a; has a unique
minimal entry (always fulfilled in practice due to random noise in the data), say a°,
then lim, 0 S;(1w) = ej,, i.e. Si(1yy) converges to the vertex ej, of A representing the
label Z;, € X.

As a consequence of this, %Jmt starts at lower values (top right) for smaller p, because
the starting point S(1yy) gets closer to an integral assignment. As in the case for
varying IV, the value of %Jim decreases in the first 300 iterations and thereby enforces
integrality, more rapidly for smaller values of p, while the remaining time is mostly spend
for regularization. Similarly, %Jreg starts at lower values (middle right) for larger p, as
the starting point S(1yy) is getting closer to the barycenter and thereby diminishes the
Euclidean distance between different assignments. As before, the integrality enforcement
in the first phase leads to an increase in %Jreg. The log-scale plots of nrcJ,,. (bottom
right) confirms, that for larger values of p less time is spend for regularization, leading
to faster convergence.

Influence of the Integrality Enforcing Term

In this experiment, the effect of the integrality parameter a on the model J,.. (4.26)
is investigated. The grid graph G, (see Section 2.3.1) with V, = [100] x [100] and
neighborhood size N = 3 represents the spatial structure of the 100 x 100 noisy RGB-
image f:V,; — [0, 1]3, depicted in Figure 4.3, used as input. The distance measure of
the RGB feature space F := [0, 1]3 is given by d#(f, f') = || f — f'||1/3 and 8 prototypical
colors (Figure 4.3 top right) are chosen as labels X'. Again, symmetric uniform weights
(4.32) are used for regularization together with p = 0.1 and perturbation parameter
e = 1071% For the GEA update scheme (4.29), the values 7 = 0.01, s = 0.5 and
hmax = 0.5 are chosen and the iteration is terminated if the nrc of J,. (4.30) drops
below the threshold of 1076 or the maximum number of 25000 iterations is reached.
The middle and bottom row of Figure 4.3 show the influence for the parameter choices
a € {0,0.1,0.5,0.7,1,2} on the model J,,. Again, the color values of each image
represent the expected label value Eg,[X] = ) jeps] Sg ¢; for every pixel i, given the
assignments S after termination of the sequence. For o = 0, the model reduces to
the convex function Jo,. = Jieg (4.22), with the set of minimizers given by uniform
assignment. The sequence converges to such an optimal point in the interior of the
assignment manifold, resulting in a uniform brownish expected value. The choice a = 0.1
is sufficient to push the sequence towards an integral assignment, however, the influence
of the integrality enforcing term compared to the regularizer is too weak to preserve any
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original data noisy input data labels

a=20.1 a=0.5
m % ‘
a=1

Figure 4.3.: Effect of the integrality parameter a on the S-flow model J,,. (4.26) with
the choices ¢ = 1071°, p = 0.1 and neighborhood size N = 3. Top row: The underlying
100 x 100 pixel RGB-image together with the noisy input version of the model and 8
prototypical colors used as labels. Middle and bottom row: Results for varying values
of a after reaching the termination criterion with a threshold of 1075, The images again
show the expected color label Eg,[X] = > ]Sg ¢; given the assignment S; at every
pixel 4.

a=0.7

JjeB

image structure and therefore results in a uniform integral assignment. For larger values
« > 0.5, an increasing amount of the image structure is preserved.

Figure 4.4 shows the influence of the parameter values a € {0,0.1,0.5,0.7,1,2} on
%Jint (4.23), %Jreg (4.22) and nrcJ,,e (4.30) in the first 500 iterations, as well as the
effect on nrcJy, up to the maximum number of 25000 iterations. For o = 0, the
maximum number of iteration was reached, while in all other cases the nrc of J,.
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Figure 4.4.: Influence of the integrality parameter o on the average integrality values
L Jine (4.23) (top left), regularization values L .Jus (4.22) (top right) and nrc of Ju
(4.30) (bottom left) for the first 500 iterations. Additionally, the nrc of Jy, up to the
maximum number of 25000 iterations is shown (bottom right).

dropped below 10~ (bottom right) first. Larger values of a cause more emphasis on the
minimization of Ji (top left), leading to a faster decay in the value and therefore also a
faster convergence towards integral assignments (bottom row). For smaller values of «,
the influence of Jiy; is diminished and more time is spend on minimizing Jyeg, resulting
in smaller values for Jyee (top right) and therefore more regularized assignments.

4.2. Continuous-Domain Variational Model

In this section, a continuous-domain variational formulation of the potential from Propo-
sition 4.1.6 is studied. The following considerations are confined to the case of uniform
weights (2.26) and neighborhoods (2.21) that only contain the nearest neighbors of each
vertex ¢, such that Lg becomes the discretized ordinary Laplacian. As a result, the
minimization of the following functional with a > 0 is consider

Jo: HH(M;R") = R, S+ Ju(S) := / |DS(z)|* = oS (x)]|? dz . (4.33)
M

Throughout this section, M C R? is a simply-connected bounded open subset in the
Euclidean plane. Parameter o controls the interaction between regularization and en-
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Chapter 4. Variational Formulation of the Assignment Flow

forcing integrality when the function values of S are restricted to the probability simplex
S(z) € S for all x € M.

In the following, well-posedness for vanishing (Section 4.2.2) and Dirichlet boundary
conditions (Section 4.2.3), respectively, are proven and the set of minimizers in the
former case is explicitly specified. The gradient descent flow corresponding to the latter
case, initialized by means of given data and with parameter value & = 1, may be seen as
a continuous-domain extension of the assignment flow, that is parameterized according
to (4.1.3) and operates at the smallest spatial scale in terms of the size |N;| of uniform
neighborhoods (2.21) (in the discrete formulation (2.62): nearest neighbor averaging).
This is illustrated by a numerical example (Section 4.2.4), based on discretizing (4.33)
and applying an algorithm that mimics the S-flow and converges to a local minimum of
the non-convex functional (4.33), by solving a sequence of convex programs.

It is pointed out that M could be turned into a Riemannian manifold using a metric
that reflects images features (edges etc.), as was proposed with the Laplace-Beltrami
framework for image denoising [KMS00]. In this work the focus is on the essential point,
however, that distinguishes image denoising from image labeling, i.e. the interaction of
the two terms in (4.33) which essentially is a consequence of the information geometry
of the assignment manifold W from Section 2.3.2.

4.2.1. Background on Functional Analysis

Subsequently, a few basic facts and definitions regarding Sobolev spaces are listed from
[Zie89, ABM14] and the corresponding notation is fixed. In the following, Q C R4
denotes an open bounded domain.

The inner product and the norm of functions f,g € L%(Q) is denoted by

(fi9)a = /Qfgda?, I flle = (f, f)gz-

Functions f; and fy are equivalent and identified whenever they merely differ pointwise
on a Lebesgue-negligible set of measure zero. fi; and fs then are said to be equal a.e.
(almost everywhere). H'(2) = W12(Q) denotes the Sobolev space of functions f with
square-integrable weak derivatives D*f up to order one. H'(Q) is a Hilbert space with
inner product and norm denoted by

Foma= Y (0. 0%, Iflwe=( 3 10°013)""  (s4)

o] <1 lo|<1

Lemma 4.2.1 ([Zie89, Cor. 2.1.9]). If Q is connected, u € H*(Q) and Du = 0 a.e. on
Q, then u is equivalent to a constant function on €.

The closure in H!(£2) of the set of test functions C2°(2) that are compactly supported
on (), is the Sobolev space

HY(Q) = Cx(Q) ¢ HY(Q).
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4.2. Continuous-Domain Variational Model

It contains all functions in H!(€2) whose boundary values on 9 (in the sense of traces)
vanish. The space H'(Q;R?), with 2 < d € N contains vector-valued functions f whose
component functions f;, i € [d] are in H'(2). For notational efficiency, the norm of
f € H(Q;R%) is again denoted by

/
£l = (30 1Al2a)

i€[d]

as in the scalar case (4.34). It will be clear from the context if f is scalar- or vector-
valued.
The compactness theorem of Rellich-Kondrakov [ABM14, Thm. 5.3.3] says that the
canonical embedding
H}(Q) — L*(Q)

is compact, i.e. every bounded subset in H{(Q) is relatively compact in L?*(Q). This
extends to the vector-valued case

HY(Q;RY) — L2(Q;RY) (4.35)
since H}(2;RY) is isomorphic to H} () x --- x HF(Q) and likewise for L2(2;R?). The
dual space of H{(Q) is commonly denoted by H~1(Q) = (HS(Q))/ Accordingly, this is
extended to the vector valued case H'((;R?) = (HJ (% Rd))/.

Strong and weak convergence of a sequence (fy) is written as fy — f and fr — f, re-
spectively. Next, further basic facts regarding weak convergence from [Zei85, Prop. 38.2]
and [ABM14, Prop. 2.4.6] are listed.

Proposition 4.2.2. The following assertions hold in a Banach space X .

(1) A closed convexr subset C C X is weakly closed, i.e. a sequence (fx)gen C C that
weakly converges to f implies f € C.

(2) If X is reflexive (in particular, if X is a Hilbert space), then every bounded sequence
in X has a weakly convergent subsequence.

(3) If fr weakly converges to f, then (fx)ken is bounded and
[fllx < liminf || fillx. (4.36)
k—00

The following theorem states conditions for minimizers of the functional to satisfy a
corresponding variational inequality.

Theorem 4.2.3 ([Zei85, Thm. 46.A(a)]). Let F': C — R be a functional on the convex
nonempty set C' of a real locally convexr space X, and let b € X' be a given element.
Suppose the Gateauz-derivative F' exists on C. Then any solution f of

min { F(f) — (b / 4.37
felg{ (f) = (b, ) xrxx }s ( )
satisfies the variational inequality

(F'(f) —b,h — flxrxx >0,  forallh € C. (4.38)
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Chapter 4. Variational Formulation of the Assignment Flow

4.2.2. Well-Posedness

Based on (2.8), the closed convex set
PY (M) ={S € HY(M;R"): S(z) € Aae. in M} (4.39)
is defined and the focus is on the variational problem

inf  J,(9), 4.40
seitfg () (4.40)

with nonconvex J, given by (4.33). The set of minimizers for (4.40) is specified below.

Proposition 4.2.4. The functional Jo: (M) — R given by (4.33) is lower bounded,
Jo(S) > —aVol(M) > —c0, VS € Z'(M). (4.41)
This lower bound is attained at some point in

{Sel,-.-,Sen}, Z:]CC¥>07

4.42
{Sp: M= A:pe A}, ifa=0, ( )

argmin J,(5) =
SeP (M)

where, for any p € A, S, denotes the constant map = — Sp(x) = p.

Proof. Let S € 9'(M) be arbitrary. Since S(x) € A for a.e. z € M, it follows ||S(z)||* <
||S(z)]|1 = 1 and therefore also

Jo(S) > —a||S|5 > —alll|m = —a Vol(M), (4.43)

which is (4.41).

Next, it is shown that the right-hand side of (4.42) specifies minimizers of .J,. For
any p € A, the constant map S, is contained in 2*(M). Consider specifically S, for
all basis vectors e; € By,,i € [n]. Since ||Se,(x)|| = ||ei]] = 1 and DS,, = 0, the lower
bound is attained, J4(Se,) = —a Vol(M), and the functions {Se,, ..., S, } minimize J,,
for every a > 0. If & = 0, then the constant functions S, are minimizers as well, for any
p € A, since then

Jo(Sp) = ||DS,||3 = 0= —0- Vol(M). (4.44)

The proof is conclude by showing that no minimizers other than (4.42) exist. Let
S, € 21(M) be another minimizer of J, with J,(S.) = —a Vol(M). The two cases
a =0 and « > 0 are distinguished in the following.

If @ = 0, then S, satisfies (4.44) and || DS,|[3; = 0. Since | DSy;|lm < [[DSilla =0
for every i € [n], S, is constant by Lemma 4.2.1, i.e. a p € A exists such that a.e. S, =5,
holds.

If a > 0, then using the equation J,(Sx) = —a Vol(M) and ||S.(z)|* < 1 gives

aVol(M) < |[DS,|[34 + a Vol(M) = [|DS.[fpq — Ja(Ss) = allS:ll3q
< af[1fm = aVol(M),
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4.2. Continuous-Domain Variational Model

which shows ||DSi|[p = 0 and hence by Lemma 4.2.1 again S, = S, for some p €
A. The preceding inequalities also imply Vol(M) = [S.|[A,, i.e. [|Si(z)| = 1 for ae.
x € M. By Lemma 4.1.7, the equality S. = S, with p € B, can be concluded, that is
S €{Sey,---, 5, } O

Proposition 4.2.4 highlights the effect of the concave term in the objective J, (4.33):
labelings are enforced in the absence of data. Below, the latter are taken into account
(i) by imposing non-zero boundary conditions and (ii) by initializing a corresponding
gradient flow (see Section 4.2.4).

4.2.3. Fixed Boundary Conditions

In this section, the case where boundary conditions are imposed by restricting the feasible
set of problem (4.40) to

AGM) ={S € D'(M): S — G € Hj(M;R")} = (G + Hy(M;R™)) N D (M) (4.45)

is considered, where G is some fixed map that prescribes simplex-valued boundary values
(in the trace sense). As intersection of a closed affine subspace and a closed convex set,
AL(M) is closed convex.

Weak lower semicontinuity is a key property for proving the existence of minimizers.
In the case of J, (4.33) this is not immediate, due to the lack of convexity.

Proposition 4.2.5. The functional J, given by (4.33) is weak sequentially lower semi-
continuous on AL(M), i.e. for any sequence (Sg)gen C AL(M) weakly converging to
S € AL(M), the inequality

Jo(S) < likm inf J,(Sk) (4.46)
— 00
holds.
Proof. Let Sy, — S converge weakly in AL (M) C H}(M;R™). Then, by Prop. 4.2.2 (3),

|S]|1;m < liminf || Sg||1,m- (4.47)
k—00

Since S, Sy € AL(M), it also follows (Sk — G) — (S — G) in Hi(M;R") by (4.45) and
consequently S, — S strongly in L?(M;R") due to (4.35). Taking into account (4.47)
and liminfk_mo ||Sk||./\/l = limk—>oo ||Sk||./\/l = ||SHM results in

Ja(8) = ISIE 0 — (L + @) [|S[1 %4 < liminf [|Sg[|3, 0 + liminf (= (14 a)[|Sk]|34)
’ k—o00 ’ k—o00
< liminf J, (Sk)- O
k—o0
After these preparations, it is now shown that J, attains its minimal value on .Aé(/\/l),
following the basic proof pattern of [Zei85, Ch. 38].
Theorem 4.2.6. Let J, be given by (4.33). There exists a Sy € AL(M) such that

Jy = Jo(Se) = inf  J,(9). 4.48
EECO R AT (4.48)
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Proof. Let (Sk)ken C Ag(M) be a minimizing sequence such that
klg)(f)lo Jo(Sk) = JX. (4.49)
Then there exists some sufficiently large kg € N such that
L+ J5 2 Ja(Sk) = ISklim — A+ )| SkllRe, Ve = ko.
Since Si(z) € A for a.e. x € M, the inequality ||Sk||3, < Vol(M) follows and results in
ISkl S 1+ J5+ A+ ) ISklia <1+ J5 + (1 + ) Vol(M),  Vk > k.

Thus the sequence (Sg)ren C H(M;R") is bounded and, by Prop. 4.2.2 (2), a weakly
converging subsequence Sy, — S, € H L(M;R") may be extracted. Since the subset
AL(M) € HY(M;R™) is closed convex, Prop. 4.2.2 (1) implies S, € AL (M). Conse-
quently, by Prop. 4.2.5 and (4.49),

Jo(Ss) < liminf Jo(Sk,) = lim Jo(Sk,) = J; (4.50)
J—00 J—00
which implies Jo(Si) = J7, i.e. S, € AL (M) minimizes J,. O

4.2.4. Numerical Algorithm and Example

Subsequently, the variational problem (4.48)

inf / IDS|? — o S|*dz, (4.51)
SeAL(M) J M

for some fixed G specifying the boundary values S|srr = G|onm, and the problem to
compute a local minimum numerically using an optimization scheme that mimics the
S-flow of Proposition 4.1.3 is considered.

