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Zusammenfassung

Die Bildsegmentierung ist ein grundlegendes Problem im Bereich der Bildverarbei-
tung. In dieser Arbeit prisentieren wir jeweils einen neuen Ansatz zur Maximum A
Posteriori (MAP) Inferenz und zum Lernen der Modellparameter fiir die Bildsegmen-
tierung. Beide Ansédtze werden in einem glatten geometrischen Rahmen formuliert,
deren jeweiliger Losungsraum eine einfache Riemannsche Mannigfaltigkeit ist. Nu-
merische Optimierungsschritte bestehen aus multiplikativen Updates, die den re-
sultierenden Riemannschen Gradientenfluss geometrisch integrieren.

Unser neuer Ansatz zur MAP-Inferenz basiert auf diskreten graphischen Modellen.
Mittels lokaler Wasserstein Distanzen koppeln wir an jeder Kante die Zuordnungs-
malle des zugrunde liegenden Graphen. Dadurch wird die gegebene diskrete Ziel-
funktion glatt approximiert und auf die Zuordnungs-Mannigfaltigkeit beschrankt.
Ein entsprechendes Diskretisierungsschema kombiniert die geometrische Integrati-
on des resultierenden Gradientenflusses mit der Rundung zu integralen Losungen,
die zuldssige Segmentierungen darstellen. Diese Formulierung stellt eine innere Re-
laxierung des diskreten Segmentierungsproblems dar, bei der die lokalen Margina-
lisierungsnebenbedingungen, die aus der etablierten Relaxierung der linearen Pro-
grammierung bekannt sind, jederzeit erfiillt sind.

Desweiteren untersuchen wir das inverse Problem des Modellparameter-Lernens
unter Verwendung des linearen Zuordnungsflusses und Trainingsdaten, bei denen
die Segmentierung bekannt ist. Dies wird durch einen Riemannschen Gradienten-
fluss auf der Mannigfaltigkeit der Parameter, welche die Regularisierungseigenschaf-
ten des Zuordnungsflusses bestimmen, erreicht. Diese glatte dynamische Formulie-
rung ermoglicht es das Problem des Modellparameter-Lernens aus der Perspektive
der Parameterschitzung dynamischer Systeme anzugehen. Mit Hilfe von symplek-
tisch partitionierten Runge-Kutta Methoden zur numerischen Integration wird ge-
zeigt, dass die Herleitung der Sensitivititsbedingungen des Parameter-Lernproblems
und dessen Diskretisierung kommutieren. Eine wichtige Konsistenzeigenschaft un-
seres Ansatzes ist, dass das Lernen auf exakter Inferenz basiert.
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Abstract

Image labeling is a fundamental problem in the area of low-level image analysis. In
this work, we present novel approaches to maximum a posteriori (MAP) inference
and model parameter learning for image labeling, respectively. Both approaches are
formulated in a smooth geometric setting, whose respective solution space is a sim-
ple Riemannian manifold. Optimization consists of multiplicative updates that geo-
metrically integrate the resulting Riemannian gradient flow.

Our novel approach to MAP inference is based on discrete graphical models. By
utilizing local Wasserstein distances for coupling assignment measures across edges
of the underlying graph, we smoothly approximate a given discrete objective func-
tion and restrict it to the assignment manifold. A corresponding update scheme
combines geometric integration of the resulting gradient flow, and rounding to in-
tegral solutions that represent valid labelings. This formulation constitutes an in-
ner relaxation of the discrete labeling problem, i.e. throughout this process local
marginalization constraints known from the established linear programming relax-
ation are satisfied.

Furthermore, we study the inverse problem of model parameter learning using the
linear assignment flow and training data with ground truth. This is accomplished by
a Riemannian gradient flow on the manifold of parameters that determine the regu-
larization properties of the assignment flow. This smooth formulation enables us to
tackle the model parameter learning problem from the perspective of parameter es-
timation of dynamical systems. By using symplectic partitioned Runge-Kutta meth-
ods for numerical integration, we show that deriving the sensitivity conditions of the
parameter learning problem and its discretization commute. A favorable property
of our approach is that learning is based on exact inference.

Vi
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Chapter 1

Introduction

1.1 Motivation

Image labeling is a thoroughly investigated problem in the area of low-level image
analysis. The task is to segment a given image into coherent regions, where all pixels
belonging to the same region should share certain characteristics. This is an im-
portant step in the analysis of the image content and has many different practical
applications, e.g. object detection, medical imaging or pattern recognition. Never-
theless, this thesis focuses on basic mathematical research for image analysis with
no specific application in mind.

input image labeling

Figure 1.1: Image labeling example. LEFT: Exterior view of the Alte Universitdt in
Heidelberg, Germany®. RIGHT: This image shows the labeling result consisting of 11
colors which served as labels.

“AuBenansicht der Universitit Heidelberg - © Achim Mende, https://m.tourismus-bw.de/Media/
Attraktionen/Universitaet-Heidelberg.

For example, consider the image labeling scenario depicted in Fig. 1.1. We would
like to assign a label of a predefined set (11 colors) to each pixel. The left image
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shows the input image consisting of many different colors, whereas the right image
demonstrates a labeling result consisting of 11 colors.

How do we judge whether a given labeling is good or bad? From a purely visual
perspective, the labeling should be close to the input data and should have locally
the same labels. Locally means that the label assignment should not jump back and
forth in alocal window of the labeling. From a mathematical perspective, the answer
to this question depends on the chosen model. In any case these visual objectives
should be taken into account when designing a suitable mathematical model.

Nearly all models have parameters that can be set differently in order to adjust the
respective model to a given scenario. In case the parameters are given, the task is to
infer a labeling from a given image. That is why this task is commonly called infer-
ence. In contrast, the second task is the other way around, i.e. the model parameters
are unknown, and both an input image and a corresponding ground truth labeling
are given. We then wish to learn the model parameters from this data. Therefore,
this scenario in which both the image and a ground truth labeling are given is com-
monly called supervised learning. In order to specify the research objectives of this
thesis, we introduce in the subsequent sections the tasks of inference and learning
in mathematical terms.

1.1.1 Inference

A prominent model for tackling the inference task is the discrete graphical model.
The model uses a graph G = (V,£) to represent the observed image data. Each node
i € V indexes a pixel location x; which takes a value from a discrete set of labels

Xi€X ={ly,....,0,}. 1.1

Now, the image labeling problem is formulated as minimization problem of the dis-
crete energy function

min E(x), E(x) =) 6;(x)+ Y 6;;(x;,xj), (1.2)
xexm iev ijes
where the variables 6; and 0;; denote the given model parameters. The energy
function E(x) has the format of variational problems comprising a data term and
a regularizer. From a Bayesian perspective, therefore, minimizing E corresponds to
Maximum A Posteriori inference with respect to the probability distribution p(x) =
< exp(—E(x)).
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Since (1.2) is a combinatorially hard problem, a major class of algorithms for ap-
proximately solving (1.2) is based on the linear programming relaxation (see Sec-
tion 2.2.4 for details)

min (@, u). (1.3)
pelg

The globally optimal solution of the linear program (LP) (1.3) is the relaxed indicator
vector pwhose components take values in [0, 1]. If ¢ is a binary vector, then it corre-
sponds to a solution of the discrete problem (1.2). However, in realistic applications
this is not the case, and the relaxed solution u has to be rounded to an integral solu-
tion in a post-processing step.

In this thesis, we present an alternative inference algorithm that deviates from the
traditional two-step process above: convex relaxation and rounding. It is based on
the geometric approach [8] to image labeling. The basic idea of [8] is to follow vec-
tor fields on the the relative interior of the probability simplex, equipped with the
Fisher-Rao metric, and to regularize label assignments by computing Riemannian
means. This results in a parallel and multiplicative update scheme that converges to
an integral solution (see Chapter 3 for details).

Adopting the smooth geometric approach [8], our research objectives are:

* Extend the approach [8] to efficiently compute a high-quality (low-energy) so-
lution for an arbitrary given instance of the discrete labeling problem (1.2).

¢ Develop a novel inference algorithm which combines both relaxation and
rounding to an integral solution in a single process.

¢ Overcome the inherent non-smoothness of convex relaxations by sticking to
the smooth geometric model [8].

1.1.2 Learning

While the inference task of discrete graphical models (1.2) is well understood, the
task of learning the model parameters of such models is less explored and has re-
mained elusive. Especially for models with higher connectivity of the underlying
graph the learning task becomes hard. In particular the relation between approxi-
mations of the learning problem on the one hand, and approximations of the under-
lying inference subproblem on the other hand, is less understood.
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Based on the problem formulation of a general parameter estimation problem

min C(x(7)) (1.4a)

peP
st. x(H)=fx®,p ), tel0,T], (1.4b)
x(0) = xo, (1.4¢)

our research objectives are:

* Solve the inference (labeling) subroutine exactly by means of numerically solv-
ing (1.4b). The advantage is that errors of approximate inference as they occur
with graphical models are absent and cannot compromise the effectiveness of
parameter learning.

* Show that the operations of (i) deriving the adjoint sensitivity conditions of
(1.4) and (ii) problem discretization commute if a proper numerical scheme is
used.

* Design a prediction map that maps features extracted from novel data to proper
weights as regularization parameters.

1.2 Related Work

1.2.1 Image Labeling

In typical applications of image labeling the problem sizes of the linear program (LP)
(1.3) are too large to use standard LP codes. In particular, the theoretically and prac-
tically most efficient interior point methods based on self-concordant barrier func-
tions [49, 57] are infeasible due to the dense linear algebra steps required to deter-
mine search and update directions.

Therefore, the need for dedicated solvers for the LP relaxation (1.3) has stimulated
alot of research. A prominent example is constituted by subclasses of objective func-
tions (1.2) as studied in [43], in particular binary submodular functions, that allow
for reformulating the labeling problem as maximum-flow problem in an associated
network and the application of discrete combinatorial solvers [15, 14].

Since the structure of such algorithms inherently limits parallel implementations,
belief propagation and variants [80] have been popular in the literature. These fixed
point schemes in terms of dual variables iteratively enforce the so-called local poly-
tope constraints that define the feasible set of the LP relaxation (1.3). They can be
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efficiently implemented using message passing and exploit the structure of the un-
derlying graph. Although convergence is not guaranteed on cyclic graphs, the per-
formance in practice may be good [79]. These theoretical deficiencies of basic belief
propagation stimulated research on convergent message passing schemes, either us-
ing heuristic damping or utilizing in a more principled way convexity. Prominent ex-
amples of the latter case are [75, 33]. We refer to [38] for many more references and
a comprehensive experimental evaluation of a broad range of algorithms for image
labeling.

The feasible set of the relaxation (1.3) is a superset of the original feasible set of
(1.2). Therefore, globally optimal solutions to (1.3) generally do not constitute valid
labelings but comprise non-integral components p;(x;) € (0,1), x; € X, i € V. Ran-
domized rounding schemes for converting a relaxed solution vector u to a valid la-
beling x € X', along with suboptimality bounds, were studied in [40, 19]. The prob-
lem of inferring components x; of the unknown globally optimal combinatorial la-
beling that minimizes (1.2), through partial optimality and persistency, was stud-
ied in [71]. We refer to [77] for more information about the LP relaxation of label-
ing problems, and to [74] for connections to discrete probabilistic graphical models
from the variational viewpoint.

The approach [56] applies the mirror descent scheme [48] to the LP (1.3). This
amounts to sequential proximal minimization [60], yet using a Bregman distance
as proximity measure instead of the squared Euclidean distance [18]. A key tech-
nical aspect concerns the proper choice of entropy functions related to the under-
lying graphical model, that qualify as convex functions of Legendre type (cf. [10]).
The authors of [56] observed a fast convergence rate. However, the scheme does not
scale up to the typically large problem sizes used in image analysis, especially when
graphical models with higher edge connectivity are considered, due to the memory
requirements when working entirely in the primal domain.

Optimal transport and the Wasserstein distance have become a major tool of sig-
nal modeling and analysis [44]. In connection with the metric labeling problem,
using the Wasserstein distance (also known as optimal transport costs, earthmover
metrics) was proposed before by [1] and [19]. These works study bounds on the inte-
grality gap of an earthmover LP and performance guarantees of rounding procedures
applied as post-processing. While the earthmover LP corresponds to our approach
(4.7) without smoothing, the authors do not specify how to solve such LPs efficiently,
especially when the LP relates to a large-scale graphical models as in image analysis.
Moreover, the bounds derived by [1] become weak with increasing numbers of vari-
ables, which are fairly large in typical problems of image analysis. In contrast, the fo-
cus of the present paper is on a smooth geometric problem reformulation that scales
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well with both the problem size and the number of labels, and performs rounding
simultaneously. If and how theoretical guarantees regarding the integrality gap and
rounding carry over to our setting, is an interesting open problem of future research.

Regarding the finite-dimensional formulation of optimal discrete transport in terms
of linear programs, the design of efficient algorithms for large-scale problems re-
quires sophisticated techniques [66]. The problems of discrete optimal transport
studied in this thesis, in connection with the local Wasserstein distances of (4.7),
have a small or moderate size (n?: number of labels squared). We apply the stan-
dard device of enhancing convexity through entropic regularization, which increases
smoothness in the dual domain. We refer to [68] and [16, Ch. 9] for basic related
work and the connection to matrix scaling algorithms. If entropic regularization is
very weak or the problem sizes are large, the related fixed point iteration suffers from
numerical instability. Dedicated methods for handling these instabilities have been
proposed [67]. Smoothing of the Wasserstein distance and Sinkhorn’s algorithm has
become popular in machine learning due to [20]. The authors of [52, 21] comprehen-
sively investigated barycenters and interpolation based on the Wasserstein distance.
Our approach to image labeling, in conjunction with the geometric approach of [8],
is novel and elaborates on [7].

Since our approach is defined on a graph and works with data on a graph, our
work may be assigned to the broad class of nonlocal methods for image analysis
on graphs, from a more general viewpoint. Recent major related work includes [12]
on the connection between the Ginzburg-Landau functional for binary regularized
segmentation and spectral clustering, and [11] on generalizing PDE-like models on
graphs to manifold-valued data. We refer to the bibliography in these works and to
the seminal papers [4] on regularized variational segmentation using I'-convergence
and to [26, 25] on nonlocal variational image processing on graphs, that initiated
these fast evolving lines of research. However, the focus of this thesis is on discrete
graphical models and the corresponding labeling problem, in terms of any discrete
objective function of the form (1.2).

1.2.2 Parameter Estimation for Dynamical Systems

The task of optimizing parameters of a dynamical system (1.4) is a familiar one in the
communities of scientific computing and optimal control [73, 17], but may be less
known to the imaging community.

Geometric numerical integration of ordinary differential equations (ODEs) on
manifolds is a mature field as well [31]. Here we have to distinguish between the
integration of the assignment flow [81] and integration schemes for numerically
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solving (1.4). The task of designing the latter schemes faces the differentiate-then-
discretize vs. discretize-then-differentiate dilemma. Conditions and ways to resolve
this dilemma have been studied in the optimal control literature [28, 61]. See also
the recent survey [62] and references therein.

From a more distant viewpoint, our work ties in with research on networks from a
dynamical systems point of view, that emanated from [34] in computer science and
has also recently been promoted in mathematics [24]. The recent work [27], for ex-
ample, studied stability issues of discrete-time network dynamics using techniques
of numerical ODE integration. The authors adopted the discretize-then-differentiate
viewpoint on the parameter estimation problem and suggested symplectic numer-
ical integration in order to achieve better stability. As mentioned above, our work
contrasts in that inference is always exact during learning, unlike the more involved
architecture of [27] where learning is based on approximate inference. Furthermore,
in our case, symplectic numerical integration is a consequence of making the dia-
gram of Figure 2.2 (page 30) commute. This property qualifies our approach as a
proper (though rudimentary) method of optimal control (cf. [61]).

1.3 Outline and Contribution
The main contributions of this thesis are:

¢ A novel approach to MAP inference for discrete graphical models.
This approach fits well into the smooth geometric framework [8] and its key
ingredient is a smooth approximation

Er(uy) = Oy, ) + Y do,; (i ptj),  T>0 (1.5)
ijeE

of the LP-relaxation (1.3), where dgijyr denotes the smoothed Wasserstein dis-
tance between the discrete label assignment measures p;, uj coupled along the
edge ij of the underlying graph. These Wasserstein distances properly take
into account the pairwise regularization parameters 6;; of the labeling prob-
lem (1.2). Our approach restricts the function E; to the so-called assignment
manifold and iteratively determines a labeling by tightly combining geomet-
ric optimization with rounding to an integral solution in a smooth fashion.
This formulation constitutes an inner relaxation of the discrete labeling prob-
lem, i.e. throughout this process local marginalization constraints are satis-
fied. This novel inference approach is worked out in detail in Chapter 4.
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* A novel approach to model parameter learning for the assignment flow.