Based on (4.45), the problem (4.51) is rewritten in the form

inf D(G+ F)|ig— allG+ F3 +06 G+F)p=
peint o {IDG+ PRy = a6 + FIRy + a6 + )

: 2 _ 2
pen {IDFI34 +2(DG, DF) vt = a(IF I + 2(G, F)aa) +0pian (G + F) } +

where p1(pq) is the convex indicator function (B.2) of the convex set DY(M) and the
last constant ¢ collects terms not depending on F'. Discretization of the problem is done
as follows, where the symbols F, G are kept for simplicity. F' becomes a vector F' € R™"™
with m = |V| subvectors F; € R™, i € [m] or alternatively with n = |X| subvectors
FJ, j € [n]. The inner product (G, F) is replaced by

(G.F)=> (Gi,F)=> (/. FI)y=>" > GIF/.

1€[m] Jj€[n] i€[m] j€[n]
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In the following, the discretized setting is indicate by the subscript d as introduced
next. D becomes a gradient matrix Dy that estimates the gradient of each subvector F
separately, such that

LgF := D] D4F

is the basic discrete 5-point stencil Laplacian applied to each subvector F7. The feasible
set DY(M) (4.39) is replaced by the closed convex set

Dy:={F>0:(1,,F) =1, Vi V}. (4.52)
Thus the discretized problem reads

inf {||DdF||2 +2LyG — oG, F) — of|F|| + 6p,(G + F)}, (4.53)

where dp, again denotes the convex indicator function (B.2) of the convex set Dy. Having
computed a local minimum F, the corresponding local minimum of (4.51) is of the form
Sy =G+ F..

In order to compute F, the proximal forward-backward scheme

FO+D — arg mFin{HDdFHQ F2LyG — (G + FOY, F) + %HF — F®|2 4 6p, (G + F)}
k
(4.54)

is applied, with proximal parameters hi, & € N and initialization Fi(o), 1 € V specified
further below. The iterative scheme (4.54) is a special case of the PALM (Proximal
Alternating Linearized Minimization) algorithm [BST14, Sec. 3.7]. Ignoring the proximal
term, each problem (4.54) amounts to solve n (discretized) Dirichlet problems with
the boundary values of G’, j € [n] imposed, and with right-hand sides that change
during the iteration since they depend on F*). The solutions (F(k))j, j € X to these
Dirichlet problems depend on each other, however, through the feasible set (4.52). At
each iteration k, problem (4.54) can be solved by convex programming. The proximal
parameters hy act as step-sizes such that the sequence F*) does not approach a local
minimum too rapidly. Then the interplay between the linear form that adapts during
the iteration and the regularizing effect of the Laplacian can find a labeling (partition)
corresponding to a good local optimum.

As for G, the value G; = L;(1s) for boundary vertices i € V is chosen and G; = 0 for
every interior vertex i, where L; are the likelihood vectors (2.55) containing data informa-
tion via the distance matrix. Consequently, with the initialization Fi(o) =Li(1ls),i€V
at interior vertices (the boundary values of F' are zero), the sequence S*) = G 4+ F(¥)
mimics the S-flow of Proposition 4.1.3 where the given data also show up in the initial-
ization S(0) only.

Figure 4.5 provides an illustration using the experiment from Section 4.1.3 for evalu-
ating the performance of geometric regularization in an unbiased way. Parameter values
are specified in the caption. The result confirms that the continuous-domain formula-
tions discussed above represent the assignment flow at the smallest spatial scale.
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Figure 4.5.: Evaluation of the numerical scheme (4.54) that mimics the S-flow of Propo-
sition 4.1.3. Parameter values: a = 1, hy = 7 = 10, Vk. Top, from left to right: Ground
truth, noisy input data F(© iterate F(109) and F, resulting from F1%) by a trivial
rounding step. S®) = F(*) 4 @ differs from F*) by the boundary values corresponding
to the noisy input data. Inspecting the values of F(109) close to the boundary shows that
the influence of boundary noise is minimal. Bottom, from left to right: The iterates
FQ0) p(20) p(30) f(40) - Taking into account rounding as post-processing step, the se-
quence F*) quickly converges after rounding to a reasonable partition. About 50 more
iterations are required to fix the values at merely few hundred remaining pixels. Slight
rounding of the geometry of the components of the partition, in comparison to ground
truth, corresponds to using uniform weights (2.26) for the assignment flow.

4.2.5. A PDE Characterizing Optimal Assignment Flows

This chapter is concluded by deriving a PDE corresponding to (4.56), that a minimizer
S, is supposed to satisfy in the weak sense. The derivation is formal in the sense that
the unrealistic regularity assumption

S, € A% (M) (4.55)

adopt, with A% (M) defined analogous to (4.45). Since S, is expected (and wished) to
become discontinuous, this would violate the regularity assumption (4.55) and the conti-
nuity implied by the Sobolev embedding theorem for M C R? with d = 2. Nevertheless,
since the PDE provides another interpretation of the assignment flow, it is stated — see
(4.59) below — and hoped to stimulate further research.

Proposition 4.2.7. Let S, solve the variational problem (4.51). Then S, satisfies the
variational inequality

(DS,, DS — DS )a — Sy, S — S ) >0, VS e AL(M). (4.56)
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Proof. Functional J,, given by (4.51) is Gateaux-differentiable with derivative
(Ja(S%), ) -1 (psrmyx 3 (Mirm) = 2((DSs S)mt — a(Ss, S)pa)-
The assertion follows from applying Theorem 4.2.3. O

In view of assumption (4.55), inserting S, and an arbitrary S € AL (M) into (4.56)
together with partial integration results in

(—AS, — S, S — Si)pm >0, (4.57)
where AS, = AS’e; applies componentwise for S, = Sie;. Using the shorthands

Va(S,) = —AS, — aS,,
fa(Ss) = va(Si) = (Va(Si), Sx)re1n,

with (v (Ss), S«)rz denoting the function z — (va(Si)(2), Sx(z)), = € M, it follows
(ba(S4), Se)m =0 (4.58a)

since (1,,S(z)) =1 for a.e. z € M, and

<M04<S*)7 S)M = <V04(S*)7 S— S*)M >0, (4'58b)

which is (4.57). Since the components S?(x) of S(x) are nonnegative a.e. in M and may
have arbitrary support, it can be deduce from the inequality (pq (S«), S)m > 0 and from
the self-duality of the nonnegative orthant R%O, ie.

Ry = {y € RY| ¥z € Rey, (y,2) >0},

that pua(Sx) > 0 a.e. in M. Since also S, > 0 a.e., this implies that equation (4.58a)
holds pointwise a.e. in M:

1a(S) (@) S () = va(S:)(2)Si () — (Va(S:)(2)Si(2))Si(z) = 0 a.e. in M.

Substituting v, (Sx) shows that a minimizer S, as characterized by the variational in-
equality (4.56) weakly satisfies the PDE

Rs.(—AS. — aS.) =0, (4.59)

where Rg, defined by (2.32) applies Rg,(;) to the vector (—AS, — aSi)(x) at every
r e M.

Remark 4.2.1. Note, that computing a vector field S, satisfying (4.56) is difficult
in practice, due to the nonconvexity of problem (4.51). On the other hand, the algo-
rithm proposed in Section 4.2.4 and the result illustrated by Figure 4.5 shows that good
suboptima can be computed by merely solving a sequence of simple problems.
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Chapter 5

A Variational Approach Based on
Graphical Models

In the following, a classical discrete formulation of the image labeling problem on a graph
G = (V,€) with label set X is considered. In this discrete setting, a random variable
with values in the set of labels

xiEX:{fl,...,fn}

is associated to each vertex ¢ € V. The image labeling problem then refers to the task
of assigning to each z; a label such that the discrete objective function

min J(z),  J(x) =Y Ji(x)+ Y Jij(wi ) (5.1)

reX™ ; =
% ije€

is minimized. This function contains for each pixel i € V local energy terms J;(x;)
that evaluate local label predictions for each possible value of x; € X. In addition,
J(z) also contains for each edge ij € &£ local energy functions J;;(z;, ;) that evaluate
the joint assignment of labels to x; and z;. If the local energy functions Jj;(x;, x;) =
d(z;,z;) are defined by a metric d: X x X — R, then (5.1) is called the metric labeling
problem [KTO02]. In general, the presence of these latter terms J;; makes the discrete
image labeling formulation (5.1) a combinatorially hard task. The function J(z) has the
common format of an objective function for image analysis consisting of a data term
and a regularizer. From a Bayesian perspective, therefore, minimizing J corresponds
to maximum a-posteriori (MAP) inference with respect to the associated probability
distribution

plr) =  exp(~J(2)), (52)

also called discrete probabilistic graphical model, with the the underlying graph G ex-
pressing the conditional dependence between the individual random variables xz;, 1 € V.
The reader is referred to [KAHT15] for a recent survey on the image labeling problem
and on algorithms for solving either approximately or exactly problem (5.1).

A major class of algorithms for approximately solving (5.1) is based on the local poly-
tope relazation [Wer(7|, a special linear programming (LP) relaxation for adequately
representing the specific structure of the MAP inference problem of the form (see Sec-
tion 5.1 for details)

min (¢, u), (5.3)
pneLlg
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where Lg is a convex set representing certain constraints of the relaxed indicator vector
w1 with components in [0, 1]. If the globally optimal solution 7 is a binary vector, i.e. with
components either 0 or 1, then it corresponds to a solution of problem (5.1). In realistic
applications, however, this is not the case and the relaxed solution & has to be rounded
to an integral solution in a post-processing step. The local polytope relaxation can also
be tightened by adding additional facet-defining inequalities, see [WJ08] and references
therein.

The goal of this chapter is to derive a relaxed smooth variational model on the as-
signment manifold which represents problem (5.1) in a suitable geometric way and si-
multaneously incorporates a smooth rounding mechanism towards integral assignments.
The starting point for this derivation is the above mentioned LP relaxation (5.3) and a
smoothed version of it, introduced in more detail in Section 5.1, which results in the well
known belief propagation algorithm [YFWO05, WJ08]. The variational model is defined
in Section 5.2 based on a reformulation of the smoothed LP relaxation using entropy
regularized Wasserstein distances. These distances allow to properly take into account
the regularization terms J;; coupling the assignments W; and W; along edges ij € £.
Subsequently an expression for the gradient of the entropy regularized Wasserstein dis-
tance is derived, making it possible to calculate these gradients using an iterative matrix
scaling algorithm, called Sinkhorn’s algorithm [Sin64, Sch90], made popular in the field
of machine learning by [Cutl3]. Finally, basic properties of the presented variational
model are evaluated with two academical experiments in Section 5.3. The first one il-
lustrates the effect of the rounding mechanism for enforcing integral assignments. The
second one compares the accuracy and discrete energy level J(x) for a specific binary
image denoising problem to sequential tree-reweighted message passing (TRWS) [Kol06]
(which is regarded as state of the art) and to loopy belief propagation (BP) based on
the OpenGM package [ABK12].

This chapter is based on joint work which has already published in [HSAS18].

5.1. Background on Graphical Models for Image Labeling

In the following, the necessary basic notation and definitions of the common linear
programming (LP) relaxation (5.3) for the discrete labeling problem (5.1) is given in
Section 5.1.1. Subsequently, in Section 5.1.2, a smoothed version of the LP relaxation
is introduced whose optimality condition results in the belief propagation by ‘message
passing’ algorithm. The reader is referred to [Wer(7] for more information about the
LP relaxation of labeling problems, to [WJ08] for connections to discrete probabilistic
graphical models from the variational viewpoint and to [YFW05, WJ08] for more details
on belief propagation.

It remains to address a minor technical point concerning the pairwise discrete energies
Jij(zi,z;) in (5.1), for ij € €. So far, the functions J;; are not assumed to be symmetric,
allowing for Jyj(x;, xj) # Jij(x;, ;). However, if the graph G is undirected, there is no
distinction between ij and ji, leading to the problem that the assignment of edges ij
to energy values Jj;(z;, z;) might not be well defined due to asymmetry. One way to
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overcome this, is to choose an arbitrary orientation of the edges, resulting in a well defined
map ij — Jij(x;,2;) and allowing for asymmetric pairwise energies. It is important to
note, that the orientation itself plays no essential role in the model, it is merely a technical
assumption. If the pairwise energies are all symmetric, no orientation is necessary.

Assumption 5.1.1. Unless otherwise stated, the edge set € of the graph G is assumed
to be (randomly) oriented throughout this chapter. By abuse of notation an oriented
edges (i,7) € £ is often again denoted by ij = (i, 7), i.e. ij € £ then implies ji ¢ .

5.1.1. Local Polytope Relaxation of Graphical Models

In the following, the transition from the discrete energy minimization problem (5.1) to
the local polytope relaxation (5.3) is sketched. Thereby, additional notation needed in
subsequent sections is introduced.

The linear map of simultaneously extracting the row and column sums of a square
matrix M € R™*" is defined by

ARV SR M s A[M] = (%111”) . (5.4a)

Its adjoint with respect to the corresponding Euclidean inner products is given by
AT R RX7 z= <Z:> = ATzl =21) + 1,97, withz,y €R".  (5.4b)

For future reference, the following characterization for the kernel of A is stated next.

Lemma 5.1.1. The kernel of AT and its orthogonal complement are given by
T 1, 2n
ker(A):{a(1>€R :aeR} (5.5a)
—4in

ker(AT)L = {z € R>: <z, <_1;n>> _ o}. (5.5b)

Proof. Let z = (§) € R?" with ,y € R" and assume 0 = A'[z] = 21} + 1,y".

Applying A results in
nz + (y, 1)1, o L= (%)= 1 {y, 1)1y
<l’, 1n>1n + ny N ) oo <:L‘, 1n>1n .

Substituting the right-hand side back into 0 = A" [z] directly gives (z,1,) = —(y, 1,).
Thus, setting @ = 1(z,1,) € R shows that 2 has the form (5.5a). Conversely, in view of
(5.4b), it is clear that any vector from the set (5.5a) is in ker(A"). The characterization
of the orthogonal complement ker(A")* directly follows from the definitions. O

0=Alz1, +1.y"]
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Let p,q € A, representing two discrete probability distributions on the set of labels
X. Using the map A, the set of joint probability distributions on X x X’ with marginals
p and ¢, also called the set of coupling measures, is defined by

fip.q)i= { M € R

M >0 and A[M] = @) } (5.6)

The first step towards the LP relaxation is the definition of local model parameter
vectors and matrices associated to each vertex ¢ € V and edge ij € &, encoding the
values of the corresponding discrete energy values .J; and J;; in the objective function
(5.1). For each i € V and ij € &, these associated vectors and matrices are defined by

¥; eR™ with components (0:)* =T (01, Vk € [n], (5.7a)
V;; eR™T with components (0i5)k =i (n, 1), VEk,l € [n], (5.7b)
where £, 0, € X. These local terms are commonly called unary and pairwise terms in
the literature. Recall from the discussion of (5.1) that the unary terms represent the
data and the pairwise terms specify a regularizer. All these local terms, indexed by the

vertices ¢ € V and edges ij € £ of the underlying graph G = (V, £), are stacked into the
vector

= <19V>, with 9y := (9)icy € RVI® and  0g := (0))ijee € RE™,  (5.8)

where 9;; is conveniently regard either as a vector in R"” or as a matrix R™ ™ depending
on the context.