We tackle the parameter learning problem for image labeling by focusing on
the smooth geometric approach [8] and ignore the connection to discrete
graphical models. This problem was raised in [8, Section 5 and Fig. 14], and
we present a detailed solution. The key idea is to formulate the learning prob-
lem for image labeling as a specific instance of the general parameter estima-
tion problem (1.4). Thereby, the parameters p determine the linear assign-
ment flow (1.4b) [81] whose solution is evaluated by a suitable loss function
(1.4a) at some point of time T. Since the formulation (1.4) is well-known in
the communities of scientific computing and optimal control, we can draw
on a rich literature to study and solve this problem. The output of optimizing
(1.4) are optimal parameters which determine the regularization property of
the assignment flow. By construction, the objective (1.4a) is based on given
ground truth images. In order to tackle novel images (no ground truth labeling
is given) we propose a simple predictor map that is based on the solution of
(1.4). This function takes unseen data and predicts the regularization parame-
ters for the linear assignment flow, i.e. no optimization is involved. All details
of this novel approach are worked out in detail in Chapter 5.

This thesis is organized as follows: After this outline follows an introduction of the
basic notation (Section 1.4).

In Chapter 2 we collect the relevant mathematical background material for this
thesis. We start by recalling the basic definitions, ideas and theorems from differ-
ential geometry that serve as reference for Chapter 3 (Section 2.1). Afterwards, we
continue with the introduction of probabilistic graphical models (Section 2.2). In
particular we highlight the details of the linear programming (LP) relaxation (Sec-
tion 2.2.4) and the corresponding loopy belief propagation inference algorithm (Sec-
tion 2.2.5). We end this chapter by providing the necessary background on param-
eter estimation of dynamical systems (Section 2.3). Hereby, we focus on sensitivity
analysis from a continuous perspective (Section 2.3.1) as well as on the practical per-
spective (Section 2.3.3), i.e. the numerical approximation.

Chapter 3 summarizes the basic ideas of the smooth geometric approach of [8] for
image labeling. Since this chapter provides the basis for the two subsequent chap-
ters (4 & 5) containing our main contributions, we collect the material in detail. In
particular we recall the definition of the so-called assignment manifold (Section 3.1),
and present the general framework of [65] for numerically integrating vector fields
on the assignment manifold (Section 3.2). Image labeling is performed by following
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the so-called assignment flow. We present the main components of this flow (Sec-
tion 3.3), followed by numerical experiments (Section 3.4). We end this chapter by a
brief overview of several extensions (Section 3.5).

In Chapter 4 we present how a given discrete graphical model can be evaluated
in the smooth geometric setting explained in Chapter 3. We start by reformulating
the LP-relaxation (1.3) onto the assignment manifold and smoothly approximate the
resulting functional (Section 4.1). The explicit expressions of the corresponding gra-
dient are provided afterwards (Sections 4.2 & 4.3). We continue with the details of
combining relaxation and rounding into a single process (Section 4.4.1) and discuss
the connections to established belief propagation (Section 4.4.2). We end this chap-
ter by discussing the results of four different types of experiments (Section 4.5).

Chapter 5 is devoted to our second main contribution, namely a novel approach
to model parameter learning for the assignment flow. We start by proposing our
problem formulation (Section 5.1), calculating the expressions of the corresponding
gradients and differentials (Section 5.2) and continuing with our optimization strat-
egy (Section 5.3). Finally, we discuss the results of two experiments that highlight the
model expressiveness of the assignment flow as well as limitations that result from
learning constant parameters (Section 5.4).

1.4 Notation

In this section we introduce the basic notation, sorted by subject area. A list of sym-
bols can be found in the nomenclature on p. 153.

Indexing and Operations. All vectors are regarded as column vectors, and x' de-
notes transposition of a vector x. We ignore transposition however when vectors are
explicitly specified by their components; e.g. we write x = (y, z) instead of the more
cumbersome x = (y',z")". We set [n] = {1,2,..., n} for n € N. Given a matrix

Aq
A=| : |[=(Al...A") eR™", (1.6)
Am

we denote the row vectors by A;, i € [m] and the column vectors by Al j € [n],
whereas superscripts in brackets, e.g. Ag.k), index iterative steps.

The functions exp and log apply component-wise to strictly positive vectors x €
RY,, e.g. e* = (eY,...,e"), and similarly for strictly positive matrices. Likewise, if
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x,y € R}, we simply write

X
x'y:(xlyb---;an/n)y _:(

X1 X
y _n)'

— (1.7
N Yn

for the component-wise multiplication and division.

If Ais a m x n matrix and B is a p x g matrix, then the Kronecker product A® B is a
mp x nq block matrix of the form:

auB dlnB
A®B= : : . (1.8)

(lmlB amnB

The canonical matrix inner product is (A, B) = tr(AT B), where tr denotes the frace
of a matrix, i.e.

tr(A'B)= Y (A;,B)= Y (AL,By= Y AiBij. (1.9)

ie[m] jeln] ie[m],je[n]

The inner product (x, y) = ¥ ;e Xi ¥; denotes the Euclidean inner product.

Graphs. An undirected graph G = (V, ) consists of a set of vertices V and a set of
edges £. The adjacency relation i ~ j means that vertices i and j are connected by
an undirected edge i j € £, where the latter denotes the unordered pair {i, j} =i j = ji.
The graph G is turned into a directed graph by assigning an orientation to every edge
i j, which then form ordered pairs (i, j) # (j, ). By abuse of notation we sometimes
write (i, j) = ij in the oriented case, however, the exact meaning will be clear from
context. We only consider graphs without multiple edges between any pair of nodes
i, j € V. The neighborhood of vertex i is given by the set

N@={jeV:ii~j} (1.10)
of all vertices adjacent to i, and its cardinality d (i) = |V (i)| is the degree of i.

Differentials and Jacobian. Let (M, g) be a Riemannian manifold with metric g, and
a smooth function f: M — R, the Riemannian gradient of f is denoted by grad f.
The differential of f is denoted by d f. More generally, foramap F: M — N between
manifolds, we write dF,[v] € Tr(,)N, p € M, v € T, M, if the base point p matters.
In the Euclidean case f: R" — R, the gradient is a column vector and denoted by
Vf.For F: R" — R, we identify the differential d F € R™*" with the Jacobian matrix.

10
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If x = (x1,x2) T € R” = R™ x R™ with n = n; + ny, then the Jacobian of F(x) = F(x1, X2)
with respect to the parameter vector x; is denoted by d, F, for i = 1,2.

Coupling measure. We set 1, = (1,1,...,1) " € R". The probability simplex A, = {p €
R : (14, p) = 1} contains all discrete distributions on [n]. A doubly stochastic matrix
pij € R, also called coupling measure in this thesis in connection with discrete
optimal transport, has the property: u;;1, € A, and ,ul.Tj1] n € A,. We denote the two
marginal distributions of u;; by u; and u;, respectively, and the linear mapping for
extracting them by

ARV Ry Apgj = ijin) _ (i), (1.11a)

Its transpose is given by

AT R SR (v, v) — AT (:’) =v;1) +1]anT.. (1.11b)
j

The kernel (nullspace) of the linear mapping A is denoted by ker(.A) and its image by
im(A).

Convex Analysis. A subset C c R" is convex if

1-AM)x+AyeC, Vx,yeC, VAe[0,1]. (1.12)
The affine hull of some set C c R” is the set of all affine combinations of its points,

aff C={Mx1+-+Agxg: M+ +Ag=1,x1,...,x5 € C}. (1.13)
The relative interior of a non-empty convex set C is defined by

relint(C) = {x € aff C : 3¢ > 0 such that (x + eB(0)) naff C < C}. (1.14)

Various orthogonal projections onto a convex set are generally denoted by I1 and
distinguished by a corresponding subscript, like I1¢, I1p, - -+, etc.

The log-exponential function logexp, € Fy is defined as

logexp, (x) :=£log( Z e%). (1.15a)

ie(n]

11
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It uniformly approximates the function vecmax € Fy [59, Ex. 1.30], i.e.

li{%logexpg(x) = vecmax(x) = max{x;}ie(n- (1.15b)
IS

We use the following basic result from convex analysis, where 0 f (x) denotes the sub-
differential of a function f € Fj at x.

Theorem 1.1 (inversion rule for subgradients; [59, Prop. 11.3])
Let f € Fy. Then

PeEFfH) o Redf (p) o [fE+FP) =P R (1.16)
A

In Section 4.3.1 we apply the following classical theorem of Danskin and its extension
by Rockafellar.

Theorem 1.2 ([22, 58])

Let f(z) = maxyew g(z, w), where W is compact and the function g(:, w) is differ-
entiable and V. g(z, w) is continuously depending on (z, w). If in addition g(z, w) is
convex in z, and if Z is a point such that argmax,ew g(z, w) = {w}, then f is differ-
entiable at z with

V(@) =V.8E W) (1.17)
A

12



Chapter 2

Mathematical Background

In this chapter, we collect background material that is used throughout this thesis.
First, we summarize the basic definitions and concepts of differential geometry (Sec-
tion 2.1). We continue with the introduction of probabilistic graphical models (Sec-
tion 2.2). Especially, we focus on discrete graphical models and the corresponding
inference and learning problem. This section ends with the derivation of the LP re-
laxation and a brief sketch of loopy belief propagation that is an approximated algo-
rithm for the inference task. The last topic of this chapter is the study of parameter
estimation of dynamical systems (Section 2.3). We explain the problem of analyzing
the sensitivity of dynamical systems with respect to parameter, as well as symplectic
partitioned Runge-Kutta methods that are well-suited numerical integration tech-
niques for this problem.

2.1 Elements of Differential Geometry

We briefly summarize the relevant material on differential geometry. We refer the
reader for a broad introduction to this field to the standard works [45, 46, 47] which
served as reference for this section. For a more algorithm focused line we refer the
reader to [2].

Let M be a topological space. If M is paracompact, Hausdorff, second countable
and locally homeomorphic to R%, then we call M a topological d-manifold.

A chart on M is a pair ,¢), where Y < M is a subset and ¢: U — R% is a
homeomorphism. The component functions (x!,...,x%) of map ¢, with ¢(p) =
(x! (p)y--oy xd(p)), are called local coordinatesof peU.

A smooth atlas A is a collection of charts (Uf;, ;) whose domains cover M, i.e.
U;U; = M. In addition, the charts have to be smoothly compatible, that is for two
charts (U;, ;) and U;,¢;) withU; nU; # @ the transition map ¢ ogbl.‘1 is a diffeo-
morphism. A smooth atlas A on M is maximal if any chart which is smoothly com-
patible with every chart in A is already in A. We call a maximal smooth atlas A a
smooth structure on M.

13
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A smooth manifold consists of a pair (M, A), where M is a topological manifold
and A is a smooth structure on M.

For any point p € M, the tangent space to M at point p is a real vector space and
denoted by T, M < R". The tangent bundle T M of a smooth manifold M is defined
as

TM = ]_[ T,M, (2.1)
peM

which is the disjoint union of the tangent spaces at all points of M.
Let M and N be smooth manifolds and ¢: M — N a smooth map. Then, the
pushforward (differential) of ¢ at p € M is alinear map

d(PpZ TpM d T(p(p)N, (2.2)

and is defined by using a velocity vector

d
doplv] = E(l)(y(t)) ) (2.3)

where y: (—€,€) — M is a smooth curve with y(0) = p,y(0) = ve T, M.

Suppose M and N are smooth manifolds and ¢: M — A is a differentiable map.
If ¢ is a bijection and its inverse ¢~1: N' — M is differentiable, then ¢ is called a
diffeomorphism. If there exists a diffeomorphism ¢ between smooth manifolds M
and NV, then we say that M and N are diffeomorphic or simply write M = N.

2.1.1 Vector Fields and Integral Curves
A vector field on M is a smooth map
X:M—-TM, p—X, (2.4)

with the property that X,, € T, M. The collection of all smooth vector fields on M is
denoted by X(M).

Suppose ¢: M — N is a smooth map, X a vector field on M and Y a vector field
on N such that for each point p € M:

ddplXpl = Ypp). (2.5)

Then, we say that the vector fields X and Y are ¢-related.

14
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Proposition 2.1 ([45, Proposition 8.19])

Suppose ¢p: M — N is a diffeomorphism between smooth manifolds M and N,
and X be a vector field on M. Then, there exists a unique smooth vector field on N
which is ¢-related to X. This unique vector field is called pushforward of X by ¢ and
is given by

((P*X)q = d¢¢—l(q) [X¢—l(q)] . (2.6)

This formula originates from the following diagram

If X € X(M), an integral curve of X is a differentiable curve y: ] — M whose ve-
locity at each point is equal to the value of X at that point:

Y'(0) =Xy, Vte]. 2.7)

For 0 € J, the point y(0) is called initial point of y. We also use the term trajectory of
X for the curve y(t).

Proposition 2.2 (Naturality of Integral Curves; [45, Proposition 9.6])

Suppose M and N are smooth manifolds and ¢: M — N is a smooth map. Then
XeXM)and Y € X(WN) are ¢-related if and only if ¢ takes integral curves of X to
integral curves of Y, i.e. for each integral curve ¢ of X, ¢ oy is an integral curve of
Y. A

2.1.2 Connections

Connections are rules for taking derivatives of vector fields in a coordinate-independent
fashion.

Let X, Y be smooth vector fields on a smooth manifold M, and let f: M — Rbea
smooth function. Then, the Lie bracket is defined by

(X, Y1f=XYf-YX[, (2.8)

and the operator [X, Y] is again a vector field.
An affine connection on M is a map

V: XM) x X(M) = X (M), (X,Y)— VxY, 2.9)

15
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satisfying
(i) VxY islinear over C*°(M) in X : for fi, f> € C*°(M) and X3, X» € X(M),

Vaxiepx,Y = AV, Y+ foVx, Y. (2.10)
(i) VxY islinear over Rin Y :for a;,a> e Rand Yy, Y» € X(M),

Vx(aY1+aYo)=a1VxYi+arVxYs. (2.11)

(iii) V satisfies the following product rule: for f € C*°(M),

Vx(fY) = fVxY +(Xf)Y. 2.12)

The expression VxY denotes the covariant derivative of Y in the direction X.
If an affine connection V satisfies the following product rule

Vx(g(Y,2))=g(VxY,Z)+g(Y,Vx2), (2.13)

for all vector fields X, Y, Z, we say that it is compatible with g.
If the torsion of an affine connection V vanishes, i.e.

VyY -VyX=[X,Y], (2.14)

where [X, Y] denotes the Lie bracket, we say that V is symmetric.
Suppose M is a smooth manifold, and y: I — M is a smooth curve. Then, a vector
field along curvey is a continuous map

Vil—-TM suchthat V(1) e TyyM, Viel. (2.15)

A connection V induces a unique operator which takes the covariant derivative
along curvey (see [46, Theorem 4.24] for more details).

Geodesics and Exponential Maps
If a smooth curve y has zero acceleration, i.e.
V;7=0 (2.16)

then vy is called a geodesic. In order to see the dependency of y with respect to the
chosen metric g, we rewrite (2.16) in terms of local coordinates (x%). Then, it follows

16
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that y(¢) = (x1 (0,..., x"(t)) is a geodesic if and only if its components satisfy
0+ 2 (0 (T (x(0) = 0. (2.17)

This system of second-order ODE:s is called geodesic equation. The coefficients Fi.“ .
are commonly called Christoffel symbols or connection coefficients. These coeffi-
cients depend on the metric g and are given by

1
ri'cj: Egkl (0igj1+0;8i1—0:18ij), (2.18)

where g;; are called metric coefficients and g*! (with superscripts) denotes the cor-
responding inverse matrix.
The exponential map is defined by

Expp: Vy — M, v—Exp, ) =y,(1), peM. (2.19a)
with domain
Vy={ve TyM:y, () e M, te 0,11}, (2.19b)

and geodesic y with y,(0) = p and 7,(0) = v.

2.1.3 Riemannian Geometry

A Riemannian manifold (M, g™) is a smooth manifold M whose tangent spaces
are endowed with a smoothly varying inner product g which is called Riemannian
metric. If the Riemannian manifold is clear from the context, we simplify notation
and write g,(u,v) = (u,v),. We will use interchangeably the notation g;,\/‘(u, V) =
(u, v){g"‘.

Suppose ¢: M — N is a diffeomorphism between smooth manifolds M and N/,
where (A is equipped with a Riemannian metric g"V). Then, we can define a Rie-
mannian metric on M by pulling back the metric gN . This is why the metric

(0780 )0 TMx T, M =R, (wv)— (¢"g) ) wv):= gl (dpw), dp(w),
(2.20)

is called the pullback metric for all u,v € T, M.
An isometry is a diffeomorphism ¢: (M,gM) — WV, gN ) between Riemannian
manifolds which pulls back the metric, i.e. ¢* gN =gM.