Next, local indicator vectors and matrices are used to represent label choices z € X™.
For each vertex ¢ € V and edge ij € &, the associated indicator vector and matrix with
respect to the choices z;, x; € X" are given by

pi € {0,1}" and g4 € {0,117, (5.9)

where p; = ej and p;; = ekelT, if z; = {}, and x; = {;, with the standard basis vectors
ek, €1 € By. In the same way as (5.8), all local terms are stacked into the vector

pi= <Z‘;> ,owith  py = ()iev  and  pe = (pg)ijee- (5.10)

This encoding establishes a one-to-one correspondence between label choices z € A™
and discrete indicator vectors in the set

Dg = {M € {0, 1M HEM* i e V) i€ A and Vij € €, iy € T(ui, py) } (5.11)

where A is the linear map from (5.4a).
Combining the indicator vector p and the model parameter i, the energy values J;
and J;; for vertex ¢ € V and edge ij € £ can now be written as inner products

Ji(wi) = (s, ) and  Jij(wg, 25) = (Jag, prig)-
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Therefore, the overall combinatorial optimization problem (5.1) now reads

Join {J(2)} = min {9, }-

The corresponding linear programming relaxation consists in replacing the constraint
of the indicator vectors in (5.11) from taking values in the discrete set {0,1} to taking
values in the interval [0, 1] C R, resulting in the so-called local polytope Lg, defined by

Lg = {M ¢ RIVIn+Eln?

VieV, pi € Aand Vij € £, p;j € H(ui,,uj)}, (5.12)

where the adjective ‘local’ refers to the local marginalization constraints IT(f;, 1t5) (5.6).
As a consequence of this, the LP relaxation (5.3) of (5.1) reads more explicitly

min {(9,u)} = min {{y, wv) + (O, ) }, (5.13)

5.1.2. Smoothed LP Relaxation and Belief Propagation

Next, the smoothed LP relaxation is introduced and belief propagation is sketched to-
gether with the origin of the corresponding messages.
Starting point is the primal LP (5.3) written in the form

min(d, u) subject to Ap=0b, u >0, (5.14)
o

with a suitably chosen matrix A and vector b for representing the constraints of the
entire feasible set Lg explicitly given by (5.12). The corresponding dual LP (B.24) reads

max { (b,v) }, ATv <o,

with dual (multiplier) variable v corresponding to the affine primal equality constraints
Ap = b. Due to the specific structure of these constraints, for each 7 € V and ij € £ the
vector v contains local dual variables

vi€R and v = (Vij z) €R™, with vy, vy € R",
Vijsj

where v; corresponds to the constraint (p;,1,) = 1 and v;; to the marginal constraints

on u;;, with v;;,; being associated to p;;l, = p; and v;;;; to M@'len = pj. With this, v

can be viewed as resulting from stacking all local dual vectors

vy .
V= <V5> . with vy = ()ievy and ve = (Vij)ijee-
In order to obtain a condition that relates optimal vectors p and v without subdiffer-
entials that are caused by the non-smoothness of these LPs, one considers the smoothed
primal convex problem

min {(0, ) — THp (1)}, (5.15)
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with smoothing parameter 7 > 0 and the Bethe entropy Hg. This entropy constitutes
an approximation of the underlying (usually) intractable true entropy of the associated
probability distribution (5.2), defined by

Hp(p) := Y H(pgg) — Y (d(i) — 1) H(u), (5.16)

ijel eV

with degree d(i) := [N; \ {i}| of vertex ¢ € V (number of neighboring vertices) and the
local entropy functions

H(pi) = —(pilog pi) — H(pij) = —(piz, log pij). (5.17)

As a consequence of this specific approximation, —Hp is not convex. Setting temporarily
7 = 1 and evaluating the optimality condition d,,L(u, A, ) = 0 based on the correspond-
ing Lagrangian (B.15) for the primal LP (5.14)

L(p, A v) = (9, ) — He(p) — (A, p) + (v, App = b), (5.18)
yields A = 0 and the following relations connecting pu and v,

ph=evie % [T e, Vic[n] VieV, (5.19a)
JEN;
(i)j = e tvie”@i=0=0 T e%ws [ e, Wireln] Vije€. (5.19b)
RENNY kN \{i)

The terms e”i, e’ € R normalize the expressions on the right-hand side, whereas
the so-called messages e3¢ € R™ enforce the local marginalization constraints of the
joint distributions p;; € II(y;, ;). Utilizing these latter constraints allows, after some
algebra, to eliminate the left-hand side of (5.19) to obtain the fixed point equations

el = e S (e [ i), e, Vijee, (5.20)
reln] keN;\{i}

solely in terms of the dual variables, commonly called sum-product algorithm or loopy be-
lief propagation by message passing. Repeating this derivation with the general smooth-
ing parameter 7 > 0 of (5.15), it can be shown that taking the limit lim \ o results in
the fixed point equations

I/Zl'j;z' = v; + max {6_(19“);_19; H eu;k?j}, Vien], Vijeé&,
retrd KEN;\ (i)

called maz-product algorithm in the literature, solving the original primal LP (5.14).
Using a smooth approximation with 0 < e < 1 for loopy belief propagation (5.20) to

avoid the inherently non-smooth max-operation in the max-product algorithm, necessi-

tates to choose € very small so as to stay close to the original primal LP (5.14). Also, local
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marginalization constraints are only satisfied after convergence of the iteration. Further-
more, the feasible set of the relaxation (5.13) is a superset of the original feasible set of
(5.1). Therefore, a globally optimal solution z of (5.13) generally does not correspond to
a valid labeling, but rather contains non-integral components ut € (0,1), 1 € [n]i € V.
On way to overcome this are randomized rounding schemes as post-processing step for
converting a relaxed solution vector iz to a valid labeling z € X™ [KT02, CKNZ05].

5.2. Variational Formulation of Graphical Models via local
Wasserstein Distances

Optimal transport and the Wasserstein distance have become a major tool of signal mod-
eling and analysis [KPT"17]. In connection with the metric labeling problem, using the
Wasserstein distance (aka. optimal transport costs, earthmover metrics) was proposed
before by [AFHT04] and [CKNZ05] in a non-smooth setting. However, the focus of the
presented approach is on a smooth geometric problem reformulation on the assignment
manifold which simultaneously performs rounding and that scales well with both the
problem size and the number of labels.

Towards this goal, the smoothed LP relaxation (5.15) is reformulated in Section 5.2.1
using local entropy regularized Wasserstein distances, which will be the basis for the
variational model on the assignment flow. In Section 5.2.2, the dual of the underlying
convex optimization problem for general regularized Wasserstein distances is considered
and optimality conditions are given. Furthermore, differentiability and analyticity is
investigated and an expression for the corresponding gradient is derived. Subsequently,
these results are applied in Section 5.2.3 in the case of the entropy regularized Wasser-
stein distance and a matrix scaling algorithm for computing the corresponding gradients,
called Sinkhorn’s algorithm [Sin64], will be derived based on [Cutl13]. Finally, in Sec-
tion 5.2.4, the definition of the variational model is given, the effect of its components
on the Riemannian gradient descent flow is identified and the Euclidean gradient is cal-
culated. From the viewpoint of belief propagation, the Wasserstein gradients contained
in the Riemannian gradient of the model can be considered as ‘Wasserstein messages’.
At the end, some beneficial properties of the Riemannian gradient flow compared to
loopy belief propagation are discussed and the influence of the rounding mechanism in
the initial phase of the Riemannian gradient flow is investigated.

5.2.1. A Reformulation of the Smoothed LP Relaxation
Regarding the linear objective function of the LP relaxation (5.13) of the form
<19,,U,> = <19V7IU’V> + <79€7 /’L£>7 e Eg? (521)

the parameters p; € A, with ¢ € V, can be interpreted as assignment vectors W; on S
and thus, puy can be viewed as an assignment matrix W € W. It is therefore natural
to consider the LP relaxation as a starting point for deriving a variational formulation
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of the underlying discrete objective (5.1) on the assignment manifold W. With this
identification of @y and W in mind, the unary data terms ¥; can simply be represented
on W through the inner product (Jy, W). However, it is not obvious how a variational
formulation solely based on the assignment vectors W; (i.e. y;) should properly incorpo-
rate the pairwise regularization parameters 1J;; for the edges ij € £, without referring to
the coupling measures f1;; € II(115, pj).

The key observation for ‘eliminating’ the edge-based variables p;; in the LP relax-
ation (5.13), is the fact that the linear function (¢, ug) as well as the corresponding
constraints for ug separate over the edges ij € £. This allows to split and encapsulate
the minimization with respect to the coupling measures j1;; as subproblems inside the LP
minimization itself, resulting in individual local Wasserstein distances only depending
on the corresponding marginal distributions p; and pu; for any edge ij € €.

Lemma 5.2.1. The local polytope relazation (5.13) given by

:Ieuﬂn{ﬁu}

with Lg from (5.12) is equivalent to the problem

min {700+ > oy, (i 15) | (5.22)

cEAm
g =y ijee

tnvolving the local Wasserstein distances

dy. . iy g ) 1= min 191”7 i5) (s 5.23
19”(# N]) uijGH(#i,u]’){< J /’LJ>} ( )

with the set of coupling measures I1(ju;, p15) given by (5.6).

Proof. The claim follows from reformulating the LP-relaxation based on the local poly-
tope constraints (5.12) with the indicator functions dyy,, ,,) from (B.2) as follows.

min {(¢, )} = min {(Jy, py) + (J¢, pe) }

nELgG neLg
= min {(291}, wy) + mln Z ( ij Nij> + 6H(M,#J‘)(HU)) }
py €A™ 1365
= min ) + min 19“’ ij }
py €A™ { Z o z%“wen (ka5 < o b))
- Hgigm{zw-wdej<m»w>}- .
e i€V ije€

This way, the edge-based variables p;; are hidden in the optimization subproblems
for the local Wasserstein distances, where ‘local’ refers to the fact that the Wasserstein
distances itself only depend on the local marginal distributions p;, p; for ij € £.

As only unary variables u; with simplex constraints occur in the reformulated problem
(5.24), this objective function it a suitable candidate for a variational model on the
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assignment manifold which properly takes into account the regularization parameters J;;.
However, due to the convex but non-smooth (piecewise-linear (cf. [RW09, Def. 2.47]))
local Wasserstein distances (5.23), the reformulated problem (5.22), as the original LP
relaxation, is non-smooth.

To overcome this deficit and derive a smoothed version of (5.22), the reformulation
from the proof of Lemma 5.2.1 is applied to the smoothed primal LP relaxation (5.16).

Lemma 5.2.2. The smoothed LP relaxation (5.15) given by

Jlgzn {(9,n) — THp ()},

with the local polytope Lg (5.12), Bethe entropy Hp (5.16) and smoothing parameter
7 > 0 is equivalent to the problem

min { By, ) + D oo (i) +7 Y (@) = DH(u) f, (5:24)

cAm
v ijees i€V

where the smoothed entropy regularized local Wasserstein distances dy,; (i, p15) are ob-
tained by entropy reqularization

dy,;r(piypg) == min {0, i) — TH(pij) }, (5.25)
i €11 (i)

for allij € £, with entropy H(pi;) = —(pij,log pi;) and smoothing parameter T > 0.

Proof. Keeping in mind the specific form of the Bethe entropy Hp and reformulating
the smoothed LP relaxation as in the proof of Lemma 5.2.1, results in

;freuﬁn {(0,n) — THp(p)}
= min { (v, ) + (O, pe) =7 D Hpig) +7 3 (d(i) ~ 1) H(jw) }
ije€ iey

= min { Py, py) + Z min  { (0, pij) — TH (ij) } + TZ (d(i) — 1)H(,ul)} O

HyEA™ gl"’l]el—[ Hishty) =,

Using the entropy regularized local Wasserstein distances (5.25) implies that the local
marginalization constraints IT(s;, f1;) of the underlying ‘hidden’ edge variables f;; are
always satisfied by definition. This is in sharp contrast to inference for the smoothed
LP relaxation (5.15) by loopy belief propagation (5.20), were these constraints are only
gradually enforced during the iteration and are guaranteed to hold only after convergence
of the entire iteration process. Therefore, the reformulation (5.24) has two key properties
that distinguishes it from established work:

(I) inherent smoothness and

(IT) validity of the local polytope constraints at anytime.
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Since the edge variables are only contained in the subproblems (5.25), this approach
does not suffer from the enormous memory requirements that would arise from directly
solving the smoothed LP (5.15) in the primal domain and thus allows to work with
graphs having higher connectivity.

Thus, (5.25) will be the basis for the variational model in Section 5.2.4 below. However,
first some basic properties of general regularized Wasserstein distances are investigated.

5.2.2. General Smoothed Wasserstein Distances

In this section, properties of a general regularized Wasserstein distance are considered.
First, the dual optimization problem and corresponding optimality conditions are de-
rived. Subsequently, differentiability as well as analyticity are investigated and an ex-
pression for the gradient is given. To this end, it will be convenient to temporarily
simplify notation.

Suppose p = (p1,p2) € A x A C R? are two discrete probability distributions on
the set of labels X and ©® € R"*" is an associated nonnegative cost matrix. The (non-
smooth) Wasserstein distance then reads

d — i 0, M)}, 5.26
o(p1,12) Mernnéorll’m){<, )} (5.26)

Explicitly expressing the constraints II(p1, p2) from (5.6) using the linear map A defined
by (5.4a), the linear optimization problem (5.26) may be written as

de(p1,p2) = | in (O,M) st. AM]= @) =p, M>0. (5.27)

The corresponding dual LP of (5.27) is given by (B.24) and takes the form

max (u,v) st. AT[Y]<O. (5.28)
pERZ"

Using a general convex, lower-semicontinuous smoothing function F,: R™" — R, with
R = RU {00}, results in the smoothed local Wasserstein distance

do.(p1,ps) == i @, M) + F.(M)}, 5.29
or(prp)i= | min  {(6.M) + (M)} (5.20)

with smoothing parameter 7 > 0. If the nonnegative cost matrix © is symmetric, then,
under an additional assumption on the smoothing function, this property also translates
to the smoothed Wasserstein distances.

Lemma 5.2.3. Suppose the cost matriz is symmetric 1 = © and the convex smoothing

function F, in (5.29) satisfies F(M) = F.(M") for all M € [0,1]"*™. Then, for any

points p1,pa € A, the smoothed Wasserstein distance is symmetric, that is

dor(p1,p2) = dot (P2, p1)- (5.30)
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Proof. Assume M € Il(py, p2) is a minimizer of (5.31). Then, due to the assumption on
F,, it follows

do(p1,p2) = (0, M) + Fr(M) = (0", M") + F-(M") .
Let M € II(p2,p1) be arbitrary. Then M T € TI(py, p2) and
O, M)+ F(M)=(0,M")+F,(M")>(0,M)+ F.(M)=(©",M")+ F,(M") .
This shows that M " € II(p2,p1) is a minimizer of dgT +(p2,p1), establishing (5.30). [

It will be advantageous to slightly rewrite problem (5.29) with explicit expressions for
the constraints in the form

dor(prpe) = min {(0.M)+F(M)} st AM]=p, M0, (531a)

:Mrenl'\’iTILIX"{<@’M>+GT(M)} st. AM]=p, (5.31b)

where G, : R™*™ — R is defined as

G (M) i= Fr (M) + 0 (M), (5.32)

with the convex indicator function 5R7;><n of (B.2) expressing the nonnegativity con-
>0

straints for M. As RZJ" is a closed convex set, dgnxn and therefore also G is convex
= >0

and lower semicontinuous.

Next, the dual problem of (5.31b) is derived and, under the additional assumptions of
strong duality and differentiability of the conjugate G, an optimality condition relating
the primal and dual solution is given.