17
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Theorem 2.3 (Fundamental Lemma of Riemannian Geometry; [47, Theorem 5.4.])
Let (M, g) be a Riemannian manifold. There exists a unique affine connection V on
M that is compatible with g and symmetric. This connection is called Riemannian
connection or the Levi-Civita connection of g. A

If f: M — Ris asmooth function on a smooth Riemannian manifold (M, g), then
the Riemannian gradient grad ,, f € X(M) is the vector field defined by

(grad,, f,v)p=dfylvl, YveT,M, peM. (2.21)

Geodesics and exponentials maps, which are constructed by using the Levi-Civita
connection, are called Riemannian geodesic and Riemannian exponential map, re-
spectively.

2.2 Probabilistic Graphical Models

A probabilistic graphical model uses a graph G = (1, £) to model the conditional de-
pendencies between random variables. As this representation is very flexible, these
models are used in many different disciplines. A treatment of this topic from the
variational viewpoint can be found in [74].

2.2.1 Discrete Graphical Models

An important classical family of probabilistic models is the exponential model

1
p(x10) = exp (0, ¢(x)) —y,(0)) = e (6,9 (x))), (2.22)

where 6 are called the canonical parameters and ¢(x) are known as the potential
functions or sufficient statistics. The normalizing constant Z(0) is called partition
function and is given by

Z) = /X exp(0, p(x)). (2.23)
The function v, (0) is the log-partition function. As the name suggests, it is given by

v, (0) =log Z(0). (2.24)
We obtain a related energy of the probability (2.22) by

E(x) =logp(x]0) = (0, p(x)) — vy, (0). (2.25)

18
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Next, we introduce an important member of the class of models (2.22), namely the
discrete graphical model. Let the variables x = (x;);e[m), with m := |V, be indexed by
the vertex set V. The edge set £ models the conditional dependencies between these
variables, i.e. if the edge i j € £ exists, the variables x; and x; explicitly dependent on
each other. In discrete graphical models, the variables take values from the discrete
set

Xi€X ={l1,....00}, (2.26)

which we call labels or prototypes. A global assignment of these variables is denoted
by

xeX™= 1] X (2.27)

ie[m]

with & given by (2.26). In this setting, we associate with the joint probability p(x|6)
the energy function

exp(-E(x)),  E(x)=) 6;(x)+ ) 0;jxi,x)), (2.28)
Z(0) ieV ije€

p(x10) =
where the potentials 8 are scalar functions consisting of unary potentials
0;: X - R, x;— 0;(x;), (2.29a)
and pairwise potentials

Bij: X x X—>R, (xi,xj) »—»Hij(x,-,xj). (2.29b)

The potentials assign a scalar cost to the chosen label x; € X at node i € V, and to
the edge i j € £ with chosen label x;, x; € X, respectively. We call the values of 6 the
model parameters of p(x|0).

2.2.2 Inference

Suppose the model parameters 6 of a discrete graphical model p(x|0) are given.
Then, the term inference corresponds to the following two problems:
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1. Marginalization: We wish to compute the marginal distribution for some sub-
set AcV, i.e. we are interested in

pxal®)= ) p(xl6), (2.30)

xeXV\A

where A defines a subset of variables x 4.

2. Maximum a posteriori (MAP) inference: In order to find the most probable
configuration of p(x|6) we consider the problem

x* = argmax p(x|0). (2.31a)
xexm
Maximizing the probability p(x|60) corresponds to minimizing the associated
discrete energy

x*=argmin E(x), E@) =) 0;(x;)+ Y 0;j(xi,x)). (2.31b)

xexm i€y ijeE

Since for given parameters 6 the log-partition function v, (0) is constant, we
dropped the term in (2.31b).

The difficulty of these problems highly depends on the underlying graph structure
G =,&). In general, the pairwise interactions of the discrete energy function makes
(2.31b) a combinatorially hard task.

Remark 2.1 For discrete graphical models the integral in the partition function (2.23)
becomes a sum. Unfortunately, the combinatorially large number of summands
makes the exact evaluation of the partition function Z(8) and log-partition function
1w (0) intractable. If the underlying graph is acyclic, the exact evaluation of Z(8) and
v (0) is tractable. A

2.2.3 Learning

The counter problem to inference is learning. The learning task deals with the setting
that the empirical mean parameters

1 n
P :;g e (2.32)
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are given, and we wish to learn the model parameters 8. In other words, (i corre-
sponds to given example data and we wish to learn the parameters of our model in
such a way that the observed data (2.32) is well represented by our model.

More specifically, the corresponding log-likelihood of (2.22) reads

1 n 1 & 232) ,,
—log [ pxil0)= - Y ((6,0(x))—wp©) =746, @) -y, (). (2.33)
i=1 i=1
Then, the model parameter learning problem consists of maximizing (2.33) with re-
spect to the model parameters0, i.e.

0" =argmax {(0, 1) -y, (0)}, (2.34)
00

where © denotes the parameter space.

Remark 2.2 (Inference effects learning) The learning problem (2.34) is related to
the MAP inference problem (2.31a), but with a crucial difference: the log-partition
function ¥, (0) has to be evaluated. In view of Remark 2.1, this makes learning a
difficult problem for general graphs. In addition to this, a subroutine of solving the
learning problem is inference. If the underlying inference problem can not be solved
exactly, but only approximatively, the learning process is definitely effected. A

2.2.4 Linear Programming Relaxation

In this thesis we focus on the MAP inference problem (2.31b). Since this problem is
a combinatorially hard problem, a major class of algorithms is based on the linear
programming (LP) relaxation [78]. This relaxation technique consists of two steps:
The first step is to reformulate (2.31b) as an integer linear program, and the second
step is to replace the integer constraints with linear ones. Thus, the NP-hard problem
(2.31Db) is transformed into a solvable linear program.

To make these steps in detail, we introduce additional notation needed in subse-
quent sections. First, we encode the values of the discrete objective function (2.31b)
by defining local model parameter vectors and matrices

0i:=(0:(01) ke €R",  0ij:= (01 (0x 01)) i pepm ER™, (2.35)

with ¢, ¢, € X, and where the indices are given by the vertices i € V and edges ij € £
of the underlying graph G = (V, ). Likewise, we assemble all these local terms into
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the vectors
0:=(0y,0s), where 0y:=0iicy, and Og:=0ij)ijec,  (2.36)

where we interchangeably regard 6;; € R" either as local vector or as local matrix
0;j € R"*", depending on the context. Next we define local indicator vectors

ti = (100 ke € 0,1, piji= (1ij (ks €0)) g reim € 0,17, (2.37)

with ¢4, ¢, € X, and indexed in the same way as (2.35) and assembled into the vectors

pi=(uy,pe),  where  py:i=(Uidiey, and  pe:=(Uijijes.  (2.38)

To ensure that p consistently represents valid labelings, the variables have to satisfy
the so-called marginalization constraints

Y owilx)=1, VieV, (2.39a)
xieX
Y owij,x) =i, VijeEVxeX, (2.39b)
X;EX
Z Kij(xi, Xxj) = Wj, Vije&,Vxje k. (2.39¢)
X;€X

These constraints define with the integer constraints (2.37) the marginal polytope
Mg :=conv{u: p satisfies (2.37) and (2.39) }. (2.40)
The combinatorial optimization problem (2.31b) is now in the form of an integer
linear program: minue Mg @, w.
As mentioned above, the LP relaxation consists of replacing the integrality con-

straints (2.37) by the convex polyhedral sets

Ui € Ay, ,uijel'[(,ui,uj), ie), l'jEE, (2.41a)
Tz, ) := {pij € R V= i, 1=y, i 1 € An} (2.41b)

The resulting relaxation of problem (2.31b) reads
min (0, u) = ﬁnin Oy, uy) +(O¢, pe), (2.42)

uelg eLg
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where the so-called local polytope Lg is the set of all vectors p of the form (2.38) with
components ranging over the sets specified by (2.41). The term “local” refers to the
local marginalization constraints (2.41b).

Remark 2.3 The marginal polytope Mg < L is a subset of the local polytope. It can
be shown that if the underlying graph G is acyclic, the local polytope Lg is identical
to the marginal polytope Mg. We refer to [50] for background and details. A

2.2.5 Loopy Belief Propagation

In this section we briefly sketch belief propagation (BP) and the origin of correspond-
ing messages. For a detailed derivation of BP we refer the reader to Appendix B and
for background and more details we refer to [80, 74]. A study of inference techniques
for solving the discrete minimization problem (2.31b) can be found in [39].

Starting point is the primal linear program (LP) (2.42) written in the form

min{f, u) =min(f, u) subjectto Au=b, u=0, (2.43)
ueLg K

where the constraints represent the feasible set £g which is explicitly given by the
local marginalization constraints (2.39). The corresponding dual LP reads

max(b,v), A'v<6, (2.44)
v
with dual (multiplier) variables
v=_(vy,vg)= (...,vi,...,v,-j(x,-),...,v,-j(xj),...), ey, ij e (2.45)

corresponding to the affine primal constraints. In order to obtain a condition that
relates optimal vectors u and v without subdifferentials that are caused by the non-
smoothness of these LPs, we consider the smoothed primal problem

min(,u) —eH(w), €>0, Hw= ) H(j)— Y (d@)-1)H(y) (2.46)
nelg ije€ ey

with smoothing parameter € > 0. The function H(u) denotes the Bethe entropy with
degree d(i) = N (i)| of vertex i and with local entropy functions

Hp)=- ), pilxplogui(xy),  H@ui)=— Y, pijlxi,xp)logu;j(xi,x;). (2.47)

x,—(—:X x,-,xj(—:X
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Setting temporarily € = 1, and evaluating the optimality condition V,L(y,v) = 0
based on the corresponding Lagrangian

L(HI V) = <9vl~t> - H(H) + <V7 Al't - b> (248)
yields the relations connecting ¢ and v,

wi(x;) =e" e~ 0itxi) H eVl xX;€X, i€V, (2.49a)
JEN ()
VitV p=0ij(xi xj)=0; (xi) =0 (x;) H gVik(xi) H eVikx))
ke N ()\{j} keN ()H\i}

Wij(xi,xj)=e

(2.49b)

for x;,x; € X, ij € £ The terms e"/, e"i™Vi normalize the expressions on the right-
hand side whereas the so-called messages e/ enforce the local marginalization
constraints u;; € I(u;, 1;). Invoking these latter constraints enables us to eliminate
the left-hand side of (2.49) to obtain after some algebra (cf. Appendix B) the fixed
point equations

eVij(Xi) =eYi Z (e—eij(Xinj)—Gj(Xj) H erk(Xj))’ l] Eg, X; € X, (2.50)
xXj€EX keN (j)\i}

solely in terms of the dual variables, commonly called sum-product algorithm or
loopy belief propagation by message passing. Repeating this derivation, after weight-
ing the entropy function H(u) of (2.48) by € as in (2.46), and taking the limit lim,\ o,
yields relation (2.50) with the sum replaced by the max operation. This is a con-
sequence of taking the log of both sides and relation (1.15b) of the log-exponential
function. This fixed point iteration is called max-product algorithm in the literature.

2.3 Parameter Estimation of Dynamical Systems

Throughout this section we provide the necessary background on the optimization
of the following parameter estimation problem

min C(x(7)) (2.51a)

peP

st. x(0)=fx(0,p,0, telo,T], (2.51b)
x(0) = xo, (2.51¢)
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where C: R — R is a smooth objective function. The constraints are given by a
general initial value problem (IVP), which consist of a system of ordinary differential
equations (ODEs) (2.51b) that is parametrized by a vector p € P < R", and an initial
value xp € R" (2.51c). To ensure existence, uniqueness and continuous differentia-
bility of the solution trajectory x(¢) on the whole time horizon [0, T, we assume that
f(, p,-) of (2.51¢) is Lipschitz continuous on R"* x [0, T], for any p.

By assuming the initial value xy and the time horizon [0, T] to be fixed, the objec-
tive function (2.51a) effectively is a function of the parameter p, i.e.

O: R - R, ®(p):=Cx(T,p)). (2.52)

In order to minimize (2.52) with a gradient based method, we have to compute the
gradient

Vp®@(p) = dpx(T, p) ' V<C(x(T, p)). (2.53)

The term d),x(T, p) is called sensitivity, hence it measures the sensitivity of the the
solution trajectory x(t) at time T with respect to changes in the parameter p. Two ba-
sic approaches for determining (2.53) are stated in Section 2.3.1, and we briefly high-
light why using one of them, the adjoint approach, is advantageous for computing
sensitivities. In Section 2.3.2, we recall symplectic Runge-Kutta methods and condi-
tions for preserving quadratic invariants. The latter property relates to the derivation
of a class of numerical methods such that evaluating (2.53), which derives from the
time-continuous problem (2.51), is identical to first discretizing (2.51) followed by
computing the corresponding derived expression (2.53). In Section 2.3.4 we derive
two specific instances of the general numerical scheme in detail.

2.3.1 Sensitivity Analysis

This section shows how the sensitivity d, x(T, p) in (2.53) can be determined by solv-
ing one of the two initial value problems defined below: the variational system and
the adjoint system.

Theorem 2.4 (Variational System; [32, Chapter 1.14, Theorem 14.1])
Suppose the derivatives d, f and d,, f exist and are continuous in the neighborhood
of the solution x(¢) for ¢ € [0, T]. Then the sensitivity with respect to the parameters

dpx(T,p)=:6(T) (2.54)
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exists, is continuous and satisfies the variational system

6() = d f(x(8), p, 6(0) +dp f(x(8), p, 1), £€10,T], (2.55a)
5(0) =0 eR™"", (2.55b)

with §(¢) € R If the initial value x(0) of (2.51c) depends on the parameters p,
the initial value (2.55b) has to be adjusted as 6(0) = dpx(0).

Proof See AppendixA.1. O

For the computation of the variational system (2.55) the solution x(¢) is required.
The variational system (2.55) is a matrix-valued system of dimension ny x n,, and
therefore the size of the system grows with the number of parameters n,. Neverthe-
less, for small n,, the variational system can simultaneously be integrated numeri-
cally with system (2.51b).

Theorem 2.5 (Adjoint System)

Suppose the derivatives d, f and d,, f exist and are continuous in the neighborhood
of the solution x(t) for ¢ € [0, T]. Then the sensitivity with respect to the parameters
is given by

T
dpx(T,p)Tsz d,f(x(),p, T MD)dt, (2.56)

where A(t) € R"=*"x golves the adjoint system

Mo ==d.f(x(t),p, A1), te0,T], (2.57a)
AMT)=TeR™ ", (2.57b)
Proof This proof is elaborated on in a broader context in Section 2.3.3. O

Similar to the variational system of Theorem 2.4, solving the adjoint system (2.57)
requires the solution x(#). The adjoint system is matrix-valued of dimension n, x ny,
in contrast to the variational system which is of dimension ny x n,. Thus, if n, >
ny, as will be the case in our scenario, it is more efficient to solve (2.57) instead of
(2.55). Another major difference is that the adjoint system is defined backwards in
time, starting from the endpoint T. This has important computational advantages
for our setting. In view of the required gradient (2.53), we are not interested in the
full sensitivity but rather in the derivative along the direction 71 := V,C(x(T, p)), i.e.
dyx(T, p) 1. This can be achieved by exploiting the structure of the adjoint system,
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by multiplying (2.57) from the right by 7 and setting A1) := A(£)n. The resulting IVP is
again an adjoint system, no longer being matrix-valued but vector-valued A(z) € R"
with Z( T) = n € R"=. Therefore, we consider the latter case and denote %(t) again by
A(t), which is vector-valued.

Remark 2.4 As a consequence, we will focus on the adjoint system (2.57) in the re-
mainder of this section. In particular, (2.56) will be used to estimate parameters p
by solving (2.51) using a gradient descent flow. This requires to solve the adjoint sys-
tem numerically. However, a viable alternative to this differentiate-then-discretize
approach is to reverse this order, that is to discretize problem (2.51) first, and then to
derive a corresponding time-discrete adjoint system (differentiate). It turns out that
both ways are equivalent if a proper class of numerical integration scheme is chosen
for discretizing the system in time. This will be shown in Section 2.3.3 after collecting
required background material in Section 2.3.2. A

2.3.2 Symplectic Partitioned Runge-Kutta Methods

In this section we recall basic concepts of numerical integration from [31, 62] in order
to prepare Section 2.3.3. Symplectic schemes are typically applied to Hamiltonian
systems in order to conserve certain quantities, often with a physical background.
The pseudo-Hamiltonian defined below by (2.68) will play a similar role, albeit there
is no physical background for our concrete scenario to be studied in subsequent
sections.