Lemma 5.2.4. The dual problem of (5.31b) is given by
max {(p,v) — G (.AT V] -©)}, (5.33)

veR2n

where G% is the conjugate function (B.3). Additionally, suppose strong duality holds.
Then, if G7 is defined and continuously differentiable on all of R™ ™ the condition for
optimal primal M and dual v = (V1,73) solutions is

M=0G:(AT[7]-©), with A[M]=p and M >0. (5.34)

Proof. Since the primal optimization problem (5.31b) has no inequality constraints, the
associated Lagrangian (B.15), depending on p = (p1,p2), is given by

Ly(M,v) = (6, M) + G-(M) + {v,p — AIM]) = {v,p) + (0 — AT[V], M) + G- (M),
with (M,v) € R™™ x R?". The corresponding dual function then reads
hy(v) = inf {Lp(M,v)} = (v,p) +inf {(© — AT[v], M) + G- (M)}
= (v.p) = sup {(AT[V] = ©,M) = G- (M)} = (v,p) = G1(A"[V] - ©),
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where the last equality directly follows from the definition (B.3) of conjugate functions.
Next, suppose strong duality holds and GZ is continuously differentiable on all of R™*".
For the optimal primal M and dual 7 = (71, 73) solutions, strong duality then implies

(v,p) — G2(AT[7] — ©) = hy(V) = do+(p1,p2) = (0, M) + G- (M). (5.35)
As a consequence of the constraint A[ M | = p, the reformulation
(w.p) = (@AM )= (A"[7], M) (5.36)

follows. Furthermore, G%* = G, as a consequence of G being convex and lower semi-
continuous. Thus, rearranging (5.35) and applying the reformulation of (5.36) gives

(A7) —6,M) - Gi(A"[7] - ©) = G (M) = G&* (M) = sup {(z, M) - Gx(2)}.

Therefore, AT [7] — © is a maximizer of H(Z) := (Z, M) — G*(Z) and fulfills the first
order optimality condition

0=0H(A'[7]-©0) & M=0G:(A"[7]-0). (5.37)
The other two constraints in (5.34) directly follow from the primal optimality of M. [

Remark 5.2.1. The condition of strong duality (cf. Section B.4) made by Lemma 5.2.4
is crucial for what follows. This condition will be satisfied later on when working with
the entropy regularization in a geometric setting with local coupling measures M, and
p1,p2 € S with full support.

In order to get a better intuition for suitable candidates F; in (5.29) for smoothing the
original problem (5.26), rewrite the constraints of (5.28), using the indicator function
(B.2) of the set RZ§", in the form of

Oguxn (A = ©). (5.38)

Comparing this with the dual problem (5.33) shows that G% should be a smooth ap-

proximation of the indicator function for the set RZ™. This point is revisited.

In the remainder of this section, it will be shown that, depending on the function
G7, the smoothed Wasserstein distance dg . is differentiable or even analytic. Based on
the dual problem (5.33), an expression for the gradient is given, allowing to numerically
compute it in practice.

Theorem 5.2.5 (Wasserstein distance gradient). Suppose for every p = (p1,p2) € Sx S
strong duality holds for the problem (5.31b) and the conjugate function G is C? on
R™ ™ with positive definite Hessian everywhere. Then the smoothed Wasserstein distance
der: 8§ xS — R is differentiable, and the Riemannian gradient of de » at p with respect
to the induced Fuclidean metric is given by

gradp 1 de T(p17p2)> <PT3V1> .
d d T = ? ’ = _ = P y 5.39
gradp de,r(p) (gradE;z do.+(p1,p2) Pp s TsxTs V] ( )
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where gradp ; do r denotes the gradient with respect to the argument p;, i € {1,2}, and

7= <”1> € argmax {(p,v) — G:(ATv — ©)).

1) veER2n
Additionally, if G5 is analytic, then so is dg,r: S xS = R.

Corollary 5.2.6. Suppose the assumptions of Theorem 5.2.5 are fulfilled. Furthermore,
assume the cost matriz © is symmetric and Fy(M) = F,(M") for all M € [0,1]"*"
holds. Then the Euclidean gradient of de-: S x & — R, with T > 0, satisfies

gradg o de - (¢,p) = gradg 1 de ~(p,q),  Vp,q €S. (5.40)

Proof. By Theorem 5.2.5, the Wasserstein distance dg , is differentiable. The equal-
ity (5.40) is verified by a direct calculation based on the symmetry of dg, due to
Lemma 5.2.3. For this, let 7: (—r,r) — S, for r > 0, be a smooth curve with v(0) = p
and 4(0) = v € Ts. Then

(5.30) d

d
= %d@ﬂ'(q77(t))‘t:0 @dG,T(V(t% Q)‘tzo

= < gradE,l d@,T(p7 Q)7 U>.

(gradp o de (g, p),v)

Since this holds for any v € T, the equality in (5.40) follows. O]

A proof of Theorem 5.2.5 is given below after some preparatory lemmas. For this, it
will be convenient to refer to the dual function (5.33) with the shorthand notation

ho(v) == (p,v) — GL(AT[V] - ©) (5.41)

and view p € A? and v € R?" as stacked vectors of the form

b= <p1) , P1,p2 € Av and v = <V1> , V1,V2 € R"™.
b2 vy

The next lemma characterizes the set of optimal dual solutions to problem (5.33).

Lemma 5.2.7. Assume strong duality holds and the function G% of the dual objective
function (5.33), respectively (5.41), is defined, strictly convex and continuously differ-
entiable on R™ ™. Let p € A%. If U minimizes the dual function hy, then the set of all
optimal dual solutions has the form

argmax{h,(v)} =v+ ker(A"). (5.42)

veR2n

Proof. Let U be an optimal dual solution. First, the inclusion from left to right is shown.
For this, suppose 7 is another optimal dual solution, that is h,(7’) = h,(7). Using the
shorthands W := A" [7] — © and @' := AT [7/] — © in the following gives

w—w=A"v -7 (5.43)
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Due to (5.41), the equality h,(7') = h,(¥) can be reformulated as
Gr(w) - GZ (') = {p.v = 7). (5.44)
Since the requirements of Lemma 5.2.4 are satisfied, 7 fulfills the optimality condition
M =vGi(w), A[M]=p, (5.45)
with a corresponding primal optimal solution M'. Hence

7 —7) = (A7 -7 °2 o - o) O (ver @), m—w). (546

Overall, the equality
(5.44)

- g/> (5£6)

Gr(w) — GH (W) {p,v = (VG (@), w - ') (5.47)

follows. As a consequence of GX being strictly convex, the corresponding first order
condition (B.4) is a strict inequality for w’ # w. Thus, (5.47) can only hold if

0= - "2 AT — 7],

showing that 7 and 7 only differ by a vector in ker(A"), i.e. 7/ € 7 + ker(AT).

It remains to prove the reverse inclusion, that is vectors characterized by the right-
hand side of (5.42) maximize the dual objective function h,. Let 7' be an arbitrary
vector in 7 + ker(A"). Lemma 5.1.1 implies that 7 takes the form

V=v+a(l ), with a€cR.

The fact that AT[7"] = AT[F] and (p, (7)) = (p1.1n) — (p2,1n) =1 -1 =10, as a
consequence of p € A?, implies

(@) ={p.7+a(},))-G(A [P+a(,)]-0)
= (p,7) = G7(AT[7] = ©) = hy(¥),
showing that 7/ € argmax, cgan hp(V). O

Using the characterization ker(A")+ = Im(A), the space R*" is orthogonally decom-
posed for the subsequent considerations into

R™ = ker(A") @ Tm(A).
Denoting the orthogonal projections of a vector v € R*" by
Vi = Preyamyy and  vp = Prya)v, (5.48)
any vector v € R?" can be decomposed as
vV =1+ . (5.49)

With this, the attainment of optimal dual solutions on the subspace Im(.A) can now be
clarified.
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Lemma 5.2.8. Suppose the assumptions of Lemma 5.2.7 are fulfilled and let p € AZ.
Then, for any v € argmax, crzn{hp(v)} with the decomposition v = vy + vy from (5.49),
it follows

hyp(7) = hy(71) = Zé{lﬁ(}f“) {hy(2)} and legnrﬁi))({hp(z)} = {v1}, (5.50)

that is a unique dual mazimizer exists in the subspace Im(A).

Proof. First, the equality on the left-hand side of (5.50) is shown. Lemma 5.2.7 yields
argmax,,cgen {hp(V)} =7 + ker(AT). (5.51)

The decomposition 7 = 7 + 7 shows that 7y is contained in 7 + ker(A") and therefore
also maximizes h,, over both sets, R?" and Im(A).

For the characterization of the minimizers of h, over Im(A) on the right-hand side of
(5.50), let z € Im(.A) be another maximizer. As a consequence of the already established
equality, hy(Z) = max,epm(a) {hp(2)} = hy(7) follows and therefore implies z = 7 + y
with y € ker(AT) by (5.51). Applying the orthogonal projection onto Im(.A) from (5.48)
results in

Z = Piy(4)Z = P [V + 9] = Pma)?7 = 71 O

After these preparations, the main result Theorem 5.2.5 of this section can now be
proven.

Proof of Theorem 5.2.5. The proof consists of two parts. First, the orthogonal decom-
position R?" = ker(AT) @ Im(A) is related to the tangent space Tisxs = T x Ts C R?™.
Second, this relation together with the implicit function theorem is used to show differ-
entiability and derive the relation (5.39).

The first part begins by establishing the inclusion

Ts x Ts C Im(A) = ker(A")*. (5.52)

For this, let v = (43 ) € Ts X Ts be arbitrary. By definition of T in (2.10), the equality
(1,,v1) = (1,,v2) = 0 and thus (v, (_fn )) = 0 follows, which according to Lemma 5.1.1
means v € ker(A")+ = Im(A) and therefore establishes the inclusion. Next, consider
the unique orthogonal decomposition v = v +v1 € ker(AT) ®Im(A) from (5.49) for any
vector v € R?™. As a consequence of (5.52), Prqxrs[vk] = 0 holds and implies

PTsXTs[VI] = PTsXTS[V]' (553)

For the second part, let C be a 2n x (2n — 1) matrix with the columns C7 forming an
orthonormal basis of Im(.A) C R*". Denote the coordinates of u € Im(A) by z = CTu
and define the linear map

C: R L R g Clz] = AT [Cux]. (5.54)
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Furthermore, let n: S? — U? denote the stacked m-affine coordinates from (3.20), i.e. for
p = (p1,p2) € S? let

_ (m(p) : . .
n(p) = (77;(17;)> , with n:S—>U fo € {1,2}.

With this, the coordinate expression of h,(u), with Cx = u € Im(A), is given by

hy(x) = by (Cz) = (p(n), Cz) — G (C[z] — O).
The gradient of ﬁn(x) with respect to « can be viewed as a map
©: RHD x R2TL 5 RITL @ (n, z) i= Dby () = CTp(n) — €T [0GE(Clz] - ©)].

Since G is assumed to be C?, the map ® is C' and the Jacobian of ® with respect to
x takes the form

Joz(n,7) = —C' oHess G%(Clz] — ©) o C.
If 0 # 2 € R? ! then 0 # Cz € Im(A) = ker(A")* and thus also 0 # AT[Cz] = C[z].
As a consequence of Hess G being positive definite everywhere, 0 # z € R?*~! implies

(z,Jo(n,2)[z]) = —(C[2],Hess G5 (C[z] — ©)Clz]) <0,

showing that Jg (1, z) is negative definite and therefore invertible for every n and x.

Now let p € S? be arbitrary and suppose M as well as 7 are primal and dual solutions.
Because the Hessian of G~ is positive definite, G is strictly convex and the assumptions
of Lemma 5.2.8 are fulfilled, resulting in the unique dual maximizer 71 = Py, (4)7 of hy
in the subspace Im(.A) with coordinates T, i.e. CT = 7y. Since strong duality is assumed
to hold, Lemma 5.2.4 gives the corresponding optimality condition

M =06 (AT ] - ©) "2V ocr(Clz) ~ ©) and A[M]=p.  (5.55)
Using these conditions in the evaluation of ® at (n,Z) gives
®(n, ) = C " (p(n) — A[M]) =0.

As Jg z(n,T) is invertible, the implicit function theorem yields that the maximizer can
be parameterized by a unique C* function Z = Z(n) in a small neighborhood of 7. Since
this holds for all n € U2, the maximizer  is a global C'! function of 7, resulting in the
differentiable map

v1: 8 = Im(A), p— wi(p) := CZ(n(p)) (5.56)

Due to strong duality, the Wasserstein distance is then given by the expression

de+(p) = hy(@1(p)) = (p,71(p)) — G= (AT [m1(p)] — ©),

proving differentiability. Because of

Ohy(1) = p — A[0GE (AT [] — ©)] P2 p— a7 ] "2 o,
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the gradient of the Wasserstein distance is given by

gradp de - (p) = Prsxrs [fl (p) + dvi(p) " [0hy(1 (p))ﬂ = Pryxrs [71(p)].

Finally, for an arbitrary 7/ € argmax, cgen{hp(v)}, the uniqueness of 71(p) according to
Lemma 5.2.8 implies 7] = 7i(p) and therefore by (5.53)

grady de - (p) = Prexrs [71(p)] = Proxrs [7],

establishing (5.39).

Now, suppose G is additionally analytic. Since all involved charts are analytic, so
is the above defined map ®. Then, the real analytic implicit function theorem [KP02,
Thm. 2.5.3] implies that the parameterization Z(n), and therefore also 7i(p) from (5.56),
is analytic. Hence, this property also holds for dg (p) = hy,(71(p)) as the composition
of two analytic functions. O

5.2.3. Entropy Regularized Wasserstein Distance

In the following, the results from the previous section are applied to the smoothed
entropy regularized local Wasserstein distance (5.25). Based on [Cutl3], an iterative
matrix scaling algorithm, called Sinkhorn’s algorithm [Sin64], will be derived for com-
puting gradients of the entropy regularized Wasserstein distance and numerical aspects
with respect to the smoothing parameter 7 are examined. For clarity, the simplified
notation from the previous section is kept in the following.

The smooth entropy regularized Wasserstein distance (5.25) corresponds to the choice
F.(M) = —7H(M). For p1,p2 € A and nonnegative cost matrix © € R"*"  the opti-
mization problem reads

do(p1,p2) = Melﬁl(lplim) {{6,M) —rH(M)}, (5.57)

with the entropy function
H(M)=—(MlogM)=— > Mlog M.
i,j€ln]
Since the set of coupling measures II(p1, p2) (5.6) is compact as well as (0, M) —7H (M)

continuous and strictly convex, a unique minimizer M of (5.57) always exists.

Lemma 5.2.9. For every p1,p2 € S and smoothing parameter T > 0, the optimization
problem (5.57) defining de - (p1,p2) satisfies strong duality.

Proof. Problem (5.57) is a convex optimization problem with affine equality and inequal-
ity constraints. For p1,po € S and 7 > 0, the matrix plp;r € R™*" fulfills

T T (5.4a) plPQTln) (pl)
>0, and A = = .
b2 iz ] (pzpf 1, P2
Because of dom((©,-) — 7H) = dom(—H) = RL{", the matrix p1pg is contained in the
relative interior rint(dom(—H)) = RZg". Thus, p1p; satisfies Slater’s condition (B.21),
implying strong duality. O
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In order to state the dual problem (5.33) for this choice of F;, the conjugate function
of G; from (5.32) is calculated next.

Lemma 5.2.10. For the choice Fr(M) = —TH (M), the conjugate of G-(M) from (5.32)
is an analytic function GX: R™™ — R given by

Gi(X)= 6_17’<€%X, ln1;> =elr Z e%X}c, VX € R™ (5.58)
k,le[n]
where eX is the componentwise application of the exponential map.

Remark 5.2.2. Because strong duality holds according to Lemma 5.2.9, the constant
e~ ! can be absorbed into the cost matrix ©. Thus, the factor is dropped in the following

considerations.