A general s-stage Runge—-Kutta (RK) method with s € N is given by [30, Ch. II]

s
Xn+1=Xp+hy Z bikn,i, hy = the1 — ty, (2.58a)
i=1
kn,i = f(Xn,i» P, tn + Cihn), (2.58b)
s
Xn,i = Xn+ hy Z ajjkn,;. (2.58¢)
=1

The coefficients a; ;, b;, ¢; € R can be arranged in a so-called Butcher tableau (Fig. 2.1),
with entries a;; defining the Runge-Kutta matrix A.
Suppose the Runge-Kutta matrix A is lower-triangular (see Fig. 2.1, RIGHT), i.e.

aij=0 for j=i, (2.59)

then the resulting RK schemes is called explicit, since (2.58b) can be evaluated ex-
plicitly. In contrast, if A is not lower triangular, (2.58b) can not be solved explicitly
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a1
| an a2 ... di C2 | az1
C2 | a1 az ... dgs cl A C3 asi aso
= bT y
Cs | As1 As2 ... dss Cs | ag1 Qg ... Qgs—1
b1 b, .. b by by ... bs, Dby

Figure 2.1: Butcher tableau of a Runge-Kutta method. LEFT: Tableau of a general
s-stage RK method. RIGHT: Tableau of an explicit s-stage RK method.

as a system of algebraic equations has to be solved. Therefore, these methods are
called implicit RK methods. They are well-suited for the numerical integration of
stiff ODEs, but are also significantly more complex than explicit ones. For more de-
tails on these methods we refer the reader to [30, Ch. I1.7] and for a thorough treat-
ment of stiff problems we refer to [29, Ch. IV]. The following theorem specifies a
condition to the step-size i under which a solution of the equations (2.58b) exists.

Theorem 2.6 (Existence of a Numerical Solution; [30, Ch. II, Theorem 7.2])
For any p e R™ let f(-, p,-) of (2.51¢) be continuous and satisfy a Lipschitz condition
on R™ x [0, T with constant L, independent of p. If

1
. N .
LmaXz:L..‘,st:l |al]|

(2.60)

then there exists a unique solution of (2.58), which can be obtained by iteration. If
f(x, p, 1) is g times differentiable, the functions k; (as functions of k) are also in CY.

Proof A detailed proof can be found in [30, Chapter II, Theorem 7.2]. 0

Suppose a given system (2.51b) is partitioned into two parts with x = (g7,p") T,

=" 50" and

q=filg,p, 0, (2.61a)
p=f(q,p,0). (2.61b)

Then we can integrate this system by using two different sets of coefficients

aij,bi,c; €R for (2.61a),  G;j,b;,C; €R for (2.61b). (2.62)
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These methods are commonly called partitioned Runge-Kutta methods. The theo-
rems 2.7 and 2.8 state conditions under which those methods preserve certain quan-
tities that should be invariant under the flow of the given system. In this sense such
RK schemes are called symplectic.

Theorem 2.7 (Symplectic Runge-Kutta Method; [31, Ch. VI, Theorems 7.6 & 7.10])
Assume that system (2.51b) has a quadratic invariant I, i.e. I(:,-) is a real-valued bi-
linear mapping such that (d/d#)I(x(t), x(#)) = 0, for each t and xy. If the coefficients
of a Runge-Kutta method (2.58) satisfy

b,-aij+bjaj,~—b,-bj:0, (2.63)
then the value I(x,, x;) does not depend on n. A

Theorem 2.8 (Symplectic Partitioned RK Method; [62, Theorems 2.4 and 2.6])
Assume that S(:,-) is a real-valued bilinear mapping such that (d/dt)S(q(¢), p(£)) =0
for each t and xo of the solution x(#) = [g(£) T, p(1) 1T of (2.61). If the coefficients of
the partitioned Runge-Kutta method (2.62) satisfy

biﬁij—bi5j+5jaj,-=0, E,‘Zbi, ci=c¢j, (2.64)
then the value S(gy, p,) does not depend on n. A

Remark 2.5 Assume the first set of Runge-Kutta coefficients are given by a;;, b;, ¢;
with indices i, j € [s] and are used for the first n-variables (2.61a). Furthermore, let
b; # 0 for all stages i € [s]. Then in view of condition (2.64) we can construct a sym-
plectic PRK method by choosing

aij:=bj—bjaji/bj, bi:=b; Ti:=ci, (2.65)

as coefficients for the second n-variables (2.61b). This construction results in an
overall symplectic PRK method of the partitioned system (2.61). A

2.3.3 Computing Adjoint Sensitivities

In this section we come back to Remark 2.4 about two basic approaches for comput-
ing the adjoint sensitivity (2.53), namely the differentiate-then-discretize approach
and the discretize-then-differentiate approach. Figure 2.2 illustrates both approaches
by paths colored with blue and violet, respectively. We work out the details of each
path in this section. Thereby, our main objective is to make this diagram commuta-
tive by adopting a class of numerical schemes as outlined in the preceding section.
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differentiate,

dynamical system ——— > adjoint system

discretize\L \Ldiscretize

discretization ————> numerical sensitivity
differentiate

Figure 2.2: Computing adjoint sensitivities. By adopting a class of Runge-Kutta
methods, we show that the diagram commutes, i.e. identical results are obtained ei-
ther if the continuous problem is differentiated first and than discretized (blue path),
or the other way around (violet path).

In order to simplify notation, we drop the dependency of x(f) on the parameter p
and just write x(¢). The following theorem details the blue path of Figure 2.2.

Theorem 2.9 (Adjoint Sensitivity: Differentiate-then-Discretize)
The gradient (2.53) of objective function (2.52) with respect to the parameter p is
given by

T
VO(p) = f dyf(x(1),p, DT A(D)dt, (2.66)
0

where x(¢), A(¢#) solve the fwo-point boundary value problem (BVP)

A = —de fx(0), p, T AW, A(T) = VC(x(T)). (2.67b)

In terms of the pseudo-Hamiltonian
Hx, A p, ) =(f(x,p, 1), A), (2.68)

the system has the following form

x(t)= dyH(x,Ap,t), x(0) = xp, (2.69a)
M) =—d H(x, A p, D), AMT) =VC(x(T)). (2.69b)
Proof See AppendixA.1. O
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Remark 2.6 The presence of the pseudo-Hamiltonian (2.68) suggests to use either
a symplectic RK method or a symplectic PRK method to integrate the BVP (2.67). In
view of Remark 2.5, we can use a general RK method with coefficients a;j, b;, ¢; for
i, j € [s] for the first variables (2.67a), and another RK method with a; j,E,-,E,- fori,je
[s] satisfying (2.65) for the second variables (2.67b). Again, this construction results
in an overall symplectic PRK method of the BVP (2.67). A

Now we consider the alternative violet path of Figure 2.2. The application of a RK
method with step-sizes h;, = t,+1 — t, > 0 to problem (2.51) results in the nonlinear
optimization problem

1;1379 Clxn(p) (2.70a)
S.t. Xpa1 :xn+hnib,~kn,,-, n=0,....N-1, x=x(0), (2.70b)
i=1
kni=fXni,p, th+cihy), i€ls], (2.70¢)
Xn,i =Xn+hp i aijkn,j, i€ls]. (2.70d)
j=1

Next, we differentiate this problem and state the result in the following theorem.

Theorem 2.10 (Adjoint Sensitivity: Discretize-then-Differentiate Approach)
Suppose the step-size h;, satisfies condition (2.60). Then, the gradient of the objec-
tive function ®(p) = C(xn(p)) from (2.70) with respect to parameter p is given by

N-1 s _
VOp) = Y hy Y bi(dpfXni, pyta+Cikn) | Api, 2.71)
n=0 i=1

where the discrete adjoint variables are given by

s —
Aps1=An+hn Y bilyi, hp=tp1—ty, n=0,...,N-1, (2.72a)
i=1
Oni=—dxfXnis Py tn +Cihn) Api, i€ls] (2.72b)
S
Ap,i :/ln"‘hnzaijtﬁn,j» iels], (2.72¢)
j=1

with initial value Ay = VC(xy) and the internal stages X, ; are given by (2.70d). This
scheme is a general Runge-Kutta method (2.58a)-(2.58c) applied to the adjoint sys-
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tem (2.67b) with b; #0,i =1,..., s, and coefficients

Grimbi— M0 G fordi=l...s 2.73)
y—"] bl 4 [ 2 1 — LD ;]— yeeeyde .

Proof An outline of the proof can be found in [62, Theorem 3.6]. Following the sug-
gested outline, we provide a detailed proof in Appendix A.1. O

The proof of this theorem is based on the following lemma, which is a slightly dif-
ferent version of Lemma 3.5 in [62]. The strategy is to state the Lagrangian of the
nonlinear problem (2.70) and derive all formulas of Theorem 2.10 by a straightfor-
ward application of the lemma. Again, for a detailed proof we refer the reader to
Appendix A.1.

Lemma 2.11 (cf. [62, Lemma 3.5])

Suppose the mapping ¢: R"» xd" _, R4 js such that the Jacobian matrix dy¢ is invert-
ible at a point (pg,yo) € R" x IRd’, that is in the neighborhood of py, the equation
¢(p,y) = 0 defines y as a function of p. For some given function C: R™*4 _ R con-
sider the induced function of the form ®: R"» — R, defined by ®(p) :=C(p,y(p)). We
introduce the Lagrangian

Lp,7, 1) =C(p,y)+(P(p, ), A). (2.79)
Then the Euclidean gradient of ® with respect to p at py is given by
V®(po) = VpL(po, Y0, 10), (2.75)

where the vectors yg = y(po) € RY and Ao € R? are uniquely determined by

0=VaL(po, Yo, Lo) = ¢(Po,Y0), (2.76a)
0=V, L(po,Yo,do) <= V,C(po,Y0) = —dyd(Po,Y0) ' Ao. (2.76b)
Proof See AppendixA.1. O

Remark 2.7 Comparing the statements of Theorem 2.9 and Theorem 2.10, we see
that the formula of the discrete sensitivity (2.71) is an approximation of the integral
(2.66) with quadrature weights b;. Furthermore, we observe that the coefficients of
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the constructed PRK method (2.65) coincides with the derived coefficients (2.73).
Thus, by restricting the class of numerical schemes to symplectic PRK methods sat-
isfying (2.64), the approaches due to the Theorem 2.9 (and Remark 2.6) and Theo-
rem 2.10 are mathematically identical, and the diagram depicted by Figure 2.2 com-
mutes. A

2.3.4 Adjoint Sensitivity: Two Specific Numerical Schemes

In this section we complement and illustrate the general results of the preceding
section by specifying two numerical schemes in detail.

Explicit Euler method

First, we consider the explicit Euler method [32] for the forward integration of the
dynamics (2.67a). The straightforward use of (2.65) leads to another set of Runge—
Kutta coefficients for integrating the adjoint system (2.67b). In combination these
forward and backward coefficients form an overall symplectic partitioned Runge-
Kutta method and are given by Table 2.1.

C1 ‘ aln _ 0 ‘ El ‘ 5_11 _ 0 ‘ 1
R 7
forward coefficients backward coefficients

Table 2.1: Symplectic PRK coefficients induced by the explicit Euler method.

We derive concrete formulas for the integration of the adjoint system by substitut-
ing the backward coefficients a1, b; and ¢, from Table 2.1 into (2.72), which gives

Ans1=An+ hnfn,l (2.77a)
On1=—0xf(Xn1,tn) Apn (2.77b)
Api1=An+hply;. (2.77¢)

Since (2.77¢) coincides with (2.77a), we can plug (2.77b) into (2.77a) and rewrite the
overall schemes (2.77) by traversing from 7 + 1 to n. Then the resulting scheme is
given by

An=Aps1+ hndxf(Xn,l, tn)T/ln+1v (2.78)
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which is an explicit method traversing backwards from n+1 to n. Since by =1and
s =1 (number of stages), the formula of the discrete gradient (2.71) reads

N-1
Vo) = Y hadpf(Xn1, tn) Ansr. 2.79)
n=0
Heun’s method

Now, we integrate the dynamics (2.67a) with Heun'’s method [32]. Again, the straight-
forward use of (2.65) leads to another Runge-Kutta method for integrating the ad-
joint system (2.67b). Both forward and backward coefficients of the overall symplec-
tic partitioned Runge-Kutta method are given by Table 2.2. Although the butcher
tableau of the backward coefficients (see Table 2.2, right matrix) is completely dense,
the final update formulas are explicit, as we show below.

c1 | a1 arz 0 c1 | ann an 0|1/2 -1/2

Co an ayy = 1 1 Eg 521 522 =1 1/2 1/2

| b b 172 172 | b by 172 1/2
forward coefficients backward coefficients

Table 2.2: Symplectic PRK coefficients induced by Heun’s method.

Again, we derive the concrete formulas of the PRK method by substituting the
backward coefficients from Table 2.2 into (2.72)

Ant1 =An+hn(30n1 +3002) (2.80a)
Cpy=—dxf(Xn1,tn) " A (2.80b)
Ono=—dxfXn2, tn+hn) App (2.80c)
Ang=An+hn(30n1—30n2) (2.80d)
Anp=An+hn(30n1+30n2). (2.80e)

Note, that (2.80e) coincides with (2.80a), which implies the equations
Ansl = App and [n,z = _dxf(Xn,Z; In+ hn)T}Ln+1~ (2.81)

Using (2.81), we reformulate (2.80d)

An,l = An + hn(%gn,l - %fn,z) = An + hn(%£n,1 - %fn,z) + (hngn,Z - hnén,z)
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2.80
= /ln + hn(%[n,l + %En,z) - hnfn,z ( = Y An+1 - hnén,z

(2£1) Aps1+ hndxf(Xn,Z, In+ hn)T/ln+1~ (2.82a)

Formula (2.82a) is an explicit Euler step traversing backwards from n+ 1 to n. Thus,
we can rewrite the overall scheme (2.80) as

Ap=Ans1 + hndy fXn2, ta+ 1) " Apin (2.83a)

h ~
/ln = An+1 + ?n (dxf(Xn,ly tn)TAn + dxf(Xn,Zr In+ hn)T/ln+1) ’ (2.83b)

which is again an explicit method traversing backwards from n +1 to n. By plugging
the coefficients by = b, = 1 and s = 2 (number of stages) into (2.71) we obtain the
formula of the discrete gradient

N-1 h 5
Vp®(p) = 7 (dpf X1, t) " An+dpf(Xnzs tn+1n) " Ans1). (2.84)
n=0
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Chapter 3

Image Labeling by Assighment

In this chapter we summarize the work of [8] which tackles the image labeling prob-
lem by a smooth geometric approach. Since this approach forms the basis of Chap-
ter 4 & 5, we present the ideas and concepts in detail. We start by introducing the
main mathematical object, the so-called assignment manifold (Section 3.1), and ex-
plain afterwards how a given flow on this manifold can be transformed onto the tan-
gent space (Section 3.2). The image labeling task is performed by following the so-
called assignment flow, which is a smooth flow evolving on the assignment manifold.
We present the main components of this flow (Section 3.3), followed by numerical
experiments (Section 3.4). We end this chapter by a brief overview of several exten-
sions (Section 3.5). For summarizing recent work based on the assignment flow and
a discussion of further aspects we refer to [69] .

The work [8] was primarily introduced to perform image labeling, but it is not lim-
ited to that task. More precisely, all objects and components are defined locally, i.e.
in terms of the local graph structure G. Therefore, the approach is directly applicable
to arbitrary graph structures G = (V, £) without further modifications.

3.1 The Assignment Manifold

In this section we introduce the main mathematical object of this thesis: the so-
called assignment manifold that consists of smaller building blocks, namely the rel-
ative interior of the probability simplex. We summarize without proofs the relevant
material on the geometry of the probability simplex (Section 3.1.1) and continue af-
terwards with the definition of the assignment manifold (Section 3.1.2). All proofs of
Section 3.1.1 can be found in the respective appendix of [8].

3.1.1 Local Object: Relative Interior of the Probability Simplex

The image labeling task consists of assigning to each node i € V one of n predefined
labels X. By taking a probabilistic view of this assignment we model the decision for
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each node i € V as a point on the relative interior of the probability simplex
Spi=relint(Ay) ={peA,: p;>0fori=1,...,n} 3.1
with constant tangent space
TpSp={veR": (11,) =0} =T, cR", peS,. (3.2)

Since (v,1,) = 0 for all v € T}, there is an orthogonal decomposition R" = T, & R1,,.
The orthogonal projection onto T, is given by

1 1
Iz, : R"—- T, x— 1, (x) =x— =1, )1, = (I— —1],11]2) X. (3.3)
n n

In this setting each vertex j € [n] of S, corresponds to the unique decision of one
specific label x; € X, j € [n]. The barycenter of S, is given by the uniform distribu-
tion %1],1 € S, and is denoted by 1s,, := %ﬂn.

By endowing the probability space S, at each p € S;, with the Fisher—Rao metric
u v y
VP VP

it becomes a differentiable Riemannian manifold (S;,, gS OR

g TaxTp—R, (u,v)— go"(u,v):=< . Yu,veT,, (3.4)

In order to get a sense for the induced geometry of S;,, we consider the scaled
sphere A/ = 25"~! which can be regarded as a manifold with the Riemannian metric
induced by the Euclidean inner product of R”. The manifolds S, and N are diffeo-
morphic with the following map

v:Sp—N, p—s=vy(p):=2p. (3.5)

We call the diffeomorphism (3.5) sphere-map y. This map is illustrated in Fig. 3.1 for
the 2-dimensional simplex S».

For (S, g%") and (N, gN ), where gN denotes the Riemannian metric induced by
the standard Euclidean inner product of R”, it can be shown that the sphere-map v
(3.5) is also an isometry (see [8, Appendix 2]). That is, the map v preserves lengths of
tangent vectors and curves. Furthermore, by recalling the definition of an isometry,
we can understand the Fisher—Rao metric (3.4) as the induced pullback metric of the
Euclidean inner product, i.e. ¢* gN =g,

The Riemannian gradient of a smooth function f: S, — R is defined as follows.
Let f: S, — R be a smooth function on S,,. The Riemannian gradient of f at pe S,
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Figure 3.1: Sphere map for the 2-dimensional simplex S, (cf. [8, Fig. 2]). The trian-
gle encloses the image 1/(S,) < 252 of the probability simplex S, under the sphere
map (3.5).

is given by

grads f(p)=p(Vf(p)—(p,Vf(p)I). (3.6)
By using the so-called replicator operator, given by the linear map

Ry:R"—T,, x~— Rylx]:=(Diag(p)—pp')x, peS, 3.7)
the Riemannian gradient (3.6) can be written as

gradg, f(p) =Ry [Vf(p)]. (3.8)

Remark 3.1 (Domain of R,) The replicator operator R, is turned into an isomor-
phism by restricting the domain to the tangent space T,

Ry: Tyy— Ty, x— Ry [x] = (Diag(p) - pp") x, peSu (3.9a)
R,': T, — Ty, x— R,'[x] = 17, Diag()x, pESh. (3.9b)

In addition, the operator satisfies the relation
Ry =Ryll7, =Il71,Rp, (3.10)

where I17, denotes the orthogonal projection (3.3) onto the tangent space T,. A
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The exponential map of the Riemannian (Levi-Civita) connection on S,, is as fol-
lows.

Proposition 3.1 (Geodesic and Exponential map on S,;; [8, Proposition 2])
The Riemannian geodesic is given by

2 2
1 v 1 v v .
yo(t) = —(p+ P )+— (p_W)COS(” vy t)+m\/ﬁsm(|| vpl 1)
p

20 wl?) 2
(3.11a)
with t=1,v, =v/\/p,y»(0) = p,y,(0) = vand
Vy={ve TS, :y,(t) €Sy, te(0,11}. (3.11b)
The corresponding exponential map reads
Exp,: Vp—8n, v—Exp,v)=y,(1), peSn (3.11¢)
A

Adopting the e-connection from information geometry [3, Section 2.3], [9], the ex-
ponential map based on the corresponding affine geodesics reads

v

pe’

Exp},: Spx T — Sh, (p, v) — Expy,(v) = ———, (3.12a)
(p,er)
EXp;’_l 1S5, xS, — Ty, (p,q) — EXp;—l(q) = Rp log%- (3.12b)
Specifically, we define
e pe’
exp,: Spx Tn— Sy, (p, V) — Expp, oRp (V) = e’ (3.13a)
expy s Sy x Sy — Ty, (@) — exp;, (q) = Tl log%. (3.13b)
The exp ,-map has the following properties.
Lemma 3.2
For p,q € S, and x, y € R" we have
expp(x +y) = expexpp(x) » (3.14a)
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Figure 3.2: First-order approximation of geodesic vy, (t) (cf. [8, Fig. 5]). The solid
lines display various geodesics vy, (f),1 € [k], t € [¢, tmax], given by (3.11a), emanating
from p (red points) with the same speed | v;ll, = vl p, Vi, j € [k]. The dashed lines
display the approximations Exp},(v; 1), € [k, t € [#, fmax] satisfying (3.15).

and the differentials are given by

dg expp(q) [v] = Rexpp(q) (V] (3.14b)

14
dpexp,’ (q)[v] = iz, (3.14¢)

The application of the map exp, to a vector in R" = T,, @ R1,, does not depend on the
R1,, component of the argument due to (3.10).

Proof See Appendix A.2. 0

Remark 3.2 Since the mappings Exp;’J and exp,, do not correspond to the Rieman-
nian connection, the maps (3.12a) and (3.13a) are not length-minimizing with re-
spect to the Riemannian structure. Nevertheless, they provide locally a close ap-
proximation (summarized shortly in Proposition 3.3 & illustrated by Fig. 3.2) and are
more convenient for numerical computations. A

Proposition 3.3 (First-order approximation of geodesic y, (£); [8, Proposition 3])
The exponential map of the e-connection Expf,(vt) given by (3.12a) provides locally
a first-order approximation of the geodesic y, (¢) from (3.11a)

Iy (1) = ExpS, (vl = O(£%). (3.15)
A

Next, we define the Riemannian mean (also known as Karcher mean or Fréchet
mean) of a given set of points.
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Definition 3.4 (Riemannian mean)
The Riemannian mean p of a set of points {p;};e;n) € S, with weights w € Ay is
defined as the minimizer of the objective function

1
5 > widén(p,pi), with ds, (p, q) :2arcos( > \/piqi) €[0,m). (3.16a)
i€[N] i€(n]

The mean p satisfies the optimality condition

Y wiExp;(pi) =0, (3.16b)
i€[N]

where Exp"a1 : Sp — TpSy is the inverse of the exponential map (3.11c). We also use
the notation

meanSn,w(P)) (,UEAN_I, P:{plwnypN}) (3-16(:)

for the Riemannian mean. A

Lemma 3.5 ([8, Lemma 3])
The Riemannian mean (3.16¢) defined as the minimizer of (3.16a) is unique for any
data P = {p;licin; € Sy and weights w € Ap. A

In view of Remark 3.2, we can approximate the Riemannian mean (3.16c) by re-
placing Exp,;1 (exponential map of Riemannian connection (3.11c)) with Exp;’_1 (ex-
ponential map of e-connection (3.12b)). The advantage of using Exp,eg’_1 lies in the
fact that we can obtain the following simple closed-form solution of the approxi-
mated mean based on (3.16b).

Lemma 3.6 (Approximation of the Riemannian mean; [8, Lemma 5])

LetP ={p1,..., pn} be agiven set of points and w € A corresponding weights. Then,
by replacing the exponential map Exp,;1 in (3.16b) with Exp;’_l, given by (3.12b),
yields the following approximation of the Riemannian mean (3.16¢)

meang ., (P)

meang ,(P) = ex w;exprl (p;)]| = —2 (3.17a)
Snyw pﬂsn (IE%V] ! pﬂsn pl ) (ﬂ,meang'w(P)>

where meang , (P) denotes the weighted geometric mean

meang,,(P) = [] p}". (3.17b)
i€[N]
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[

Figure 3.3: Geometry of the probability simplex induced by the Fisher-Rao met-
ric. (cf. [8, Fig. 3]) (a) shows the geodesics from the barycenter (red) to various
points (blue). The black lines are Euclidean geodesics and the brown lines are non-
Euclidean geodesics. The points along these lines correspond to the Euclidean and
Riemannian mean, respectively. (b) The contour lines denote the points which have
the same Riemannian distance from the respective center point (black dots).

Proof See Appendix A.2. O

This lemma enables us to approximate the Riemannian mean with a closed-form
expression, namely the normalized weighted geometric mean (3.17a). This result will
be extremely useful for numerical computations (Section 3.3).

3.1.2 Global Object: Assignment Manifold

The main mathematical object of this thesis is the so-called assignment manifold,
given by the product manifold

W:=8,x---x8, (3.18)
\—Y_-/
m-times

with constant tangent space

Twi=Tyx--xTy (3.19)
———

m-times

and Riemannian structure (W, g"V) given by the Riemann product metric

m
gw: TwxTw—R, (U V)— g (U, V)= gn(Up Vi), YU,VeTpy. (3.20)
k=1
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We identify JV with the embedding into R"**"
W={WeR™": W1, =1,, and W;j>0forallie[m],je€ [n]}. (3.21)

In words, a point W € W is a row-stochastic matrix W € R"*" representing global
label assignments on the whole set of nodes V. Each row vector W; € S, lives on the
probability simplex S, and represents local label assignments for every node i € V.
Due to this embedding of W, the tangent space 7yy can be identified with

Ty ={VeR™": V1, =0} (3.22)

Therefore, every row vector V; is contained in T, for every i € . The global uniform
distribution, given by the uniform distribution in every row, again called barycenter,
is denoted by

wi=s,,...,1s,) = Inls, €W, (3.23)

where the second equality is due to the embedding (3.21).

The maps and operators defined on the probability simplex S, have naturally ex-
tensions on the product manifold WW. The orthogonal projection onto Tyy is given by

7, [X1]
7, : R™" - Ty, X— 7, [X] = , (3.24)
1_[T,l [Xom]

where I17, is the orthogonal projection (3.3) onto T},. The replicator operator is given
by

Rw, [X1]
Rw: R™" — Ty, X — Ry[X]= : . WeW, (3.25)
Rw,, [ Xm]

where Ry, is the replicator operator (3.7). The lifting map is defined by

expyy, (V1)
expy (V): Wx Ty —=W, (W,V)—expy (V)= : , (3.26)

expy, (Vi)
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where W;, V; for i € V are the row vectors of matrices W, V, respectively, and expyy, (V3)
is the lifting map (3.13a). The mappings exp;‘},Expf/V,Expa,_l are similarly defined
based on (3.13b), (3.12a) and (3.12b).

Due to (3.8), the Riemannian gradient of a smooth function f: WW — R s given by

grad f(W) = Ry [VF(W)] for WeW. (3.27)

3.2 Vector Fields on the Assignment Manifold

In this section we summarize the main idea of [65]: Any given vector field X € X(W)
on W can be transformed onto the tangent space 7yy. The advantage of using this
transformation lies in the fact that 73, < R™*" is a vector space of matrices, where
established numerical integration methods can be applied.

The next theorem states the main result for general vector fields X € X(W).

Theorem 3.7 (Transformation of Vector Fields on V)

Let expy,, : Tw — W be the lifting map (3.26) at the barycenter 1lyy := ﬂmﬂgnT eW,
X € X(W) be a given vector field, and J < R be an open interval with 0 € J. Then,
a curve W: J — W solves (3.28a) if and only if the curve V: J — Tyy with W(f) =
expy,,, oV (1) solves (3.28b).

W (1) = Xw), (3.28a)
y -1
ViD= RexpﬂW(V(t)) [XexpﬂW(V(t))] : (3.28b)
Proof See AppendixA.2. O

The above setting works for general vector fields and metrics on the assignment
manifold V. In the remainder of this section we restrict this setting to Riemannian
gradients and the Fisher—Rao metric (3.20). Suppose f: VW — R is a general smooth
objective function given on the assignment manifold VV. Our strategy is to minimize
this function by following the Riemannian gradient descent flow

W (1) = —grad,,, f(W(1)). (3.29)

Applying Theorem 3.7 with Xy (5 = —grad,,, f(W (1)) transforms (3.29) onto the tan-
gent space 7yy. This transformation is summarized by the following corollary.
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Corollary 3.8 (Transformation of Riemannian Gradient Flows on V)

Let expy,,: T™ — W be the lifting map (3.26) at the barycenter Ty := 1 mls, T €W,
grad,,, f(W(1)) the Riemannian gradient of a general smooth objective function
f: W — R, and the manifold W is equipped with the Fisher—-Rao metric (3.20). Then,
the integral curves W(¢), V () of the following gradient flows

W (1) = —grad, f(W (1)), W(0) =Ty, (3.30a)
V(1) ==V f(expy, (V(1), V(0)=0mxn. (3.30b)

can be transformed into each other via the lifting map

W (1) = expy,, (V(1)). (3.31)

Proof See Appendix A.2. O

3.3 Image Labeling on the Assignment Manifold

A given image can be modeled by an undirected graph G = (V, &) with m :=|V| ver-
tices. Let

fV-F, i—fieF, fW)=FycF (3.32)

be data on the graph given in a metric space (F,d). We call 7y image data given
by features f; extracted from a raw image at pixel i € V. Along with f we assume
prototypical data

X=1{0,...,0,}cF (3.33)
which we call labels. Assume a suitable distance function
dr: FxX —R, (3.34)

is given which measures the similarity between features and labels. The image la-
beling problem consists of finding an assignment V — X that assigns class labels to
nodes depending on the image data /) and the local context encoded by the graph
structure G. These global assignments are modeled as points W € WV on the assign-
ment manifold VV.
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More precisely, we are interested in the posterior probability of assigning label ¢ ;
to vertex i given the datum f;, which is given by the element

Wij=Pr(llfi), i€lml, jeln], (3.35)

of the assignment matrix W. Thus, the assignments of to each vertex i € ) is repre-
sented by the row vector

W;eS,, ieV. (3.36)

G may be a grid graph (with self-loops) as in low-level image processing or a less
structured graph, with arbitrary connectivity in terms of the neighborhoods

Ni={keV:ik=kie&}uli}, i€V, (3.37)

where ik is a shorthand for the undirected edge {i, k} € £. We require these neigh-
borhoods to satisfy the relations

keN; o ieNy, VikeV. (3.38)

We associate with each neighborhood N; from (3.37) weights w; € R for all k € \V;,
satisfying

w;r >0 and Z w;r=1, forallieV. (3.39)
keN;

These weights parametrize the regularization property of the assignment flow below.

3.3.1 Assignment Flow

Based on the given data (3.32) and labels (3.33), we define the distance matrix
DeR™", D;j:=dr(fi,lj), i€lml]jelnl. (3.40)

This distance information is liffed onto the manifold W by the likelihood matrix
L=L(W)eW, L(W):=expy (-D/p), p>0, (3.41)

where p is a scaling parameter for the distance matrix D, and expyy, is the lifting map
(3.26). This representation of the data is regularized by the approximation of the
Riemannian mean (3.17a) in the local neighborhoods (3.37) using the weights (3.39).
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Thus, the similarity matrix is given by

S=SW)eW, Si(W):=expy, ( Y wirexpy) (Lk(Wk))), i€V,  (3.42)
keN;
where N (i) is the local neighborhood (3.37).

The similarity matrix induces the assignment flow through a system of spatially
coupled nonlinear ODEs which evolves the assignment vectors

W (1) = Rw(n [SIW(0)] = W (1) (S(W (1)) — (W, S(W () 1), (3.43a)
WO =TweW, (3.43b)

where Tyy denotes the global uniform distribution, given by (3.23). Integrating this
flow numerically yields curves W;(¢) € S, for every pixel i € V that emanate from
W;(0) = 1s, and approach some vertex (unit vector) of S, = A,. Hence, a unique
label assignment is obtained after a trivial rounding W;(¢) for sufficiently large ¢ > 0.
The overall geometric approach is summarized and illustrated by Fig. 3.4.

3.3.2 Numerical Integration of the Flow

Theorem 3.7 shows how a given vector field on WV can be transformed onto the tan-
gent space Ty via the lifting map expy,, . Accordingly, for the assignment flow (3.43)
this transformation is as follows. The integral curves of the following ODEs

W(t) = Rwp[SW ()], W) =TweW, (3.44a)
V(1) = S(expy,, (V(1), V(0)=0€ T, (3.44b)

are equivalent via the parametrization W (¢) = expy,,, (V(#)). The flow (3.44b) purely
evolves on the vector space 7Tyy, where standard Runge-Kutta methods (cf. Sec-
tion 2.3.2) can be used for numerical integration.

In general, for an arbitrary ODE
V(1) = F(W (1) = F(expy,, (V(1))), V(0)=0, (3.45)

evolving on the vector space 7yy, we mainly use explicit Runge—Kutta methods (2.58)
for the numerical integration, i.e.

S
v =y fW N bk, VO =0, (3.46)
i=1
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distance . likelihood
matrix ) matrix
expy geometric
D L(W) averaging
e 5 N
similarity
features Jy : W(t3\ / (W) matrix
labels X W = Ry [S(W)] assignment flow
feature space F - assignment manifold W

Figure 3.4: Overview of the geometric approach [8]. In a feature space F, the dis-
tance D between given data Fy and labels X is computed by a suitable distance
measure. These information is lifted to the assignment manifold VV which gives the
likelihood L(W). In order to obtain spatial coherent assignments, the similarity ma-
trix S(W) is computed by geometric averaging over spatial neighborhoods. The re-
sulting inference corresponds to following the assignment flow, that is a replicator
dynamic which is induced from S(W).

with step-size h'"Y € R.. The stages k, ; depend on the right hand side F of (3.45),
and are defined in (2.58a)-(2.58¢). By using the parametrization W = expy,,, (V), this
update scheme translates to a multiplicative update formula on W

S
WD = expy (VD) O expy (VO 4R Y bk (3.47a)
i1
s () oh"™ L3_, bikni
3.14 W e i=1 )
8.142) expym (h(") Y b; kn,,-) =

, (3.47b)
i=1 <W(n), eh" Xibi k,,,,»>

with initial value W© = 1y,.