Proof. The optimization problem defining the conjugate G’ separates as

Gi(X) = sup {(X, M) +7H(M)} = > sup {M,ix,g — 7M! log M,i}. (5.59)
M20 k,le[n) MZ0

Thus, consider the maximization of the real valued function
he:[0,00) = R,y he(y) == yx — Tylogy,

for fixed x € R. limy ;o0 he(y) = —00 and hy(0) := lim, g+ he(y) = O directly follow.
Due to hl(y) = —7/y < 0, the function is strictly concave, with unique minimizer y

h.(y)=x—7logy—7=0 & er®1 =5>0
and corresponding maximum value sup,~o{hz(y)} = h.(y) = rer®l, Using this in
(5.59) and extracting the common factor e !7 establishes (5.58). O

By Lemma 5.2.4 and with the expression of G from Lemma 5.2.10, keeping in mind
Remark 5.2.2, the dual problem of (5.57) reads

max (p,v) — T<e%(AT”7@), 1n1;>. (5.60)
veR"

Regarding the role of G% in the dual problem, the indicator function (5.38) is smoothly
approximated by the function Ter?. Figure 5.1 compares this approximation with the
classical logarithmic barrier —7log(—x) function for approximating the indicator func-
tion dr., of the nonpositive orthant. Log-barrier penalty functions are the method of
choice for interior point methods (see Section 3.1) which strictly rule out violations of
the constraints. While this is essential for many applications where constraints repre-
sent physical properties that cannot be violated, it is not essential in the present case
for calculating the Wasserstein distance. Moreover, the bias towards interior points by
log-barrier functions, as Figure 5.1 clearly shows, is unfavorable in the present context

and thus formulation (5.60) is preferred.
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Figure 5.1.: Approximations of the indicator function dr_, (red curves). Left: The log-
barrier function (black curves) strictly rules out violations of the constraints but induce
a bias towards interior points. Right: The entropy based formulation (blue curves) is
less biased and approximates the J-function (red curve) reasonably well depending on

the smoothing parameter 7. Displayed are the approximations of dr_, for 7 = %, %, 5—10.

By Lemma 5.2.10 and Remark 5.2.2, the gradient and Hessian of G are given by

1
9G*(X) =erX and HessG*(X)[U] = —erXel, VU € R™™. (5.61)
T
Because of
1 1 1 1yl
U, Hess GX(X)[U]) = (U2, exX) = = UY2erXk > 0 5.62
< , H1€SS ‘r( )[ ]> 7_< , € > T]Q%]( k) € k> ( )

for all X, U € R™™ with U # 0, the Hessian is positive definite everywhere, showing that
G is strictly convex. Therefore, all assumptions of Theorem 5.2.5, including analyticity,
are fulfilled, directly implying the following statement.

Corollary 5.2.11. For any cost matriz © > 0 and smoothing parameter T > 0, the
entropy reqularized Wasserstein distance de r: S x & — R is analytic and the Euclidean
gradient at p = (p1,p2) is given by

gradg ) de T(plapQ)) (PT V1> _
dgde -(p) = ’ ’ = S_ ) =P , 5.63
smadp o, (p) =  Eroq o110 roasll (56)

where U is any mazimizer of the dual problem (5.60) and gradg, ; de » denotes the gradient
with respect to the argument p;, for i = 1,2. Moreover, if © is additionally symmetric,
then so is de r and the gradients satisfy

gradg ; de - (p1,p2) = gradg 5 de (P2, P1), Vp1,00 € S. (5.64)
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Proof. The first part directly follows from Theorem 5.2.5. Since H(M) = H(M ") for all
matrices M € R™ " the second part follows from Lemma 5.2.3 and Corollary 5.2.6. [J

Next, it will be derived how the local Wasserstein gradients (5.39) are computed based
on the formulation (5.57) and numerical aspects depending on the smoothing parameter
T are examined. It is well known that doubly stochastic matrices as solutions of convex
programs like (5.57) can be computed by iterative matrix scaling [Sin64, Sch90], [Bru06,
ch. 9]. This has been made popular in the field of machine learning by [Cut13].

Because strong duality holds by Lemma 5.2.9 and G7 is differentiable, the optimality
condition (5.34) from Lemma 5.2.4 for optimal primal M and dual 7 solutions holds and
takes the form

M = 0GE(AT[7] — 0) "LV 2 (ATT-0),
Rearranging this condition yields the connection to matrix scaling:

W= er (ATv-e) (5.4b) o (711] +1.7] -0)

1_ 1 1 T
= e?'/llz)oe_;eo(e;yzln)

. 17\ ~leon. iz
= Diag <eT 1)6 7= Diag <eT 2),

where Diag(-) denotes the diagonal matrix with the argument vector as entries and
results in a row-wise (left diagonal matrix) and column-wise (right diagonal matrix)
scaling of the matrix

K :=exp ( — %@)

For given marginals p = (p1,p2) € S x S, the optimal dual variables 7 = (71,73) €
R?" can be determined by the Sinkhorn’s iterative algorithm [Sin64], up to a common
multiplicative constant.

Lemma 5.2.12 ([Cut13, Lemma 2]). For 7 > 0, the solution M of (5.57) is unique and
has the form M = Diag(uy)K Diag(us), where the two vectors ui,us € R™ are uniquely
defined up to a common multiplicative factor.

Accordingly, by setting
up i=er’ ug = et"?, (5.65)
the corresponding fixed point iterations of Sinkhorn’s algorithm read

WD) — e S (5.66)
K( H2 ) KT( M1 )
KTu(lk) Kugk)

which are iterated until the change between consecutive iterates is small enough. De-
noting the iterates after convergence by w1, Us, resubstitution into (5.65) determines the
optimal dual variables

U1 = Tloguy, Uy = T log Us. (5.67)
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Figure 5.2.: The plots show the entropy-regularized Wasserstein distance dg (1s,7(t))
for varying 7 and increasing numbers of labels n. Here, v(t) = t(e; —1s) +1s € A, with
t € [0, 1], is the line segment connecting the barycenter 1s (2.34) to the vertex e; on the
simplex A. The cost matrix O is given by the Potts prior (see (5.86)). In all three plots
the parameter 7 has been chosen as 7 = 1 (cyan), 7 = 15 (green), 7 = o (blue), 7 = 2
(red) and 7 = ﬁ (black). Even though the values of the entropy regularized Wasserstein
distance de - differ considerably, the slope of the distance, is already approximated quite

well for larger values of 7, uniformly for small up to large numbers n of labels.

Due to Corollary 5.2.11, the local Wasserstein gradients then finally are given by

Pr.v
gradE d@,q—(plap2) = (P;SI/;> 3
S

where the orthogonal projection Prg (2.35), due to ker(Prg) = R1,, , removes the com-
mon multiplicative constant resulting from Sinkhorn’s algorithm.

While the linear convergence rate of Sinkhorn’s algorithm is known theoretically
[Kni08], the numbers of iterations required in practice significantly depends on the
smoothing parameter 7. In addition, for smaller values of 7, an entry of the matrix
K =exp ( — %G)) might be too small to be represented on a computer, due to machine
precision. As a consequence, the matrix K might have entries which are numerically
treated as zeros and Sinkhorn’s algorithm does not necessarily converge to the true op-
timal solution. Fortunately, the role of the smoothing parameter 7 of the variational
approach presented in the next section does allow larger values.

Fortunately, the variational approach presented in the next section does allow larger
values of 7 because merely a sufficiently accurate approximation of the gradient of the
Wasserstein distance is required to obtain valid descent directions for the Riemannian
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Figure 5.3.: The plot shows the exact Wasserstein distance (top) compared to the entropy
regularized Wasserstein distance with the Potts prior (5.86) as a function dg (-, 1s) from
the barycenter to every point on A for n = 3 labels. Different values of T are compared:
(a) =14, (b) 7 =15, (c) 7 = 55 and (d) 7 = g5. These plots confirm that even for
relatively large values of 7, e.g. 15 and %, the gradient of the Wasserstein distance is
sufficiently accurate approximated so as to obtain valid descent directions for distance

minimization through the Riemannian gradient descent flow.
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gradient descent flow. Figures 5.2 and 5.3 demonstrate that this indeed holds for rela-
tively large values of 7, e.g. 7 € {%, 1—10, %}, no matter if the number of labels is n = 10
or n = 1000.

5.2.4. Variational Formulation on the Assignment Manifold

In this section, the variational model on the assignment flow is defined based on the
reformulation in Lemma 5.2.2. The resulting model consists of a data and regularization
component plus an extra integrality enforcing term responsible for rounding to integral
assignments, analog to the S-flow. Due to the results from the previous section, the
model is analytic and an expression for the gradient can be given. Similar to message
passing in belief propagation, the local gradients of the entropy regularized Wasserstein
distances in the resulting Riemannian gradient descent flow can be seen as ‘Wasserstein
messages’ that are ‘passed along edges’. Finally, the influence of the integrality enforcing
term in the initial phase of the gradient flow is investigated.

Throughout this section dp , always refers to the entropy regularized Wasserstein dis-
tance.

Variational Model

Motivated by the reformulation of the smoothed LP relaxation (5.24) in Lemma 5.2.2,
the following variation model on the assignment manifold is defined by replacing py with
W and absorbing the nonnegative factors 7(d(i) — 1) weighting the entropy term into a
second parameter .

Definition 5.2.1 (variational model). Suppose a discrete objective J: ™ — R of the
form (5.1) is given. Then the associated variational model on the assignment manifold
W with smoothing and integrality enforcing parameter 7, > 0, is defined by

Jrat W =R, W Joo(W) = (0p, W) + Y dy,, (Wi, W)) + aHy(W), (5.68)
ije€

where Hyy (W) =, cy, H(W;) is the global entropy on W.

The variational model J,, , consists of three terms, each representing different ‘forces’
in the associated dynamics of the Riemannian gradient descent flow which drives infer-
ence. The data term,

Jaata(W) = (0, W) =Y (3;, W;)
=%
is responsible for selecting the best fitting label at each individual vertex based on the
given unary values 9J; alone, irrespective of the spatial context. Regularization is induced
by the regularization term,

Teegr (W) := > dy,, (Wi, W) (5.69)
ijeE
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taking into account the spatial context and punishing neighboring deviations in the
assignments according to the pairwise cost matrices ¥;;, ij € £. Since the smoothed
Wasserstein distances dy,; » converge to the underlying non-smooth distances dy,; in the
limit 7 — 0, the data and regularization term together,

Tr(W) = Jaata(W) + Jreg,r (W) = Oy, W) + Y _ dy,, (Wi, W) (5.70)
ijeE

constitute an approximation of the reformulated non-smooth local polytope relaxation
(5.22). Finally, the smooth rounding mechanism of the model is represented by the
integrality enforcing term, given by the entropy

Tt (W) := Hw(W) = > H(W;) = (W, log W). (5.71)
€V

Since H(W;) > 0 with H(W;) = 0 if and only if W; is one of the standard basis vectors,
this term pushes the flow towards integral assignments. As will be demonstrated in
Section 5.3, the additional introduced integrality parameter v > 0 enables to control
precisely the trade-off between accuracy of labelings in terms of the given function J;,
approximating the local polytope relaxation (5.22), and the speed of convergence to an
integral assignment, independent of the choice for 7 > 0. This shows that the rounding
mechanism to integral assignments is a different one compared to the local polytope
relaxation (5.22), where the values 7 have to be chosen close to zero and an additional
post-processing step is needed.

Calculating the Euclidean Gradient of J,,

In order to compute the Euclidean gradient gradp J; . of the variational model, the
regularization term Jyeg (5.69) is slightly rewritten. As & is assumed to be oriented
according to Assumption 5.1.1, an edge ij = (4,j) € £ is interpreted as starting in i and
ending in j. The corresponding sets of outgoing and incoming edges at vertex ¢ € V are

defined as
O@):={(i,j) e €| jeV} and I(i):={(j,i) €& |jeV}. (5.72)
Since £ C V2, the indicator function Xo: V2 — {0,1} from (2.1) is given by

1 ,forijeé&

. (5.73)
0 ,forij¢é&.

Xg(ij ) = {
With this, the regularization term (5.69) can equivalently be expressed as

Teegr W) =33 Xeid)do, (Wi, W) =3 N dy,, (Wi, W) - (5.74)

i€V jev i€V ije0(i)
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Proposition 5.2.13 (gradient of J.,). The objective function Jo: W — R is analytic
and the i-th row of the Euclidean gradient gradg J-o(W) € Tyy at W € W has the form

gradg ; Jr.o(W) = Prg¥; + gradg ; Jreg (W) — eXpISI(Wi) , (5.75)
with the gradient of Jiegr being given by
gradE,i Jreg,r = Z gfadE,1 dﬂij,T(Wi7Wj) + Z gfadE,z dﬁjz‘ﬂ'<Wj7 W),
ij€0(4) ji€l(s)

where gradp j, dﬁ,-j,r(Wi, W;) € Ts denotes the gradient with respect to the k-th argument,
for k€ {1,2}, and O(i) as well as 1(i) are the sets from (5.72).

Proof. As a consequence of Corollary 2.3.4, the gradients of Jyata(W) = (¥y, W) and
Jint (W) = —(W,log W) are directly given by

gradp Jaaea (W) = Pry, [aJdata(W)] = Pr,[0v]
2.39 _
grad Ju(W) = P, [0 (W)] = —Pry, [log W] “2” —exprl ().

To determine the gradient of Jieg 7, let y: (—r,7) — W, for r > 0, be a smooth curve with
v(0) = W and 4(0) = V' € Tyy. The i-th row of the assignment matrix v(¢) € W C R™*"
is denoted by ~;(t). With this, the global gradient of Jreg,r 18 expressed as

d 74)
<gradE Jreg,T(W)7V> = %Jregﬂ'( ‘t 0 (5 Z Z dGU,T ’YZ ’Yj(t))‘tfo
i€V ijeO(i ) B
=3 > ((eradp, o, (Wi, W)), Vi) + (gradg oy, (Wi, W), V;)) - (5.76)

i€V ijeO(i)
Using the indicator function X (5.73), the sum over the expressions
(gradp s do,, - (Wi, W;), Vi) = ai; (Wi, W;, V)

n (5.76) can be rewritten as

ST aWe Wi Vi) =303 Xelig)a (We, Wi, Vi) = > Xe(id)ay (Wi, W;, V)

i€V ije0(i) i€V jev jeV iev
= Z Z aij(Wi, W;,Vj) = Z Z aji(Wj, Wi, Vi),
JEV ijel(j) i€V jiel(i)

where the last equation follows by renaming the indices of summation. Substitution into
(5.76) results in

Z (gradp ; Jreg,r(W), Vi) = (gradg Jreg (W), V)

1€V
=S (Y radpyda, (Wi, Wi) + Y gradpy da,, - (W, W), Vi)
i€V ije0) Ji€l(s)

which proves (5.75). As the local entropy regularized Wasserstein distances are all
analytic due to Corollary 5.2.11, the objective function J;, itself is analytic. O
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Chapter 5. A Variational Approach Based on Graphical Models

Subsequently, the specific case that all pairwise discrete energies J;;(x;, ;) in (5.1) are
symmetric is considered. This assumption translates to the condition that all pairwise
model parameters (5.7) are symmetric matrices ¥;; = 19;», which in turn leads to sym-
metric Wasserstein distances dy,; - by Corollary 5.2.11. As a consequence of this, and
also in light of the discussion leading up to Assumption 5.1.1, there is no need to choose
an orientation for the edges in this situation, as the mapping of edges ij to J;;(x;, x;),
respectively dy,; -, is well defined. In this case, the regularization term can alternatively
be expressed as

T e (W) = 5 57 5 g, (W3, W), (5.77)
i€V jeN;
where the additional factor 1/2 enters because every edge occurs twice on the right-hand
side. With this, Proposition 5.2.13 is now reformulated accordingly.