Remark 3.3 The construction of the geometric Runge-Kutta schemes (3.47b) can be
viewed from a different perspective. Setting A(V, W) := expy, (V) gives an Lie-group
action A: Tyy x W — W of the vector space Tyy viewed as an additive group on the
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assignment manifold V. In [81] this action is used to numerically integrate the as-
signment flow by applying geometric Runge-Kutta methods (3.47b). A

Using the explicit Runge-Kutta method on 7y gives the geometric explicit Euler
update on W

W(n) eh(n)F(W(n))
W(n+1) _

T (W, ghEW )

wO® =1, ew. (3.48)

Definition 3.9 (Linear assignment flow)
The linear assignment flow approximates the mapping (3.42) as part of the assign-
ment flow (3.43) by

W = Ry | S(Wp) + dS(Wp) [expy | (W)] ] Wo = W(0) = Tyy € W. (3.49)
Although, this flow is still nonlinear on W, its transformed flow (Theorem 3.7)

V =S(Wp) +dS(Wp)[V], V(0)=0, (3.50)
is linear and defined on the vector space 7yy. A

The differential dS(W)[V] of the similarity map is stated in the following lemma.

Lemma 3.10
The i-th component of the differential dS(W): Tyy — Ty is given by

1%
dSi(W): Ty — Ty, dSiW)[VI= Y. wirRs,aw) [—k , (3.51)
keN; Wi

forall Ve Ty andie V.

Proof See AppendixA.2. O
Remark 3.4 (Linearity of (3.50) with respect to parameter) By fixing S(W}), the right
hand side of (3.50) is linear with respect to both the tangent vector V and the param-

eters w; in the differential dS(W)) (see (3.51)), that makes this approach attractive
for parameter estimation (investigated in Chapter 5). A

Remark 3.5 (Parametrization using Exp},) The work of [81] introduced the linear
assignment flow by using the exponential map Expy, given by (3.12a), with respect to
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the e-connection

W = Ry | S(Wp) + dS(Wp) [Expﬂ’v;1 W)] ] Wo=W(0) =Ty eW, (3.52)
and with parametrization [81, Prop. 4.2]

W (1) =Expfy, (V(1)), V=R, [S(Wo)+dS(Wp)[VIl, V(0)=0 (3.53)

It can be shown that the parametrization (3.49) and (3.53) differ only by a factor. A

3.4 Experiments

3.4.1 Implementation Details
Assignment Normalization

Each vector W; approaches some vertex e; of the simplex and thus some entries of
W; converge to zero. However, due to our optimization scheme every vector W;
evolves on the interior of the simplex S, that is, all entries of W; have to be posi-
tive all the time. Since there is a limit for the precision of representing small positive
numbers on a computer, we avoid numerical problems by adopting the normaliza-
tion strategy of [8]. After each iteration, we check all W; and whenever an entry drops
below £ = 10710, we rectify W; by

1 .

- ———W;, W;=W;— min {W; }+¢, e=10"10, (3.54)
awy SR e S R

i

Thus, the constant ¢ plays the role of 0 in our implementation. Our numerical ex-
periments showed that this operation avoids numerical issues.

Termination Criterion
In all experiments, the normalized averaged entropy

1 n
—HW)=———— Wi xlog(W; k), for WeW, (3.55)
mlog(n) mlog(n) ,EZV,C; 108 (Wi

was used as a termination criterion, i.e. if the value drops below a certain threshold
the algorithm is terminated. Due to this normalization, the value does not depend
on the number of labels and thus the threshold is comparable across different mod-
els with a varying number of pixels and labels.
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For example, a threshold of 1073 means in practice that, up to a small fraction of
nodes i € V, all rows W; of the assignment matrix W are very close to unit vectors
and thus indicate an almost unique assignment of the prototypes or labels to the
observed data.

3.4.2 Parameter Influence

In this section we illustrate the parameter influence of the scaling parameter p and
the spatial scale || on the assignment (cf. Fig. 3.5). By using uniform weights for
regularization, i.e. w; = Wl'flﬂ' ;| for every node i € V, the similarity matrix (3.42)
simplifies to the normalized geometric mean (3.17b).

The task is to label a RGB-image f: V — [0,1]3 on the grid graph G = (V,£) with
different neighborhood size ING) € {3x3,5x57x7}, i€ Prototypical colors
X =1{0,,...,012} < [0,1]3 serve as labels (cf. Fig. 3.5, top right). The distance matrix is
computed by using the || - [, norm and a scaling factor p > 0 by

1
D;= ;(Ilf(i) = Ol IfG) = Ca2lly), i€V (3.56)

We use a constant step-size of i = 1 for the numerical integration of the assignment
flow (3.44b), and set the threshold for the normalized average entropy termination
criterion (3.55) to 1073,

Fig. 3.5 shows the influence of the scaling parameter p and the spatial scale |\N'| on
the assignment. Increasing the strength of the data (smaller p) leads to a faster de-
crease in entropy (cf. Fig. 3.6) and therefore to an earlier convergence of the process
to a specific labeling. Thus, a stronger weighted data term yields a less regularized
result due to the rapid decision for a labeling at an early stage of the algorithm.

3.5 Extensions

In this section we briefly list several extensions of the geometric approach explained
in this chapter. For more details we refer the reader to the respective references.

Mathematical aspects [63, 64]. In [63] a variational formulation of the assignment
flow is studied leading to an natural extension from graphs to the continuous do-
main in the “zero-scale limit”. The work of [64] presents a more classical additive
variational reformulation related to the continuous cut approach, using Riemannian
distances induced by the Fisher-Rao metric for regularization.
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Geometric numerical integration [81]. The work presents a comprehensive study of
geometric integration techniques for the numerical integration of the assignment
flow in a stable, efficient and parameter-free way.

Unsupervised label learning [82, 83]. This work extends the geometric approach
to unsupervised scenarios where no labels are given. The work determines labels
in a completely unsupervised way by data self-assignment. This results in a self-
assignment flow which has connections to low-rank matrix factorization and dis-
crete optimal mass transport.

Evaluation of discrete graphical models [6, 36]. This extension introduces a novel ap-
proach to maximum a posteriori (MAP) inferencebased on discrete graphical models
and the assignment manifold. The idea is to smoothly approximate the LP relaxation
and restrict it to the assignment manifold. In this work, the integration of the corre-
sponding Riemannian gradient flow and a rounding mechanism to integral solutions
is combined. We present and elaborate this approach in Chapter 4 in detail.

Parameter learning [35, 37]. This work studies the inverse problem of model param-
eter learning for pixelwise image labeling. Based on given training data with ground
truth, the weights of the weighted geometric mean that parametrize the adaptivity
of the assignment flow are learned. This is accomplished by a Riemannian gradient
flow on the manifold of parameters that determine the regularization properties of
the assignment flow. We present and discuss this approach in Chapter 5 in detail.
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Original data Labels

Figure 3.5: Parameter influence of the scaling parameter p and the spatial scale N
on the assignment. This plot shows the parameter influence of p and |\ on the
assignment of 12 prototypical labels to the input data. Uniform weights are used for
regularization, i.e. w; = Wli—|1]| ;| for every node i € V. Increasing size of the spatial
scale |\| leads to more regularized labelings. In contrast, a stronger weighted data
term (smaller values of p) yields a less regularized result due to the rapid decision for
alabeling at an early stage of the algorithm (cf. Fig. 3.6).
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— |M=3x3,p=1
1007 = — IN1=5%5,0=1
IM=7x7,p=1
— |M=3x3,p=0.1
— |NM]=5x5,p=0.1
|N.|=7X7,p=0.1
§10_1_ — |N]=3x3,p=0.01
E’ — |N]=5x%5, p=0.01
g M =7x7, p=0.01
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Figure 3.6: Averaged entropy (3.55) for different values of p and |\/|. This plot shows
the corresponding values of the normalized average entropy (3.55) for the experi-
ments of Fig. 3.5. The curves are sorted according to parameter p, i.e. p =1 (red
curves), p = 0.1 (green curves) and p = 0.01 (blue curves). By increasing the strength
of the data term (smaller values of the scaling parameter p), the entropy drops more
rapidly and hence converges faster to an integral labeling. A different size of the spa-
tial scale || has no significant influence on the number of iterations.
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Chapter 4

Inference based on Graphical Models and Assighment

In this chapter we introduce a novel approach to maximum a posteriori (MAP) in-
ference based on discrete graphical models (2.31b) and the assignment manifold
(3.18). The main idea is to restrict the LP relaxation (2.42) to the assighment manifold
and then smoothly approximate the resulting objective function. Thereby, we com-
bine the integration of the corresponding Riemannian gradient flow, and a rounding
mechanism to integral solutions. In order to not disturb the overall line of reason-
ing all technical proofs are collected as Appendix A.3. If a proof gives insights into a
certain formula or structure, we include it in the main text.

This chapter is based on the joint work with Fabrizio Savarino, Judit Recknagel,
Freddie Astrém and Christoph Schnérr, that was published as a conference paper
[6] and as a more elaborated journal version [36].

4.1 Objective Function

Suppose observed image data is modeled by a grid graph G = (V,€), |V| = m, and
each node i € V indexes a pixel location, to which a label from the discrete set

xieX=1{l1,....05} 4.1)

is assigned. Again, we call this finite set X' labels or prototypes. Then, the image
labeling problem can be formulated in terms of the discrete energy function

min E(x), E) =) 0;(x)+ Y 0;j(xi,x;)). 4.2)
xexm iev ije€

As we have seen in Section 2.2.2, this problem corresponds to MAP-inference based
on discrete graphical models (2.31b). The variables 0; denote the given unary po-
tentials and 6;; the given pairwise potentials. If not otherwise specified, we use the
following unary potentials

0;(x;) € {dr(fi,€1),...,dr(f;, ln)}, i€lm], (4.3)
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where dr is a suitable distance function, and as pairwise potentials the so-called
Potts prior

A, ifx; # X;j .
0;j(xi,xj) = , with A1>0. (4.4)
0, otherwise

The function E(x) has the format of variational problems comprising a data term
and a regularizer.

4.1.1 Smooth Approximation of the LP Relaxation

In order to conform to the smooth geometric setting explained in Chapter 3, we pro-
ceed in two steps: First, we reformulate the LP relaxation (2.42) in terms of the node
variables py, and afterwards smooth the resulting objective function.

Our first step is summarized in the following Lemma.

Lemma 4.1 (Reformulation of the LP-relaxation (2.42))

The LP-relaxation (2.42) is equivalent to the problem

i 0;, 1)+ do. (1;, i 4.5
“Iglel&?(l;;( ir i) ij%:g Hl](,ul ,U])) (4.5a)

involving the local Wasserstein distances

dy. (Ui, i) = i 0;i, iy, 4.5b
0; (Ui IJ]) I»lij€I1I[1(1£yNj)< ij /Jt]> ( )

defined for every edge ij € £ with IT(u;, ;) due to (2.41b). These distances take the
pairwise model parameters 6;; into account. A

Proof The claim follows by reformulating the LP-relaxation based on the local poly-
tope constraints (2.41)

min<@, u) = lrtnin Oy, uy) + B¢, ue)

HeLg €Lg
= min ((Oy,uy) +mi 0ij, i) + O (i
ernelilnm (( vy ) mﬂénijze“gﬂ ijo Hij) H(uuu/)(ﬂll)))
— min 0;, ;) + min  (6;7, 1)
uveA,,'"(iezv nH l']ZEZEI"ijEH(/"irﬂj) Sl )
= minm(z<9i’”i>+ > de,-j(,ui,ﬂj))- O
HvEQn ey ije€
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The function (4.5a) is formulated in terms of py, but it is non-smooth. Therefore,
we smooth the convex but non-smooth (piecewise-linear (cf. [59, Def. 2.47])) local
Wasserstein distances (4.5b) with a general convex smoothing function Fr,

dp, (Ui, bj) = i Oij ij)+Fr(uij)y, ije&, FreFy, 1>0, (4.6
Hlj,-[(liz /J]) Mijerlzll(lﬁ},uj)« ij /Jz]> T(/Jz])} lj T 0 T (4.6)
with smoothing parameter T. Based on Lemma 4.1 and the regularized local Wasser-
stein distances (4.6), we study the objective function

Er(py) = Oy, uv) + Y dg,; (i), 7>0, (4.7)
ije€
which is a smooth approximation of the LP relaxation (2.42) of the original labeling
problem (4.2), with the local polytope constraints (2.41) built in.

Remark 4.1 (Role of smoothing) The influence of the smoothing parameter 7 will
be examined in detail in the remainder of this chapter. However, we wish to point out
from the beginning that the ability of our smooth geometric approach to compute
integral labelings does not necessarily imply values of 7 = 0 close to zero, because
the rounding mechanism to integral assignments is a different one, as will be shown
in Section 4.4. As a consequence, larger feasible values of T weaken the nonlinear
relation (4.6) and considerably speed up the convergence of numerical algorithm for
iterative label assignment. A

Remark 4.2 (Validity of the local polytope constraints) Using the regularized local
Wasserstein distances (4.6) implies that the local marginalization constraints (2.41)
are always satisfied. This is in sharp contrast to loopy belief propagation, were these
constraints are gradually enforced during the iteration and are guaranteed to hold
only after convergence of the entire iteration process. We discuss this fact in Sec-
tion 4.4.2 in more detail. A

In order to get an intuition about suitable smoothing functions F;, we inspect the
smoothed local Wasserstein distance (4.6) in more detail. To this end, we pick out
and fix any pair of vertices i, j € V connected by an edge ij € £ and simplify our
notation in the remainder of this section by dropping indices as follows.

M=p;j eR™", (coupling measure) (4.8a)
©=0;;eR"", (transportation costs) (4.8b)
i M1
U= (Z ’) = ( T 1']1 ), (stacked marginals) (4.8¢)
j n
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v= (://1) , (stacked dual vectors) (4.8d)
j

In this notation, the local (non-smooth) Wasserstein distance (4.5b) reads

W) = i S M), 4.
de (1i, 4j) Merr]f}}f},uj)@ ) (4.9)

for any edge i j € £. Using the linear map .4 defined by (1.11a), we rewrite expression
(4.9) as

)= mi _ M
d@(ul,p])—Mrgugllxn(G),M> s.t. AM_(,U]')' M=0. (4.10)

The corresponding dual LP of (4.10) is given by

max{u,v) st. A'v<0. (4.11)

veR2n

So we do the same for the smoothed local Wasserstein distance (4.6) which is given
by

d@yf(,ui,,uj) = min (®,M)+F,(M) st. AM= ('ui), M=0,
MeRn>n Hj (4.12)
= min (O, M)+ Fr(M) + Ggyen (M) + 610, (AM = (1)),
for F; € Fp and 7 > 0, and the corresponding dual problem is given by
max(u,v) - G (ATv-0), (4.13)
veR2n
where G’ is the conjugate function of
G (M) = Fr (M) + 6gr=n (M). (4.14)

Suitable candidates of functions G; for smoothing dg suggest themselves by com-
paring the dual LPs (4.11) and (4.13). Rewriting the constraints of (4.11) in the form

Sgrn(ATv—0) (4.15)

and comparing with (4.13) shows that G should be a smooth approximation of the
indicator function dg=x». We get back to this point in Section 4.3.2.
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4.2 Global Euclidean Gradient

In this section we compute the Euclidean gradient VE; of the objective function
(4.7). In general, if the pairwise model parameters 6¢ are not symmetric, then the
smoothed local Wasserstein distances are not symmetric either:

0:j#0]; = dp,; (Wi 1)) # do,, o (R, 1), ijEE. (4.16)

Therefore, we introduce an arbitrary fixed orientation (i, j) (ordered pair) of all edges
ije& whichmeansije& = jig&. As aconsequence, (4.7) reads

ET(HV)=Z(<91'»IH>+ > deij,r(u,-,uj)). (4.17)
2% j: i, )e€

The following proposition specifies the gradient VE; in terms of the local gradients
of the smoothed Wasserstein distances dgij,-[. These latter gradients are studied in
Section 4.3.1 (Theorem 4.5).

Proposition 4.2 (Euclidean gradient of (4.7))
Suppose the edges £ have an arbitrary fixed orientation. Then, the i-th row of the
Euclidean gradient VE; (uy) € T™ at uy € W of the objective function (4.7) is given

by

leT(HV) =HT(6i)+ Z vldgij,‘[(ﬂiruj)'i_ Z Vzdeji,r(,uj’ﬂi)' (4'18)
j:,))eE j:(,0eg

where Vldgijyr(p,-,uj) € T and nggjm (uj,p;) € T are the Euclidean gradients of the
smoothed Wasserstein distances

do,;:Cuj): S—R, and  dp, (uj,): S—R. (4.19)

Proof See Appendix A.3. 0

Now, we consider the specific case that all pairwise model parameters are symmet-
ric, i.e. 0; = Gl.Tj (cf. Corollary 4.4). Due to definition (2.41b), the set I1(-,-) of cou-
pling measures has marginals as arguments. We start with the following preparatory
Lemma.

Lemma 4.3
Suppose the convex smoothing function F;, which defines the regularized local
Wasserstein distances (4.6), satisfies F; (M) = F,(M ") for all M € TI(W;, W;). Then,
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the Wasserstein distance satisfies

dg,;,x (Wi> 1j) = dngj,T (), i) (4.20)
A
Proof See AppendixA.3. O

As a consequence of Lemma 4.3, if all pairwise model parameters 6;; are symmetric
and the assumption F; (M) = F; (M) holds for all M € [0,1]™*", then we do not need
to choose an edge orientation as was done in connection with (4.17). By using the
set N/ (i), which denotes all neighbor vertices of vertex i (1.10), we can rewrite (4.17)
as

1
ET(IJV) = Z (<8i’ﬂi> + 5 ) Z ) d@ij.‘r(ﬂi’uj))' (4.21)
i€y JEN (D)
The following corollary reformulates Proposition 4.2 accordingly.

Corollary 4.4 (Euclidean gradient of (4.7): Symmetric case)
Suppose F; (M) = F,(MT) for all M € [0,1]™*" and 0;; is symmetric for all ij € £.
Then, the i-th row of the Euclidean gradient VE; is given by

ViEr(uy) =T70)+ Y. Vido,, (i, it)). 4.22)
JEN (D)

Proof See AppendixA.3. O

4.3 Local Wasserstein Gradient

4.3.1 Formula of the Local Wasserstein Gradient

In this section we check the differentiability of the smoothed Wasserstein distance
dp,;,r (Wi, pj), ij € €, and specify an expression for the corresponding gradient. The
following theorem formulates the main results of this section. Note, that we again
use the simplified notation (4.8).

Theorem 4.5 (Euclidean gradient of Wasserstein distance)
Consider § ¢ R" as an Euclidean submanifold with tangent space T defined by (3.2),
and let

gl v) = (u,v) - Gi(ATv-0) (4.23)
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denote the dual objective function (4.27). Then the smoothed Wasserstein distance
der: S xS — Ris differentiable, and the Euclidean gradient of dg ; at p = (p1, p2) €
S x S is given by

_ = _ (Hr(v1)
Vde,:(p) =Vde,(p1,p2) =Vr =<7 (V) = (HTWZ))’ (4.24)
where
_ (v
V= (_ ) € argmax g(p,v). (4.25)
V2 veR2n
Proof See Appendix A.3. 0

The basic idea of the proof of Theorem 4.5 (see Appendix A.3) is to apply Theo-
rem 1.2. In order to do so, we have to check if the premises of Theorem 1.2 hold in
our situation. We start with some preparatory lemmas, that also clarify the structure
of the dual solution set. In particular, this set restricted to im(.A) is a singleton, i.e.
the set consists of exactly one element (Lemma 4.10). The overall line of reasoning
continues on in Section 4.3.2.

Lemma 4.6 (Dual problem of Wasserstein distance)

Let G;(M) = F,(M) + 5Mxn(M) with the convex smoothing function F; of Equa-
tion (4.6), and assume the conjugate function G; is continuously differentiable.
Then the dual problem of

min {(©, M) + F; (M)} (4.26)
MeT(pi,p7)
is given by
max {(s, v) ~ G; (A" v - ©)}. (4.27)

Furthermore, assuming that strong duality holds, the conditions for optimal primal
M and dual v = (v1, v») solutions are

M=VGi(ATvV-0), ATV -0€dG (M) (4.28a)
together with the affine constraint

AM = pu. (4.28b)
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Proof See AppendixA.3. O

Remark 4.3 (Smoothness of G;) The smoothnessassumption with respect to G; en-
ables to compute conveniently the gradient of the smoothed Wasserstein distance
de,;- It corresponds to a convexity assumption on G;. These aspects are further dis-
cussed in Section 4.3.2 as well. A

Remark 4.4 (Strong duality) The condition of strong duality (cf. [13, Section 1.5])
made by Lemma 4.6 is crucial for what follows. This condition will be satisfied later
on when working in a geometric setting with local measures M, u;, ptj with full sup-
port, as introduced in Section 3.1.2. A

The following Lemma characterizes the kernel of the linear mapping A", defined
by (1.11b).

Lemma 4.7 (Kernel of linear map (1.11b))
Let the linear mapping A" be defined by (1.11b). Then, its kernel is given by

ker(A") = {)L( 1]17 ) eER?: e IR} (4.29a)
—lUn

and its orthogonal complement by

ker(A")* = {x € R*": <x( 1]1’11 ) > = 0}. (4.29b)
—lin

Proof See AppendixA.3. O

The following Lemma characterizes the set of optimal dual solutions of problem
(4.27).
Lemma 4.8 (Set of optimal dual solutions)
Let the function G; of the dual objective function (4.27) resp. (4.23) be continuously
differentiable and strictly convex, and let p € R?"*. Then the set of optimal dual solu-
tions has the form

@ it (p.( %)) #0, (4.302)
TP o, ker(AT), it (p,( %)) =0. (4.30b)
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Proof See Appendix A.3. O
In view of Theorem 1.2, the set of maximizers has to be a single element. As char-
acterized by the previous Lemma 4.8, this is only the case if <p, (_“{]'n )> # 0. In our

situation, i.e. the case < b, (_ﬂﬁn )> = 0, we still have work to do. We ensure uniqueness
of the dual maximizer by further restricting the set of optimal dual solutions which
is clarified by Lemma 4.10.

Lemma 4.9 (Orthogonal decomposition of R?")
Let the linear mappings A and A" be defined by (1.11a) and (1.11b), respectively.
Then, the following orthogonal decomposition

R*" =ker(A") @ im(A) 4.31)

into linear subspaces applies. We denote the corresponding components of a vector
v ER?" by vV = Vier + Vim.

Proof See Appendix A.3. O

Lemma 4.10 (Restricted set of optimal dual solutions)
Consider the orthogonal decomposition (4.31) and denote the corresponding com-

ponents of a vector v € R?" by v = Vier + Vim. Then, for p € R?" satisfying (p, (_ﬂﬁ'n )) =
0, we have

argmax g(p,Vim) = {(Vim}, (4.32a)

Vim€ im (A)

where Vi = Iljm(4) (V) for any v € argmax, g2« g(p,v). Furthermore, the correspond-
ing objective value satisfies

g(p,Vim) = vimdﬁaﬁ n g(p,Vim) = gelugzx" glp,v). (4.32b)

In other words, a dual maximizer Vi, exists and is unique in the subspace im(A).

Proof See Appendix A.3. 0

4.3.2 Computation of the Local Wasserstein Gradient

A core subroutine of our approach concerns the computation of the local Wasser-
stein gradients as part of the overall gradient (4.18). In this section we show why
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the negative entropy function, that we use in our implementation for smoothing the
local Wasserstein distances, plays a distinguished role.

Using again the simplified notation (4.8), the smooth entropy regularized Wasser-
stein distance (4.6) reads

dor (Wi itj) = min (©,M)—TH(M) st. AM= (’“) , M=0, (4.33a)
MeRn*n Hj
with the entropy function
HM)=-Y M; ;logM; ;. (4.33b)

i,j

As derived in the previous section and formulated in Theorem 4.5, the gradients
of (4.33) are the maximizer of the corresponding dual problem. This dual problem is
given by

1I/Ielugzxn(,u,v)—Tkz’lexp E(ATV_G)IC,Z]' (4.34)

In view of the general form (4.13) of this dual problem, the indicator function (4.15)
is smoothly approximated by Texp(%x). Figure 4.1 compares this approximation
and the classical logarithmic barrier —log(—x) function for approximating the in-
dicator function dg_ of the non-positive orthant. Log-barrier penalty functions are
the method of choice for interior point methods [49, 72], which strictly rule out vio-
lations of the constraints. While this is essential for many applications where con-
straints represent physical properties that cannot be violated, it is nof essential in the
present case for calculating the Wasserstein messages. Moreover, the bias towards
interior points by log-barrier functions, as Figure 4.1 clearly shows, is detrimental in
the present context and favours the formulation (4.34).

We now derive how the local Wasserstein gradients (4.24) are computed based on
the formulation (4.33) and examine numerical aspects depending on the smoothing
parameter 7. It is well known that doubly stochastic matrices as solutions of convex
programs like (4.33) can be computed by iterative matrix scaling [70, 68], [16, Ch. 9].
This has been made popular in the field of machine learning by [20].

For the entropy regularization, the optimality condition (4.28) takes the form

M = exp [%(ATV -0}, (4.35)
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| I
21 Or_ (2): -
Texp(La);
15 || —Tlog(—=);
1
0.5 j
O 4

| |
-04 -0.2 O 0.2 04

Figure 4.1: Approximations of the indicator function i_ of the non-positive or-
thant. The log-barrier function (black curves) strictly rules out violations of the con-
straints but induce a bias towards interior points. Our formulation (blue curves)
is less biased and reasonable approximates the §-function (red curve) depending on
the smoothing parameter 7. Displayed are the approximations of §g_for7 =1, 1. 21

5710°50"
and rearranging yields the connection to matrix scaling:
—_ Lo = (1.11b) L S
M =exp [;(A V—@)] = exp [;(vﬂ]n + 1.V, —G))]
= (exp(exp(H)-exp(-70) (4.36)

Diag (exp(%)) exp (- 1©) Diag (exp(2)),

where Diag(-) denotes the diagonal matrix with the argument vector as entries. For
given marginals p = (u;, ;) due to (4.33) and with the shorthand K = exp (- 10),
the optimal dual variables v = (v1,v,) can be determined by the Sinkhorn’s iterative
algorithm [70], up to a common multiplicative constant. Specifically, we have

Lemma 4.11 ([20, Lemma 2])

For 7 > 0 and K = exp ( - %@), the solution M of (4.33) is unique and has the form
M = diag(v;)Kdiag(v i), where the two vectors v;, v; € R" are uniquely defined up to
a multiplicative factor.

Proof See [20, Lemma 2]. 0
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Accordingly, by setting
vii=exp(%),  vji=exp(2), (4.37)
Sinkhorn’s fixed point iterations [70] read

e N S o B

1 Wi ’ j - T Wi »
K(KTUEM) K (Ky(,k]
i 7

which are iterated until the change between consecutive iterates is small enough.
Denoting the iterates after convergence by v;, v}, resubstitution into (4.37) deter-
mines the optimal dual variables

v (4.38)

Vl' = rlog?i, Vj = rlogij. (4.39)

Due to Theorem 4.5, the local Wasserstein gradients then finally are given by

(4.40)

Or(v;
VdG),T(/Jinuj):( T(V))»

r(vj)

where the projection I17 due to (3.3) removes the common multiplicative constant
resulting from Sinkhorn’s algorithm.

While the linear convergence rate of Sinkhorn’s algorithm is known theoretically
[41], 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(- %6) 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
optimal solution.

Fortunately, our approach does allow larger values of T because merely a suffi-
ciently accurate approximation of the gradient of the Wasserstein distance is re-
quired, rather than an approximation of the Wasserstein distance itself, to obtain
valid descent directions. Figures 4.2 and 4.3 demonstrate that this indeed holds for
relatively large values of 7, e.g. 7 € {é, 11—0, %}, no matter if the number of labels is
n=10or n=1000.
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(a)n=10 (b) n =100 . (c) n = 1000

Figure 4.2: Entropy-regularized Wasserstein distance dg (c,y(¢)) for varying pa-
rameter 7 and increasing numbers 7 of labels. The plots show the entropy-
regularized Wasserstein distance dg (¢, y(#)) for varying parameter 7 and increasing
numbers 7 of labels. The line segment y(f) = t(e; — ¢) + ¢ € A, with ¢ € [0,1], con-
nects the barycenter ¢ = %1] and the vertex e; on the simplex A,. The cost matrix
O is given by the Potts prior (4.4). In all three plots the parameter 7 is set to 7 = %
(cyan), T = % (green), T = % (blue), T = % (red) and 7 = ﬁ (black). Even though the
values of the approximation of the distance itself differ considerably, the slope of the
distance is already approximated quite well for larger values of 7 (uniformly for both
small and large numbers 7 of labels).
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Figure 4.3: Wasserstein distance with Potts prior (4.4) on probability simplex As.
The plot shows the exact Wasserstein distance (top) compared to the entropy-
regularized Wasserstein distance with the Potts prior (4.4) from the barycenter to
every point on Az for different values of 7: (a) 7 = %, (b) T = 1—10, (© 1= % and (d)
T= %. These plots confirm that even for relatively large values of 7, e.g. % and %,
the gradient of the Wasserstein distance is sufficiently accurate approximated so as

to obtain valid descent directions for distance minimization.
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4.4 Graphical Models on the Assignment Manifold

In this section we explain how image labeling, based on a given graphical model, can
be performed on the assignment manifold (3.18) using the global and local gradients
derived in sections 4.2 and 4.3, respectively. The graphical model is given in terms of
an energy function E(x) of the form (4.2). The basic idea for determining a labeling x
with low energy E(x) is to combine minimization of the convex relaxation (2.42) and
non-convex rounding to an integral solution in a single smooth process. This idea is
worked out in Section 4.4.1 and is realized by restricting the smooth approximation
(4.7) of the objective function to the assignment manifold. The numerical integra-
tion of the corresponding Riemannian gradient flow is combined with a rounding
mechanism to integral solutions. In order to highlight the essential properties of our
approach as a novel way of belief propagation using dually computed local Wasser-
stein gradients, we complement in Section 4.4.2 our preliminary observations, stated
as Remarks 4.1 and 4.2.

4.4.1 Combination of Minimizing and Rounding

We recall how regularization is performed by the assignment approach of [8]: dis-
tance vectors (3.40) representing the data term of classical variational approaches
are lifted to the assignment manifold by (3.41) and geometrically averaged over spa-
tial neighborhoods (3.42).

Given a graphical model in terms of an energy function (4.2), regularization is al-
ready defined by the pairwise model parameters 6;;(¢, ¢,), so that evaluating the
gradient of the regularized objective function (4.7) implies averaging over spatial
neighborhoods, as (4.18) clearly displays. Minimizing the corresponding Rieman-
nian gradient flow on the assignment manifold with the explicit Euler method leads
to the update of the assignment matrix

w® . e—hV,-ET(W”C))

1
whktD — . ie[ml, >0, wO==-1,1" (441
p W g Iy i €[m] h>0 Uy, (441

i )

where h is a step-size parameter and the partial gradients V; E;(W™®) are given by
(4.18). The sequence (W) is initialized in an unbiased way at the barycenter W® e
W.

Remark 4.5 (Notation: W vs. py)) The assignment matrix W € W plays the role of
the node variables py of the basic LP relaxation as defined by (2.38), with relaxed
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domain due to (2.41). Unlike u;, however, vectors W; € R, always have full support
and live on the manifold S. A

This update step minimizes the function E;, given by (4.7), on the assignment
manifold V. In order to converge to an integral solution, i.e. a valid labeling, we
consider an extended objective function

fraW)i= E:OW) +apHW),  ap= % (4.42)

where E; is given by (4.7) and H(W) denotes the entropy of the assignment matrix
W by

HW) =—(W,logW). (4.43)

The following proposition shows that numerically integrating the Riemannian gra-
dient flow of the extended objective function (4.42) results in a flexible multiplicative
update combining minimization and rounding.

Proposition 4.12
Numerically integrating the Riemannian gradient descent flow of f; o, given by (4.42),
by geometric Euler steps results in

(W.(k))lﬂx . e—hV,»ET(W”C))
1

W(k+1) _

= , a=0. (4.44)
l <(Wi(k))1+a’ e—hViE,(W”‘))>

where a rounding mechanism is incorporated by a rounding parameter «.

Proof See AppendixA.3. O

Remark 4.6 (Continuous DC programming) Equation (4.42) admits to interpret the
update rule (4.44) as a continuous difference of convex (DC) programming strategy.
Unlike the established DC approach [53, 54], however, which takes large steps by
solving to optimality a sequence of convex programs in connection with updating
an affine upper bound of the concave part of the objective function, our update rule
(4.44) differs in two essential ways: geometric optimization by numerically integrat-
ing the Riemannian gradient flow tightly interleaves with rounding to an integral so-
lution. The rounding effect is achieved by minimizing the entropy term of (4.42)
which steadily sparsifies the assignment vectors comprising . A
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4.4.2 Connection to Belief Propagation

In this section we discuss the connection of our approach to belief propagation (BP),
as already stated in Remarks 4.1 and 4.2. A derivation of BP can be found in Sec-
tion 2.2.5 and a more detailed version in Appendix B.

From the viewpoint of BP, our alternative approach (4.42) emerges as follows, start-
ing at the smoothed primal LP (2.46) and following the idea of the proof from Lemma
4.1.

min(0, u) —eH(p) (4.45a)
ueLg

= min0,w-e( ¥ Hip)- Y (A1) H(w)) (4.45b)
HeLlg ijes i€y

= min{Oy,uy) +O¢, pe) —€ Y Hip)+e ) (@) —1)H(wy) (4.450)
HeLlg ijes iey

= minmEg(pV)+€Z (d() — 1) H(uy). (4.45d)
HvEAR i€y

Formulation (4.42) results from replacing € by a smoothing parameter T which can be
set to a value not very close to 0 (cf. Remark 4.1), and we absorb the second nonnega-
tive factor weighting the entropy term by a second parameter a. As demonstrated in
Section 4.5, this latter parameter enables to control precisely the trade-off between
accuracy of labelings in terms of the given objective function E; of (4.42), that ap-
proximates the original discrete objective function (4.2), and the speed of conver-
gence to an integral (labeling) solution.