Proposition 5.2.14 (gradient of J;,: symmetric case). Suppose all edges ij € € are
undirected and the corresponding pairwise parameter matrices ¥;; are symmetric. Then
Jra: W — R is analytic and the i-th row of the Euclidean gradient gradp Jro(W) € Ty
s given by

gradg; Jro(W) = Prgd; + Y gradg dg,, (Wi, W) — aexpy L (W;) (5.78)
JEN;

where gradp, | dy (Wi, W;) € Ts denotes the gradient with respect to the first argument.

i5.T
Proof. The expressions for the gradients of Jyat, and Jipg as well as the analyticity of
Jro follow from Proposition 5.2.13. Thus, only the gradient of the regularization term
has to be calculated. The differential of Jyeg for the alternative expression (5.77) is
given by

1
dJreg,T(W) [V] = 5 Z Z (< gradE,l deij,T(Wiv VVJ)? VZ> + < gradE,Z dGij,T(Wi’ Wj)’ Vv]>> ’
i€V jeN;

with V' € Tyy arbitrary. Using the indicator functions X y.: V — {0, 1} of the neighbor-
hoods N; and following the analog calculation as in the proof of Theorem 5.2.13 after
(5.76) shows

SN (eradpods, (Wi, W)), Vi) =Y > (gradgody,, -(W;, Wi), Vi) (5.79)
1€V jEN; i€V jEN;
As a consequence of the costs 1J;; being symmetric for all ij € £, the equality

(5.64)

gradp 5 dg (W, W) = gradE,ldei]‘,T(Wi7Wj)

(Y]
can be applied to (5.79), overall resulting in
D {gradg; Jreg,r (W), Vi) = (gradg Jieg (W), V) = dJreg,-(W)[V]
%

= Z < Z gradp deijvT(Wi’ Wi), VZ> ’

i€V jeN;

126



5.2. Variational Formulation of Graphical Models using local Wasserstein Distances

Since this equation holds for all V' € Tyy, the desired expression in (5.78) for the regu-
larization term follows. O

The Riemannian Gradient Descent Flow

The resulting Riemannian gradient descent flow for W;, ¢ € V, on the assignment mani-
fold W has the form

Wi = —grad,; Jra(W) "2 Ry, [ = 0; — gradp,; Jueg (W) + aexp (W))],  (5.80)

with initial condition given by the unbiased uniform label distribution W;(0) = 1.

With respect to loopy belief propagation (5.20), message passing for vertex i € V in
this approach is defined by evaluating the local Wasserstein gradients in the expression of
gradp ; Jreg,r for all edges incident to i. Therefore these local gradients are call Wasser-
stein messages which are ‘passed along edges’. Similarly to loopy belief propagation,
each such message is given by dual variables through (5.63), that solve the regularized
local dual LPs (5.60).

In addition, the following observations in correspondence to the the smoothed local
polytope relaxation (5.15) and loopy belief propagation (5.20) can be made:

(1) Local convexity and valid constraints. Wasserstein messages of (5.75) are de-
fined by local convex programs (5.60). As a consequence, all local marginalization
constraints for the ‘hidden’ coupling measures of W; and W; are always satisfied
throughout the inference process. This is in sharp contrast to belief propagation
where this generally only holds after convergence.

(2) Smooth global rounding. Rounding to integral solutions is gradually enforced
by the Riemannian flow induced through Jin (5.71) depending on the integrality
parameter «. In particular, repeated ‘aggressive’ local max operations of the max-
product algorithm are replaced by a smooth flow.

(3) Smoothness and weak nonlinearity. The role of the smoothing parameter 7 in
the variational model J; , (5.68) differs from the role of the smoothing parameter
in the smoothed LP relaxation (5.15). While in the latter case, 7 has to be chosen
quite close to 0 so as to achieve rounding at all, the smoothing parameter of the
variational model J;, merely mollifies the dual local problems (5.33) and hence
should be chosen small, but may be considerably larger than for the smoothed local
polytope relaxation. The decoupling of smoothing and rounding in J,, therefore
enables to numerically compute labelings more efficiently. The results reported in
the experiment section below demonstrate this fact.

In the remaining part of this section, the influence of the integrality enforcing term
Jint in the initial phase of the Riemannian gradient flow (5.80) is investigated. For this,
suppose that for all ij € £ the pairwise parameters 1J;; are symmetric and such that
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dﬁijﬂ-(WZ‘, W;) = 0 if and only if W; = W;. Under this assumption, W; is the global
minimum of dy,; - (-, W), resulting in

gradE,l dﬁijﬁ(vvja Wj) =0. (5.81)
Because of the initial condition W;(0) = 1g, for all ¢ € V, all assignments W;(t) in
the neighborhood of i € V are almost the same on the initial time interval [0,7") for
sufficiently small 0 < T' < 1. Therefore, the initial dynamics of the Riemannian gradient
flow is essentially governed by

Wi = Ry, [ —0; + aexpr;(Wi)], Vi(0) =1s for te[0,T),

depending only on the local unary costs 9; and the parameter o« > 0. Applying the trans-
formation W;(t) = exp; (V;(t)) from (2.64), with V;(t) € Ts, the equivalent dynamical
system on Ts reads

Vi = —Pry¥; +aV;, with V;(0)=0 Vie.
Thus, for a = 0, the solution of this linear ODE is given by
Vi(t) = —tPrgv;
while for a > 0, the solution has the form
Vilt) = L(1 - ) Pryo.

Since exp;, implicitly projects onto the tangent space by (2.38), the corresponding
curves on S in terms of W; are given by

Wi(t) = expy (—t9;) and W;(t) = exp (2(1—e*)v;) (5.82)
The limit behavior for ¢ towards infinity is clarified in the next statement.

Lemma 5.2.15. Let x,y € R" and suppose x has a unique maximum entry, i.e. there
is an v € [n] with 2" > a7 for all j # r. If h: R — R is continuous and satisfies
limy o0 h(t) = 00, then expy (h(t)x +y) = e € By.

Proof. Define a(t) := h(t)x +y. By assumption 2/ — 2" < 0 for every j # r, resulting in
the limit
lim e ®=a"(®) — Jyy PO (wj_mr)—’_yj_yr = djr,
t—o0 t—o0
where 6, is the Kronecker delta. Therefore, subtracting a”(t) in every component results
in limy_,e @~ ®1n — ¢ Because expq, implicitly projects onto the tangent space
according to (2.38), it finally follows

. (2.38) . , .
tliglo expy(a(t)) = tlgglo expy,(a(t) —a"(t)1,) = lim =e. O

Suppose ¥; has a unique minimum in the r-th component. Applying Lemma 5.2.15
implies that in both cases, & = 0 and « > 0, the solutions W;(t) from (5.82) converge
towards the integral assignment e,. However, in the latter case, the solution approaches
e, exponentially faster, showing that an increase in « leads to a more aggressive push of
the assignments toward integral solutions in the initial phase of the flow.
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5.3. Experiments

In this section, the main properties of the presented variational approach J; . (5.68) are
assessed by two selected academical experiments. The dependency of label assignment
on the integrality parameter « is illustrated in Section 5.3.1. A competitive evaluation
of the variational approach with two established and widely applied methods, sequential
tree-reweighted message passing (TRWS) [Kol06] and loopy belief propagation (5.20)
based on the OpenGM package [ABK12], is made in Section 5.3.2.

The approach from Chapter 3 of GEA-sequences for numerical integration of the per-
turbed Riemannian gradient flow is used for optimization.

Perturbed model and flow. The perturbed variational model of J;, (5.68) reads
Jrae(W) := Jr (W) — e(log, L), Wew, (5.83)
with 0 < ¢ < 1. By Lemma 3.1.2, the i-th row of the Euclidean gradient has the form

1
gradg ; Jae(W) = Prgv; + gradg ; Jreg - (W) — a eprSl(Wi) — EPTSWS', (5.84)

for W € W. Due to J; o, : W — R being analytic as a consequence of Proposition 5.2.13,
the convergence and stability results for the corresponding Riemannian gradient descent
flow from Section 3.3.3 apply.

Numerical integration. For given descent parameter 7 and diminishing factor s, with
7,8 € (0,1) as well as the maximal step-size hyax > 0, the general GEA-sequence update
scheme (3.89) is of the form

Wk = GEA(W®) = expyya (—hk grad JT,Q;E(WU“))), WO =1y, € W, (5.85)

where the step-size hy = h(W(k)) > 0 is the Armijo step-size (3.86), depending on the
choices for 7, s and hmax. As a result of J:,..: W — R being analytic according to
Proposition 5.2.13, the convergence and stability results for the discrete-time case from
Section 3.4 are valid.

Termination criterion. In all experiments, the normalized relative change (nrc) of
Jra:e from (4.30) is used as part of the convergence criterion.

Wasserstein gradients. In all experiments the iterative Sinkhorn’s algorithm (5.66)
is used to simultaneously compute the local Wasserstein gradients for all edges. The

k-th (global) iteration of Sinkhorn’s algorithm then results in an approximation Vrgfg,«)ﬁ
for the gradient of the regularization term gradg Jyeg,r. The iteration is terminated if
the relative change with respect to the Euclidean metric

Vi) — vV
[haem

drops below the threshold of 107°.
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5.3.1. Influence of the Integrality Parameter

The influence of the integrality parameter o« > 0 on the variational model J;, (5.68) is
assessed through the second labeling problem of Section 4.1.3. Figure 5.4 again shows
the noisy RGB-image f: V — [0,1]® on the grid graph G, = (V;, &) (see Section 2.3.1)
with minimal neighborhood size |N;| = 3 x 3, i € V, together with the eight prototypical
colors X = {/1,...,¢3} C [0,1]® used as labels. Similar to the distance matrix (2.54) of
the assignment flow, the unary (or data) term is defined using the || - ||; distance and a
scaling factor p > 0 by

= (£ = Bl I = bsl). Vi€V,

and Potts regularization is used for defining the pairwise parameters of the model

(05j)) =1 = Ok, Vij €&, (5.86)
where dj, is the Kronecker delta. This way, the penalty costs of any two different
discrete label choices is uniform.

For this experiment, the feature scaling factor is chosen as p = 0.3, the smoothing
parameter as 7 = 0.12 and the perturbation parameter as ¢ = 1071°. The GEA update
scheme (5.85) uses the parameters 7 = 0.01, s = 0.5 and hpmax = 0.05. The iteration
is terminated if either the normalized relative change of J; 4. (4.30) drops below the
threshold of 107> or the maximum number of 500 iterations is reached.

Figure 5.4 shows the influence of the integrality parameter « for the parameter choices
a € {0,0.5,2,4,8,16}. The color values of the individual results are the expected color
label Ey, [X] = jels) WZJ ¢; given the assignment W; at every pixel ¢ after reaching the
termination criterion. For a = 0 and a = 0.5 the maximum number of 500 iterations was
reached, while in all other cases the nrc of J; .. (4.30) drop below 1075 first. If either
no rounding is performed (« = 0) or if the influence of rounding is too small compared
to the smoothing of the Wasserstein distances (o = 0.5), the Riemannian gradient flow
does not converge to an integral solution, even though the assignments show a clear
tendency. Increasing the strength of rounding (i.e. larger «) leads to a faster decrease
in the integrality enforcing term Jin (W) = Hy (W) (cf. Figure 5.5) and therefore to
an earlier convergence of the process to a specific labeling. Thus, a more aggressive
rounding scheme yields a less regularized result due to the rapid decision for a labeling
at an early stage of the algorithm (see also the discussion at the end of Section 5.2.4).

Figure 5.5 shows the interplay between minimizing the approximation of the LP relax-
ation J- (5.70) (middle) and the values of the integrality term Jiy given by the entropy
Hyy (top) for the first 100 iterations dependent on the different choices for a. Less
aggressive rounding in terms of smaller values for « results in a more regularized as-
signment as the flows spends more time minimizing J.. For too small values of «, the
entropy is not sufficiently minimized leading to non-integral assignments, as discussed
in the preceding paragraph. The effect of a on the speed of convergences can also be
seen by the nrc values of J; . (bottom) for the first 100 iterations.
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original data noisy input data labels

Figure 5.4.: Influence of the integrality parameter o on the model J . (5.83) with
smoothing parameter 7 = 0.12 and perturbation parameter ¢ = 1071%. Top row: The
underlying original RGB-image together with a noisy input version of the model and 8
prototypical colors used as labels. Middle and bottom row: Results for increasing
values of av after reaching the termination criterion. The images show the expected color
label Eyy, [X] = jels] W7 ¢, given the assignment W; at every pixel i. For small values of
a (0 and 0.5) the integrality term is too weak, resulting in non-integral assignments. For
larger «, the rounding mechanism is becoming more dominant, leading to less regularized
results.
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Figure 5.5.: The average values of the integrality term Jiny = Hyy (5.71) (top), approxi-
mation of the LP relaxation J; (5.70) (middle) and the nrc of Jr 4. (4.30) in the first 100
iterations are shown for 7 = 0.12, ¢ = 10~'? and varying parameter o € {0,0.5,2,4,8,16}
(see color code on top). Top: With increasing values of the rounding parameter «, the
entropy Jint = Hyy drops more rapidly and hence the iterates converge faster to an inte-
gral assignment. Middle: Two phases of the algorithm depending on « are visible. In
the first phase, J is minimized up to the point where rounding takes over in the second
phase. For smaller values of «, the flow spends more time on minimizing J. leading
to more regularized assignments. Bottom: Normalized relative change of J: .. (4.30).

100

For o = 0,0.5 the nrc did not drop below 10~° within the allowed 500 iterations.
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5.3.2. Comparison to Other Methods

The geometric variational approach is compared to sequential tree-reweighted message
passing (TRWS) [Kol06] and loopy belief propagation [Wei01] (Loopy-BP) based on the
OpenGM package [ABK12].

.

Original data oisy data

Figure 5.6.: Noisy image labeling problem: A binary ground truth image (left) with
various rectangles and circles to be recovered from noisy input data (right).

For this comparison, the performance of the methods is evaluated with a noisy binary
labeling scenario on a 128 x 128 image depicted by Figure 5.6. The spatial structure
of the data is given by a slightly modified version of the grid graph G, = (Vy,&y) from
Section 2.3.1, where instead of the || - || max the || - ||1 norm is used for determining the
neighborhood structure of the graph. In the following, the minimal nontrivial neighbor-
hoods given by the || - ||; balls of radius 1 are used, also simply called 4-neighborhoods.
Let f: V4 — [0,1] be the noisy image data and X = {0, 1} the binary set of labels. A
standard (unary) data term together with the Potts prior (5.86) is used

Y = <1 f(})(z)) for i€V and ¥ = <(1) é) for ijeé&. (5.87)

For this experiment, the smoothing parameter is chosen as 7 = 0.1 and the pertur-
bation parameter again as ¢ = 1070, The GEA iteration (5.85) uses the parameters
7 =10.01, s = 0.5 and hyax = 0.1. The iteration is terminated if the normalized relative
change of J; »,c (4.30) drops below the threshold of 1075.

Figure 5.7 shows the resulting visual reconstruction as well as the corresponding values
of the underlying discrete objective function J (5.1) and percentage of correct labels for
all three methods. The variational model J; o, achieves similar accuracy and discrete
function value than TRWS and Loopy-BP.

Figure 5.8 shows the nrc of J; .. (4.30) (bottom) and the interplay between the
two terms in J; o = Jr + aJint (top, yellow), with relaxed LP approximation J. (5.70)
(orange) and integrality term Jip (5.71) (blue). These curves illustrate again the smooth
combination of optimization and rounding into a single two stage process.
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Figure 5.7.: Integral labeling results for the noisy labeling problem from Figure 5.6 for
all three methods, using a standard data term with Potts prior. The presented numbers
are in the formal discrete energy / accuracy. All methods show similar performance.
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Figure 5.8.: Top: Decomposition of the variational model J;o = Jr + aJint (5.68)
into the approximation of the LP relaxation J; (5.70) and the integrality enforcing term
Jint = Hyy (5.71) during iteration of the GEA sequence. The two stages of the algorithm
are weakly visible. In the first 50 iterations J; is minimized until .J;; takes over and
drives the flow towards an integral assignment. Bottom: The corresponding normalized
relative change of J; .. (4.30).
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Chapter 6

Conclusion and Outlook

Summary. The assignment flow is a dynamic selection process on the assignment man-
ifold for image labeling. It is given by a spatially coupled replicator dynamic, driven by
spatial reqularization and gradual enforcement of unambiguous label decisions. Combin-
ing this dynamical process with the more classical viewpoint of image labeling results in
a variational approach on the assignment manifold where label assignments are inferred
through the induced Riemannian gradient descent flow with respect to the underlying
information geometry.

This provided the motivation to consider general variational models in Chapter 3. To
avoid any boundary issues, arbitrarily precise label decisions were avoided by slightly
perturbing the model through the log-barrier function, introducing a minimum amount
of uncertainty in the assignments. This made it possible to transfer already established
convergence and stability results as well as convergence rates for the Euclidean setting to
the assignment manifold for the Riemannian gradient flow and its discretization through
the geometric Euler update with Armijo step-size selection.

The natural question whether there exists a potential, such that the assignment flow is
a Riemannian gradient descent flow on the assignment manifold, was negatively answered
in Chapter 4. However, alternatively parameterizing the assignment flow by its dominant
component revealed a ‘hidden’ Riemannian gradient flow whose potential consists of a
graph Laplacian and an integrality term, clearly identifying the two competing processes
governing the flow: regularization of assignments in a spatial context and gradually
enforcing unambiguous label decisions. Based on this potential, a continuous-domain
variational formulation was introduced and well-posedness of the resulting optimization
problem could be established.

Finally, in Chapter 5, relaxed variational models of discrete objective functions cor-
responding to discrete probabilistic graphical models were derived on the assignment
manifold. For this, the associated smoothed local polytope relaxation was rewritten us-
ing entropy regularized local Wasserstein distances. Following the Riemannian gradient
descent flow for inference resulted in an alternative optimization approach of discrete
graphical models using parallel ‘Wasserstein messages’ along edges. In contrast to estab-
lished methods, the local marginalization constraints are always satisfied and a smooth
rounding mechanism towards integral assignments is incorporated in the inference pro-
cess.
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Future work. Subsequently, several research directions and open problems for further
research are pointed out:

136

e Besides analyticity, compactness of level sets for the perturbed objective function

was a vital property for transferring the presented general convergence and stability
results from the Euclidean setting onto the assignment manifold in Chapter 3.
To which extend these results also hold for the underlying unperturbed function
remains an open question.

In [APSS17], the similarity matrix of the assignment flow was originally defined
to be the weighted Riemannian mean of the likelihood vectors. In order to ar-
rive at explicit formulas for efficient numerical updates, the Riemannian mean
with respect to the Fisher-Rao metric was approximated by the geometric mean.
Regarding the potential in the S-flow formulation in Section 4.1.2, the squared
Euclidean differences between neighboring assignments may be replaced by the
squared Riemannian distances as an alternative measure for similarity in spatial
neighborhoods. This way, a relation to Riemannian means re-enters the assign-
ment flow via the S-flow formulation through the objective function that defines
the Riemannian mean. The corresponding Riemannian gradient S-flow pushes the
assignments towards the Riemannian means of the likelihood vectors depending
on the current assignment state. Since explicit expressions for the Riemannian
distance and its gradient are available, there is no need for approximations. Initial
work in this direction using an explicit data term and the entropy for integrality
enforcement was presented in [SS19a].

The derived numerical discrete-time algorithm for optimizing the continuous do-
main formulation of the assignment flow in Section 4.2 consists of a sequence of
linear discretized elliptic PDE problems together with a convex simplex constraint.
However, the limit case has not been considered so far and provides an opportunity
for further investigation.

In this thesis, uniform weights for controlling the spatial averages of the assignment
flow were chosen. Depending on the application, however, it might be advanta-
geous to allow label-dependent weights which adapt to the specific task at hand
using methods from optimal control. A first step in this direction was presented
in preliminary work on learning the weight parameter for a linearized version of
the assignment flow in [HSPS19]. This might also be an interesting approach for
parameter learning of discrete graphical models using the relaxed variational for-
mulation in Chapter 5, as the relation between approximations for the learning
problem and approximations of the inference problem for this class of models is
less well understood [Wai06].



Appendix A
Differential Geometry

In the following, some basic definitions and facts from Riemannian geometry relevant
for this work are briefly summarized. For proofs of the presented results and a more de-
tailed exposition, the reader is referred to introductory material such as [Leel2], [Leel§]
or [Josl7] and references therein. A treatment from the viewpoint of optimization on
Riemannian manifolds can be found in [AMSO08]. As in the latter reference, most of the
considered manifolds are viewed as embedded submanifolds in R?.

In the context of pure geometric considerations in this work, the Finstein summation
convention is used. That is, if the same index appears twice in an expression, once as
an upper and once as a lower index, then it is implicitly assumed to be summed over,

e.g.

a'bi =Y a'b;. (A1)
i=1

A.1. General Manifolds and Submanifolds of R

Let M be smooth manifold of dimension m with associated tangent and cotangent bundle
TM and T*M. The set of all smooth vector and covector fields of M is denoted by X(M)
and X*(M) respectively. Using local coordinates x around a point p € M, a vector field
X € X(M) and covector field w € X*(M) can be expressed in local coordinates around

p through the induced basis 8(21' and dual basis dz’ as

X =X"_— 4 and w = w;dz’.
ozt

Suppose N is another smooth manifold of dimension n. The differential of a smooth
function F': M — N at p € M is denoted by

dF(p): TyM — Tpy N, X+ dF(p)[X].

The map F' in local coordinates is denoted by F. That is, let o: Uy — Unr be a chart
around p with open sets Uy C M and UM CR™aswellasn: Uy — UN a chart around
F(p) with open sets Uy C N and Uy C R™ with F(Up;) C Uy. Then

F:=nploFo¢: Uy — Uy. (A.2)
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If there is an embedding of the manifold M into RY, then M is identified as a sub-
manifold M C R%. In this case, the tangent space at any p € M can be identified with
a characterization using smooth curves on M by

T,M = {v c R4 ‘ dcurve v on M, v(0) =p, 4(0) = U}'

Let N C R? be another submanifold and F: M — N a smooth map. With the above
identification of the tangent space, the differential of F' applied to v € T,M can be
expressed using any smooth curve y: (—e,e) — M, € > 0, with v(0) = p and 4(0) = v
as

AF )] = S FC(0)], g (A3)

Often, this equality provides a useful way of efficiently calculating dF(p)[v], avoiding
local coordinates.

Let K € N and assume M; is a smooth manifold for every i € [K]. The tangent space
of the product manifold M := Hie[K] M; at p = (pi)ic(x) € M can naturally be identified
(see e.g. [Leel2, Prop. 3.14]) with the product of the tangent spaces, i.e.

T,M = [] T, M. (A.4)
1€[K]

If N; with i € [K] is another family of smooth manifolds together with smooth maps
F;: M; — N; for every i € K], then there is a canonical product map F between M and
N = HiE[K] N;, defined by

F: M — N, p= (pi)icix) = F(p) = (Fi(pi))ie[K]' (A.5)

Due to the above identification of the tangent spaces T, M and T, N with the product
of the corresponding tangent spaces Tj, M; and T, )V, the differential of F' at point
p = (pi)icix) € M factorizes and has the form

dF(p): T,M — T,N, V = (Vi)ieix) = dF (p)[V] = (dF;(pi)[Vi]) (A.6)

i€[K]"

A.2. Flows on Manifolds

Let M be a manifold and I C R an open interval. A smooth curve v: I — M determines
a tangent vector, also called wvelocity, ¥(t) = %7(3)}S:t = dw(t)[%] € TyyM at every
point along its trajectory. For X € X(M), a smooth curve v: I — M is an integral curve
of X, if

A(t) = X(y(t)) foralltel.

Collecting all integral curves into one mathematical object leads to the concept of a
"flow”. For this, a flow domain on M is an open subset ¥ C R x M such that for every
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p € M the set 2P = {t €R | (t,p) € .@} is an open interval containing 0. A smooth
flow on M is a smooth map 0: Z — M, with & being a flow domain and 6 satisfying

0(0,p) =p and 6(t,0(s,p)) = 0(t + s,p),

whenever the latter expressions are defined. The infinitesimal generator of 0 is the vector
field X € X(M) defined by X (p) := £6(t,p)|,_,-

The following fundamental result shows that smooth flows induced by vector fields
are unique if they are required to be maximal.

Theorem A.2.1 (Fundamental Theorem on Flows). [Lee12, Thm. 9.12] For every vec-
tor field X € X(M) there is a unique mazimal smooth flow 0: 9 — M whose infinites-
imal generator is X, where maximal means 6 cannot be extended to a flow on a larger
flow domain. For every p € M, the curve 0% : 90) — M, defined by 6®)(t) := (¢, p),
1s the unique mazximal integral curve of X starting at p, i.e. 9(1”)(0) =p.

Even so, in general, integral curves only exist locally on a short time scale, the next
lemma can often be used to prove global existence.

Lemma A.2.2 (Escape Lemma). [Lee12, Lem. 9.19] Let X € X(M). If v: I — M is a
maximal integral curve of X such that the interval I C R has a finite least upper bound
b = sup{s € I}, then for everyt € I, the image y([t,b)) is not contained in any compact
subset of M.

A.3. Connections

Connections generalizing the notion of directional derivatives of vector fields on smooth
manifolds in a coordinate independent way. A covariant derivative or affine connection
on a smooth manifold M of dimension m is a map
V:X(M)xX(M)— X(M), (X,Y)— VxY,
fulfilling the following three properties:
(I) VxY is tensorial in X. That is, for fi, fo € C*°(M) and X, Xo € X(M)
VixiepxY = hVx,Y + oVx,Y.

(IT) VxY is R-linear in Y, i.e. for a1,a2 € R and Y1,Ys € X(M)

Vx(a1Y1 + a2Ys) = a1VxY1 + aaVxYa.

(ITI) V satisfies the product rule

Vx(fY) = fVxY + (Xf)Y forall f e C®M).
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The expression VxY is termed the covariant derivative of Y in the direction X. Using
local coordinates, the Christoffel symbols of the connection V are defined by

vaa_ka

EXE al’j S 8xk '

For general vector fields X,Y € X(M), the covariant derivative VxY then hast the
coordinate expression

)

Oxk’
showing that the m?3 Christoffel symbols completely determine the affine connection.
The torsion tensor for a connection V is defined as

VxY = (XY"+T5X'Y7)

T(X,Y):=VxY —VyX — [X,Y]

for X,Y € X(M), where [X,Y] = XY — Y X is the Lie bracket of two vector fields.
Using the local coordinate vector fields %, the components of T' are given by

o 0 k ) O
Ty =T (5q37) = (T 1) -
A connection V is called torsion-free or symmetric, if the torsion vanishes T' = 0, which
is equivalent to the Christoffel symbols being symmetric

Iy, =T% foralli,j k € [m].
The curvature tensor corresponding to V is defined as
R(X,Y)Z :=VxVyZ —-VyVxZ - Vixy|Z

for XY, Z € X(M).

A.3.1. Parallel Transport

Let v: I — M be a smooth curve, with I C R an open interval. A smooth vector field
X along v is a smooth map X : I — T'M such that X(t) € T )M for every t € I. Any
connection V on M induces a covariant derivative along vy, denoted by Vs X. In local
coordinates, this covariant derivative has the form

Vo X (1) = (K50 + 500 0T (410).) 5 (1(0). (A7)

A smooth vector field X along ~ is parallel along v if V4 X = 0. Since (A.7) is a system
of linear first-order ODEs, for any given initial value V' € T (q)M there exists a unique
parallel vector field X along v with the initial condition X (0) = V. The parallel transport
11, between p = v(tp) and g = y(¢1) along ~ is a linear isomorphism defined by

I, T,M — T,M, VXY (t),
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where XV (t;) is the parallel vector field along v with XV (to) = V. For X,Y € X(M),
the covariant derivative VxY can be recovered through parallel transport along any
smooth curve v: I — M with v(0) = p and 4(0) = X (p) by

o1
V¥ (p) = lim (I V(5(1) — Y (7). (A8)
A vector field X € X(M) is said to be parallel if X (v(t)) is a parallel vector field along
~ for every smooth curve v in M. This is equivalent to the condition VX = 0.

A.3.2. Geodesics and Exponential Maps

A geodesic is a smooth curve v: I — M with zero acceleration V)7 along 7. In local
coordinates v = (v") this is expressed as

0= Vi i(t) = 5 (t) + 4" )5 (OTE (v(1)), (A.9)

which is a system of linear second-order ODEs. For every p € M and V' € T),M there is
a unique maximal open interval Ity C R with 0 € Iy and a geodesic vy : Iy — M with
v (0) = p and Ay (0) = V. A connection is called complete if every maximal geodesic
exists for all time, i.e. vy : R — M.

Viewing geodesics as a map depending on the initial conditions leads to the concept
of the exponential map induced by a connection V

Exp: & = M, V — Exp(V):=~v(1), (A.10)

with domain & := {V eTM ‘ le IV} C T'M. The exponential map at a specific point
p € M is denoted by Exp,: &, = M and has a star-shaped domain &), := & NT,M. For
every V € T, M the geodesic vy can then be expressed as

Y (t) = Exp,(tV)

for all ¢ such that either side is defined. Furthermore, the differential of Exp,, at 0 € T, M
is the identity d Exp,(0) = idz, s, under the identification Ty (T,M) = T, M.

A.3.3. Flat Connections

A connection V on a m dimensional manifold M is called flat if for each point p € M
there exists local coordinates z = () on a neighborhood U, for which all coordinate
vector fields 821' are parallel, i.e. V 82,. = 0. Such coordinates are said to be an V-affine
coordinate system. Flat connections can equivalently be characterized by their torsion
and curvature tensor.

Theorem A.3.1. [Jos17, Thm. 4.1.3]. A connection ¥V on M is flat if and only if its
curvature and torsion tensor vanish identically, i.e. T =0 and R = 0.
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A necessary and sufficient condition for a coordinate system y = () to be another
affine coordinate system on U is that the transition map yo2~! between the coordinate
systems is a regular affine transformation (cf. [ANO7, Ch. 1.7]), i.e. there exists a matrix
A € GL,,(R) and a vector b € R™ such that

y = Ax +b. (A.11)

Therefore, if a flat connection V exists on M, then M is an affine manifold, i.e. M is
covered by coordinate charts with affine coordinate changes.

A.4. Riemannian Manifolds

Denote the bundle of covariant k-tensors of a smooth manifold M by TFM = ey M.

A Riemannian metric g on M is a symmetric 2-tensor field g: M — T?M which is pos-
itive definite at each point, that is, g, is an inner product on the tangent space,

gp: T,M x T,M - R, (X,Y) — g,(X,Y),

smoothly varying in p € M. A Riemannian manifold is a manifold M together with a
choice of a Riemannian metric g, sometimes denoted by (M, g). The induced Riemannian
norm on T, M at p € M is denoted by

1X1,, = \/9(X,X), VX eT,M.

In any smooth local coordinates = = (z'), a Riemannian metric g can be written as

g= gijd:vi ®dz?  with gij = 9( 0. 0

9z’ Oz

The matrix (g;;) is symmetric and positive definite with smooth component functions.
Its inverse is given by (¢¥), i.e. gpg" = &7, where 6] is the Kronecker delta.

Suppose (M, g) and (N, h) are Riemannian manifolds. An Isometry from (M,g) to
(N, h) is a diffeomorphism F': M — N such that F*h = g, i.e.

9z (u,v) = hpy (dF(z)[u], dF (z)[v]), Vo € M and Yu,v € T, M.

Two Riemannian manifolds (M, g) and (NN, h) are isometric, if there exists an isometry
between them.

Suppose (M;,g;) is a Riemannian manifold for every i € [K|, K € N. Using the
identification (A.4), the product manifold, M = Hz’e[K} M; has a natural Riemannian
metric g, called product metric, defined by

gp(V.U) = Z 9ilp;(Vi, Ui) (A.12)
1€[K]

forallp=(p;) € M and V = (V;),U = (U;) € T, M.
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A.4.1. Riemannian Gradients

A Riemannian metric also induces a natural identification between the tangent space
TpM and cotangent space TpM. Every X € T,M defines a covector wx € T;M by
setting wx (V) := gp(X,Y)R for all Y € T,M. The induced map

LM — T, M, X wx (A.13)

is a linear isomorphism. Thus, for every n € T,M* there is a unique X, € T,,M such
that n = wyx. The identification between a vector X = X* 822' and covector w = w;dz’
in local coordinates is given by

X'=g%w; and w;=g;X’.

In particular, for a smooth function f: M — R, the above identification (A.13) between
vectors and covectors is used to define the Riemannian gradient grad, f of f as the
tangent vector uniquely determined by the 1-form df via the identity

gp(gradg f(p),X) =df(p)[X] forallpe M, X € T,M.

In local coordinates, the Riemannian gradient is expressed by

It is important to note, that whether a vector field X has a potential, i.e. a function f
with grad, f = X, not only depends on X but also on the Riemannian metric. Also, for
a fixed metric g, not every vector field has a potential in general.

If two Riemannian manifolds are isometric, then their Riemannian gradients are re-
lated

Lemma A.4.1. Let F' : (M,g) — (N,h) be an isometry between two Riemannian
manifolds and f : N — R and f : M — R a smooth function with f = f o F. Then the
Riemannian gradients of f and f are related by

grady, f(F(p)) = dF (p)[grad, f(p)] ~ Vpe M (A.14)

and their norms by

| gwady, F(FO) sy = llerad, F@)llgp Vo€ M. (A.15)

Proof. Since f = f o F, it follows for the 1-form df = d(f o F) = F*df. Let ¢ € N and
u € T,N be arbitrary and set p := F~1(q) € M as well as v := dF(p)~'[u] € T,M. The
definition of the Riemannian gradient and g = F*h yields

df (q)[u] = df (F (p))[dFp[v]] = (F*df)(p)[v] = df (p)[v] = gp(grad, f(p),v)
= hpg) (dF(p)lgrad, f(p)], dF (p)[v]) = hq(dF (p)[grad, f(p)], u).

Because this equality holds for every v € T, N and the Riemannian gradient is uniquely
determined by the property df (¢)[u] = hq(gradh f(q),u), the relation (A.14) is estab-
lished. With this characterization of gradients and g = F*h, the norm equality in (A.15)
directly follows. O
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A.4.2. Levi-Civita Connection

A connection V on a Riemannian manifold (M, g) is a metric connection or compatible
with g, if it fulfills the product rule

ng(X7Y) = g(VZX,Y) +9(X7 VZY)

for all X,Y,Z € X(M). For every Riemannian structure g on M, there exists a unique
torsion free metric connection VY, called the Levi-Civita connection of g. In local coor-
dinates, the Christoffel symbols of the Levi-Civita connection are given by

(g)k_} w9 . i . _i .
T — 99 <(99:ig]l+8xjg” ot ) -

The geodesics and exponential map corresponding the Levi-Civita are called Riemannian
geodesics and Riemannian exponential map, where the latter will be denoted by Exp? to
avoid confusion when multiple connections and their corresponding Exponential maps
are considered.

A.4.3. Riemannian Distance and Mean

For a Riemannian manifold (M, g), the length of a smooth curve 7: [a,b] — M depends
on the metric and is defined by

b
L) = [ fa GO0

If M is connected, the Riemannian distance between two points z,y € M is defined as

dg(z,y) := inf {Ly(7) | 7: [a,b] — M piecwise smooth , y(a) = z,7(b) =y}
and turns (M, d,) into a metric space. If (IV, h) is another connected Riemannian man-
ifold and F': M — N an isometry, then F is also an isometry between the metric spaces
(M,dy) and (N,dp), i.e.
dg(w,y) = dn(F(2),F(y))  Va,y € M.

Viewing the squared distance as a smooth function z +— $d2(z,y) := ((z) on M, for
fixed y € M, the Riemannian gradient is given by

grad ¢(z) = —(Exp?) ' (y)

Let z1,...,2ny € M be some points with associated weights w1, ...,wny € R, satisfying
Zke[N] wr =1 and wy, > 0 for k € [N]. The Riemannian center of mass, in the following
just called Riemannian mean, is a point z, € M minimizing the function

1
x—c(x) = 5 Z wkdg(x,xk)
ke[N]

on M, i.e. z, fulfills the optimality condition (see [Jos17, Lem. 6.9.5])

0 = gradc(zy) = Z wy, ( Exp?, )_l(azk). (A.16)
kE[N]
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A.4.4. Riemannian Hessian

Suppose (M, g) is a Riemannian manifold and f: M — R a smooth function. Using the
definition from [AMS08], the Riemannian Hessian of f at p € M is the linear map

Hess, f(p): T,M — T,M, X — Hessy f(p)[X] := V% grad, f(p). (A.17)

Due to [AMSO08, Prop. 5.5.3], Hess, f is symmetric with respect to the Riemannian
metric g, i.e. at p € M

gp( Hess, f(p)[X], Y) =gp (X7 Hess, f(p) [Y]) (A.18)

holds for all X,Y € T,,M.
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Appendix B
Convex Analysis

The basic definitions and results from convex analysis necessary for this work are briefly
summarized in the following, based on [BV04], [Roc70] and [RW09].

B.1. Affine and Convex Sets

A subset A C R™ is called an affine set, if rx + (1 — )y € A holds for all z,y € A and
r € R. For any subset S C R" the affine hull of S, denoted by aff(5), is the smallest
affine set A C R" containing S. A subset C' C R" is convez, if for all z,y € C the line
segment rx + (1 — )y, with r € [0, 1], is contained in C. Similar to the affine hull, the
convez hull conv(S) of a subset S C R™ is the smallest convex set C' C R"™ containing
the set S.

Lemma B.1.1. For any compact set K C R%, the convex hull conv(K) is compact.
Proof. See e.g. [RW09, Corollary 2.30]. O

Let (R™,d) be a metric space. The relative interior of a convex set C' C R™ is denoted
by rint(C') and defined to be the interior when C' is regarded as a subset of its affine hull
aff(C) in the subspace topology. Since the topology of R™ is induced by the metric d,
the relative interior of C' can equivalently be described as

rint(C) = {z € aff(C) | e > 0: B:(z) Naff(C) C C}, (B.1)

where B, (x) = {y € R" | d(z,y) < r} is the open ball in R™ of radius r > 0 around =x.

B.2. Convex Functions
Let C C R™ be a convex set. A function f: C' — R is convex if
fx+ (1 —=r)y) <rflx)+ (1 —7r)f(y) Vx,y € C and Vr € [0, 1].

The function f is called strictly convez, if the above inequality is strict for x # y and
r € (0,1). Furthermore, for a constant ¢ > 0, the function f is o-strongly conver with
respect to the norm || - ||, if

Jra 4+ (1=r)y) < rf(@) + Q=) fy) = Zr0 =)z -yl
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holds for all z,y € C'and r € (0,1). If || - ||, = || - ||, then f is just said to be o-strongly
convex, without referring to the norm.

Proposition B.2.1. /[BT03, Prop. 5.1] The negative entropy —H is 1-strongly convex
on rint(A) with respect to || - ||1.

In the following, it will be convenient to extend a convex function f: C' — R onto all
of R™ by allowing f to take the value infinity outside its domain, i.e. to be an extended
real-valued function

f:R" = R:=RU{oo} with dom(f):={xeR"| f(x)< c}.

If f is convex then so is the set dom(f). Thus, there is no need to refer to the convex
set C' when defining f, since it is implicitly given as dom(f) = C.

Let C C R™ be a subset and define the indicator function of C' from an optimization
point of view by

0 ,forzeC

(B.2)
o ,else.

dc: R" = R, 1‘»—>6@(3:):{

If C is convex, then ¢ is an extended real-valued convex function. Moreover, if addi-
tionally C' is closed, then ¢ is lower semicontinuous. With this, minimizing a function
f: R™ — R restricted to a set C' C R™ can now be viewed as minimizing f + d¢ over all
of R", i.e.

min { f(z)} = min {f(z) + dc(z)}.

zeC zER"

For a function f: R™ — R, the conjugate function, denoted by f*, is defined by

()= sup {{y,2) — f(z)} = sup ){(y,ﬂf) — fx)} (B.3)

TER™ z€dom(f

and its domain consists of all y € R? for which the supremum is finite. The conjugate
function is always convex. If f is convex and lower semicontinuous, then f** = f.

Suppose the convex set C' C R™ is open and f is continuously differentiable on C', then
all these different forms of convexity can be characterized through first-order conditions.
In this case, f is convex if and only if

fy) = f(x)+(0f(x),y —z)  Vo,yeC (B.4)
and strictly convex if and only if the above inequality is strict for x # y. Additionally,
o-strong convexity of f with respect to | - ||, is equivalent to the condition

o
F) = f(@) +(0f @)y —a) + Sy —=l; Yo,y el (B.5)

If f is even twice continuously differentiable, then second-order conditions are available.
In this situation, the convexity of f is equivalent to the Hessian of f being positive
semi-definite for all z € C. For strict convexity, the condition of Hess f(x) to be positive
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definite for all x € C' is only sufficient but not necessary. Furthermore, f is o-strongly
convex if and only if the smallest eigenvalue of Hess f(x) is lower bounded by o for all
x e’ ie.

(u, Hess f(z)u) > o|jul?, Vu € R™. (B.6)

As a consequence, [ is o-strongly convex, if and only if f — %O‘H -||? is convex.

B.3. Bregman Divergences

Let the convex set C' C R™ be open and f: C' — R continuously differentiable. Define
the function Dy: C' x C — R by

Df(yvx) = f(y) - f((L’) - <8f(a:),y - JI>, V]),y eC. (B7)

This function is linear in f, i.e. for another function g: C — R and constants «, 8 € R
it follows
Daf+,6’g = an + ,BDg. (B.S)

Due to the definition of Dy and the first-order condition of convexity in (B.4), the
characterization

f:C —=Risconvex & Dy(y,xz)>0Ve,yecC (B.9)

follows as well the equivalence between f being strictly convex and Dy(y,z) > 0 for
all x # y, by the corresponding first-order condition of strict convexity. Similarly, as a
result of (B.5),

[ is o-strictly convex w.r.t. |||, < Dyf(y,z) > %H?/ - :C||12, Ve,y € C. (B.10)

For a strictly convex function f, the expression Dy is called a Bregman divergence (see
[Bre67]) and generalizes the concept of a distance. Examples of Bregman divergences
are the Euclidean distance on R”, induced by the squared Euclidean norm

Dyje(y,2) =y —=|?,  Ve,yeR" (B.11)

and the Kullback-Leibler (KL) divergence on the probability simplex A C R™ (see (2.8)),
induced by the negative entropy —H (p) = (p,logp), for p € A and is given by

p
D_u(p,q) = <p, log 5> =: KL(p, q), Vp,q € A. (B.12)

Since the negative entropy can be extended onto the nonnegative orthant RS, the KL
divergence can be generalized, again denoted by KL, as

KL(z,y) = D_g(x,y) = <a:, log §> —(z,1,) + (y,1n), Vz,y € RL,. (B.13)

Bregman divergences are a useful concept with many applications in different fields, in-
cluding information theory [CT12], optimization [BT03], information geometry [Amal6]
and many more.
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B.4. Lagrange Duality and KKT Conditions

Subsequently, a short summary of the necessary definitions and concepts from optimiza-
tion theory for this work is given, based on [BV04].
Suppose a general minimization problem with equality and inequality constraints of
the form
min {f(z)} st. F(z) <0 and H(z) =0 (B.14)

reR?

is given, where the functions f: R* — R, F: R — R” and H: R® — R’ are not
necessarily convex and R = RU{oco} as above. The domain of the minimization problem
is defined by

D :={zx eR"| f(z) < oo, H(z) < 0o and F(x) < oo}

and the minimal value of the problem (B.14) is denoted by f.. The associated Lagrangian
to the optimization problem (B.14) is the function

L:R"xR™xR" =R, L(z, A\ v) == f(x) + (\, F(x)) + (v, H(x)). (B.15)

The vectors A and v are called Lagrange multipliers or dual variables. The corresponding
Lagrange dual function, or just dual function, is given by

h: R™ xR" — R, h(Av) := in% {L(x, /\,y)}, (B.16)
Te

and is concave in (A, v). In case the Lagrangian L(z, A,v) is unbounded below in z, the
function h(\, v) takes the value —oo.

If A > 0 is assumed, then the dual function gives lower bounds on the optimal value
f« of problem (B.14), i.e. h(\,v) < fi holds. The optimization problem of finding the
best lower bound is called Lagrange dual problem, or just dual problem

max {h(\,v)} st. A>0. (B.17)

In this context, the original minimization problem (B.14) is referred to as the primal
problem. The optimal value of (B.17) is denoted by h* and the corresponding pair of
maximizers (A*, v*) is termed dual optimal or optimal Lagrange multipliers. Since h* is
the best lower bound of f,, the inequality

h* < fi

is always fulfilled. This fact is called weak duality and the difference 0 < f, — h* is
referred to as duality gap. The case in which the duality gap is zero and

B = f.

holds is termed strong duality. In general, strong duality is not guaranteed to hold, how-
ever, there are various known sufficient conditions for it, named constraint qualifications.

If the functions f, F and H of the primal problem (B.14) are differentiable, then
there is a set of optimality conditions, called KKT conditions, which hold under the
assumption of strong duality.
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Theorem B.4.1 (Karush-Kuhn-Tucker (KKT) conditions [BV04]). Let L(x,\,v) be
the Lagrangian (B.15) and suppose x* is a primal optimal point of (B.14) and (A\*,v*)
a dual optimal point of (B.17). If strong duality is satisfied, then the following KKT
conditions hold:

Of (x*) + dF (z*) " \* + dH (z*) "v* = 9, L(z*, \*,v*) =0, (B.18a)
F(z*) <0, H(z*)=0, 0<\Y, and (A, F(z¥))=0. (B.18b)

In the following, convex optimization problems
min {f(z)} st. F(z) <0 and Az =0 (B.19)

zER"

are considered, where A is a matrix, b a vector and f: R” — R as well as all components
F':R" - R, i € [m], are convex. In this case, the resulting domain of the problem

D = {z €R"| f(z) < 00, and F(z) < oo} = dom(f) N (] dom(F") (B.20)

1€[m]

is a convex set. It is important to note, that if the primal problem (B.14) is convex,
then the KKT conditions are also sufficient for optimality, i.e. if z*, A* and v* are points
satisfying the KKT conditions (B.18), then z* and (A*,v*) are primal and dual optimal
and the duality gap is zero.

A well known constraint qualification for convex problems is Slater’s condition, re-
quiring the existence of a strictly feasible point

Jz € rint(D), F(x) <0 and Az = b. (B.21)

If additionally, F'is also affine, i.e. there is a matrix C' and a vector d with F'(z) = Cx+d,
then the domain (B.20) of the convex problem reduces to D = dom(f) and the condition
can be weakened to

Jz € rint(dom(f)), Cx +d <0 and Ax = b. (B.22)
As an example, consider a linear program (LP) in standard form

miRn<c,:c> st. x>0 and Az =0, (B.23)
TzeR™

where ¢ € R™ is a given cost vector and the equality constraints are represented by a
matrix A € R™*™ and a vector b € R™. The Lagrangian (B.15) is given by

L(z, \v) = (c,z) — (AN, x) + (1,b— Az) = (bv) + (c— A — AT v, z),

for (z,\,v) € R x R" x R™ and the corresponding dual function (B.16) takes the form

h(A,v) = (b,v) + inf {(c— A —ATU,:E>} =

rER”

(byv) for0=c—A—ATv
—oo ,else.
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The resulting dual problem (B.17) is then given by
max_ {(b,v)} st. A>0 and O0=c—A— ATy
AER™ vER™

.
= .t. < .
max {(b,v)} st. A'v<e, (B.24)

after eliminating the variable A. Since the primal problem (B.23) is convex with affine
equality and inequality constraints as well as rint(dom((c,-))) = R", the weak Slater’s
condition (B.22) is fulfilled, proving that the LP satisfies strong duality.
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