Regarding the resulting term E;, a key additional step is to use the reformulation
(4.7), because all edge-based variables are locally “dualized away”, as done glob-
ally with all variables when using established belief propagation (cf. (2.50)). In this
way, we can work in the primal domain and with graphs having higher connectivity,
without suffering from the enormous memory requirements that would arise from
merely smoothing the LP and solving (2.46) in the primal domain. Furthermore,
the messages defined by our approach have a clear interpretation in terms of the
smoothed Wasserstein distance between local marginal measures.

We summarize this discussion by contrasting the following observations of estab-
lished belief propagation and our approach. Regarding belief propagation, we have:

1. Local non-convexity. The negative — H(u) of the so-called Bethe entropy func-

tion H(u) is non-convex in general for graphs G with cycles [74, Section 4.1],
due to the negative sign of the second sum of (2.46).
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2. Local rounding at each step. The max-product algorithm performs local round-

ing at every step of the iteration so as to obtain integral solutions, i.e. a labeling
after convergence. This operation results as limit of a non-convex function,
due to (1).

. Either non-smoothness or strong nonlinearity. The latter max-operation is in-

herently non-smooth. Preferring instead a smooth approximation with 0 <
€ < 1 necessitates to choose ¢ very small so as to ensure rounding. This, how-
ever, leads to strongly nonlinear functions of the form (1.15) that are difficult
to handle numerically.

. Invalid constraints. Local marginalization constraints are only satisfied after

convergence of the iteration. Intuitively it is plausible that, by only gradu-
ally enforcing constraints in this way, the iterative process becomes more sus-
ceptible to getting stuck in unfavourable stationary points, due to the non-
convexity according to (1).

In contrast, our geometric approach defines message passing with respect to ver-
tex i € V by evaluating the local Wasserstein gradients of (4.18) for all edges inci-
dent to i. We therefore call these local gradients Wasserstein messages which are
passed along edges. Similarly to (2.50), each such message is given by dual variables
through (4.24), that solve the regularized local dual LPs (4.23). As a consequence,
local marginalization constraints are always satisfied, throughout the iterative pro-

cess.

In addition, we make the following observations in correspondence to the points

(1)-(4) above:
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1. Local convexity. Wasserstein messages of (4.18) are defined by local convex

programs (4.23). This contrasts with loopy belief propagation and holds true
for any pairwise model parameters 0;; of the prior of the graphical model and
the corresponding coupling of u; and u;.

. Smooth global rounding after convergence. Rounding to integral solutions is

gradually enforced through the Riemannian flow induced by the extended ob-
jective function (4.42). In particular, repeated aggressive local max operations
of the max-product algorithm are replaced by a smooth flow.

. Smoothness and weak nonlinearity. The role of the smoothing parameter 7 of

(4.7) differs from the role of the smoothing parameter € of (2.46). While the lat-
ter has to be chosen quite close to 0 so as to achieve rounding at all, 7 merely
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mollifies the dual local problems (4.23) and hence should be chosen small, but
may be considerably larger than €. In particular, this does not impair round-
ing due to (2), which happens due to the global flow which is smoothly driven
by the Wasserstein messages. This decoupling of smoothing and rounding en-
ables to numerically compute labelings more efficiently. The results of Sec-
tion 4.5 demonstrate this fact.

4. Valid constraints. By construction, computation of the Wasserstein messages
enforces all local marginalization constraints throughout the iteration. This is
in sharp contrast to belief propagation where this generally holds after conver-
gence only. Intuitively, it is plausible that our more tightly constrained iterative
process is less susceptible to getting stuck in poor local minima. The results of
Section 4.5.2 provide evidence of this conjecture.

4.5 Experiments

In this section we demonstrate and discuss the results of our approach using four
types of experiments:

1. Parameter influence. The dependency of the smoothing parameter 7 and the
rounding parameter « on the assignment is illustrated (Section 4.5.1).

2. Cyclic graphical models on K3. We comprehensively explore the space of bi-
nary graphical models defined on the minimal cyclic graph, the complete
graph with three vertices 3, whose LP relaxation is known to have a substan-
tial part of non-binary vertices. The results exhibit a relationship between a
and 7 so that in fact a single effective parameter only controls the trade-off be-
tween accuracy of optimization and the computational costs (Section 4.5.2).

3. Comparison to other methods. A evaluation of our approach together with two
established and widely applied approaches, sequential tree-reweighted mes-
sage passing (TRWS) [42] and loopy belief propagation, reveals similar perfor-
mance of our approach (Section 4.5.3).

4. Non-Potts prior. We demonstrate for a graphical model with non-uniform pair-
wise model parameters (non-Potts prior) that our geometric approach accu-
rately takes them into account (Section 4.5.4).

All experiments are selected to illustrate properties of our approach instead of
working out a particular application. In all experiments we use the following setting.
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» Assignment Normalization. The rounding mechanism addressed by Propo-
sition 4.12 and Remark 4.6 will be effective if aj in (4.42) is chosen large
enough to compensate the influence of the function F; that regularizes the
local Wasserstein distances (4.6). In this case we avoid numerical problems by
the normalization strategy (3.54).

* Update Schemes. We use the numerical update scheme (4.44) in our imple-
mentation, which reads

(W.(k))1+a e~ hViE: W)
1

1
W,(k+1): , W.(O):ﬂ =1, iev,keN
l ((Wi(k))lm, e~ hViE (W )y i S, I

where a = 0 is the rounding parameter, h > 0 the step-size and 1 the smoothing
parameter for the local Wasserstein distances.

» Termination Criterion. As explained in Section 3.4.1, in all experiments we use
the normalized averaged entropy as a termination criterion.

4.5.1 Parameter Influence

This experiments illustrates the parameter influence of the rounding parameter a
and the smoothing parameter T on the assignment. The task is to label a noisy RGB-
image f: V — [0,1]3, depicted in Fig. 4.4, on the grid graph G = (V,£) with minimal
neighborhood size |N'(i)| =3 x 3, i € V. As labels we use the prototypical colors
X =1{l,...,0g} < [0,1] (Fig. 4.4, left panel) and as unary potentials

1
0=~ (1) = Crllveess LFD = Ll), €V, (4.46)

with || - ||; distance. The scaling factor is set to p = 0.3. For the pairwise potentials
of the model we use a Potts prior (4.4) with A = 1. Furthermore, we use a constant
step-size h = 0.1 for numerically integrating the Riemannian descent flow, and we
set the threshold for the normalized average entropy termination criterion (3.55) to
1074,
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7=0.5

£ -

Original data

Noisy data

Prototypes

Figure 4.4: Influence of the rounding parameter o and the smoothing parameter
7 on the assignment. This plot shows the parameter influence of a and 7 on the
assignment of 8 prototypical labels to noisy input data. All images marked with an
"+’ do not show integral solutions due to smoothing too strongly the Wasserstein
distance in terms of 7 relative to a, which overcompensates the effect of round-
ing. Likewise, smoothing too strongly the Wasserstein distance (left column, 7 = 0.5)
yields poor approximations of the objective function gradient and to erroneous la-
bel assignments. The remaining parameter regime, i.e. smoothing below a reason-
ably large upper bound 7 = 0.1, leads to fast numerical convergence, and the label
assignment can be precisely controlled by the rounding parameter a.
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Fig. 4.4 shows the influence of the rounding parameter a and the smoothing pa-
rameter 7 for the Wasserstein distance on the labeling result. All images marked with
"+’ in the lower right corner do not constitute an integral solution, which means that
the normalized average entropy (3.55) of the assignment vectors W; did not drop be-
low the threshold during the iterations. Thus, even though the assignments show a
clear tendency, they are not close to an integral solution. This is not a deficiency of
our approach but must happen if either no rounding is performed (a« = 0) or if the
influence of rounding is too small compared to the smoothing of the Wasserstein
distance (e.g. a = 0.1 and 7 = 0.5). Increasing the strength of rounding (larger a)
leads to a faster decrease in entropy (cf. Fig. 4.5 for the case of T = 0.1) and therefore
to an earlier convergence of the process to a specific labeling. Thus, a more aggres-
sive rounding scheme yields a less regularized result due to the rapid decision for a
labeling at an early stage of the algorithm.

The empirical convergence rate depending on the rounding parameter « is dis-
played by Fig. 4.5, top. A fixed value of the smoothing parameter 7 = 0.1 ensures a
sufficiently accurate approximation of the Wasserstein distance gradients and hence
of the Riemannian descent flow. In addition, the interplay between minimizing the
smoothed energy E; (4.7) and the rounding mechanism, induced by the entropy
H (4.43) in f; 4 (4.42), is illustrated by Fig. 4.5, bottom. Less aggressive rounding
(smaller values of a) leads to a more accurate numerical integration of the flow us-
ing a larger number of iterations, and thus to higher quality label assignments with
a lower energy of the objective function. We demonstrate this latter aspect quanti-
tatively in Section 4.5.2. For too small values of the rounding parameter «, the algo-
rithm does naturally not converge to an integral solution.

On the other hand, choosing the smoothing parameter 7 too large lead to poor ap-
proximations of the Wasserstein distance gradients and consequently to erroneous
non-regularized labelings, as displayed by Fig. 4.4 (left column) corresponding to
7 = 0.5. Once 7 is small enough (in our experiments: 7 < 0.1) the Wasserstein dis-
tance gradients are properly approximated, and the label assignment is regularized
and can be controlled by a. In particular, this upper bound on 7 is sufficiently
large to ensure very rapid convergence of the fixed point iteration for computing
the Wasserstein distance gradients.

Fig. 4.6 shows the connection between the objective function f; 4 (4.42) and the
discrete energy E (4.2) of the underlying graphical model. Minimizing f; , (yellow
curve) using our approach also minimizes the discrete energy E (violet curve), which
is calculated by rounding the assignment vectors after each iterative step. Further-
more, the interplay between the smoothed energy (4.7) E; (orange curve) and the
entropy H (4.43) (blue curve) of f; o = E; + a H is shown. These curves illustrate (i)
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Figure 4.5: Normalized average entropy (3.55) and smoothed energy E; (4.7). The
normalized average entropy (3.55) (TOP) and the smoothed energy E; (4.7) (BOTTOM)
with smoothing parameter 7 = 0.1 are shown. ToP: By increasing the rounding pa-
rameter «, the entropy drops more rapidly and hence converges faster to an integral
labeling. BorTOM: Two phases of the algorithm depending on the values for a are
clearly visible. In the first phase, the smoothed energy E; is minimized up to the
point where rounding takes over in the second phase. Accordingly, the sequence of
energy values first drops down to lower values corresponding to the problem relax-
ation and then adopts a higher energy level corresponding to an infegral solution.
For smaller a, the algorithm spends more time on minimizing the smoothed energy.
This generally results in lower energy values even after rounding, i.e. in higher qual-
ity labelings.
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Figure 4.6: Connection between the objective function f; , (4.42) and the discrete
energy E (4.2) of the underlying graphical model. For this plot the rounding pa-
rameter was fixed a = 0.5. Minimizing f; , (yellow) by our approach also minimizes
E (violet), which was calculated for this illustration by rounding the assignment vec-
tors at every iterative step. Additionally, as already discussed in more detail in con-
nection with Fig. 4.5, the interplay between the two terms of f; o = E; + @ H is shown,
where E; (orange) denotes the smoothed energy (4.7) and H (blue) the entropy (4.43)
causing rounding.

the smooth combination of optimization and rounding into a single process, and (ii)
that the original discrete energy (4.2) is effectively minimized by this smooth process.

4.5.2 Cyclic Graphical Models on 13

In this experiment we explore all possible binary models, i.e. X = {0,1}, on the
minimal cyclic graph K3 (Fig. 4.7, left panel). Due to the single cycle, models exist
where the LP relaxation (2.42) returns a non-binary solution (red part of Fig. 4.7, right
panel). As a consequence, evaluating such models with our geometric approach for
minimizing (4.7) enables to check two cases:

1. Binary solution. Whenever solving the LP relaxation (2.42) by convex program-
ming returns the global binary minimum of (4.2) as solution, we assess if our
geometric approach based on the smooth approximation (4.7) returns this so-
lution as well.
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2. Non-binary solution. Whenever the LP relaxation has a non-binary vector as
global solution, which therefore is not optimal for the labeling problem (4.2),
we assess the rounding property of our approach by comparing the result with
the correct binary labeling globally minimizing (4.2).

The graph K3 enables us to specify the marginal polytope M ;s whose vertices
are the feasible binary combinatorial solutions that correspond to valid labelings
(cf. Section 2.2.4), and to examine the difference to the local polytope Lxs whose
representation only involves a subset of the constraints corresponding to M.

b
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Figure 4.7: The minimal binary cyclic graphical model X3. LEFT: The minimal bi-
nary cyclic graphical model C3 = (V,£) = ({1,2,3},{12,13,23}). RIGHT: The 8 vertices
(white background) of the minimally represented marginal polytope M < RS and
the 4 additional non-integer vertices (red background) of the minimally represented
local polytope Lys < RS.

The constraints are more conveniently stated using the so-called minimal repre-
sentation of binary graphical models [74, Sect. 3.2], that involves the variables!

pii=pi(), i€V, piji=piMpi), ijel (4.47)

and encodes the local vectors (2.41) by

(1= p) (A —pj) ij(0,0)
1—-pi (ui(O)) (I—pidpj pij(0,1) 44
«— , «— . 8
( i ) pi(1) pi (1= p) 1ij(1,0) 449
Hij pij(1,1)

IWe reuse the symbol u for simplicity and only “overload” in this subsection the symbols y;, tt; j for
local vectors (2.41) by the variables on the left-hand sides of (4.47)
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Thus, it suffices to use a single variable p; for every node i € V instead of two vari-
ables p;(0),u;(1), and also a single variable u;; for every edge ij € £ instead of
four variables p;(0,0), 4;(0,1), 1;;(1,0), u; j(1,1). Then the local polytope constraints
(2.41) take the form

0= uij, Wij < Hi, Kij < HUj, Hitpj—pij<1, Vijef. (4.49)

The marginal polytope constraints additionally involve the so-called triangle in-
equalities [23]

Yoi— Y, k<1, (4.50a)
iey jke&
H12 + 13 — H23 = U1, Hi12 — K13 + U23 = U, —H12 + H13 + U23 = U3.

(4.50b)

The right panel of Figure 4.7 lists the 8 vertices of M s and the 4 additional vertices
of L that arise by dropping the subset of constraints (4.50).

We evaluate 10° models generated by randomly sampling the model parameters
(2.35): With U[a, b] denoting the uniform distribution on the interval [a, b] c R, we
set

_[(l-p| 11 N (¢ Pz) o .
91—( p) 2(1), p~UIo,1], 6,]—(’93 ) P U[-2,2], i € [4]. 4.51)

Note the different scale, 6; € [-3,+31?, 0;; € [-2,+2]**2, which results in a larger
influence of the pairwise terms and hence make inference more difficult. Suppose,
for example, that the diagonal terms of 0; j are large, which favours the assignment of
different labels to the nodes 1,2,3 € V. Then assigning labels 0 and 1 to the vertices
1 and 2, respectively, will inherently lead to a large energy contribution due to the
assignment to node 3, no matter if this third label is 0 or 1, because it must agree
with the assignment either to node 1 or to 2.

Every binary vertex listed by Fig. 4.7 (right panel) is the global optimum of both
the LP relaxation (2.42) and the original objective function (4.2) in approximately
~ 11.94% of the 10° scenarios, whereas every non-binary vertex is optimal in ap-
proximately = 1.12%.
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An example where a non-binary vertex is optimal for the LP relaxation (2.42) is
given by the model parameter values

5. _ (02261 g, 09184 -1.6252
171 o0.2261) 1271-1.8891 -0.9807)’
—0.4449 0.3590  0.0958
92_( 0.4449)’ 613_(—1.8668 1.5193)’ (4.52)
_ (-0.3202 g, [ 12147 -15215
371 0.3202) 271203302 -0.0459)"

The corresponding solutions of the marginal polytope M, the local polytope Ly
and our method are listed in Table 4.1. Since the LP-relaxation returns a non-binary
solution, rounding in a post-processing step amounts to random guessing. In con-
trast, our method is able to determine the optimal solution because rounding is
smoothly integrated into the overall optimization process.

U1 U2 Us Iterations

Marginal Polytope M 1 0 0 -

Local Polytope L 0.5 0.5 0.5 -
a=0.2 0.999 0.258e—3 | 0.205e-3 108

Our Method
( 1 ) a=0.5 0.999 0.161e—3 | 0.114e—-4 14
T=-
10 a=0.9 0.999 | 0.239e—4 | 0.546e—6 8

Table 4.1: Minimal cyclic graphical model on K3: Solutions u = (u1, 2, i3) of the
marginal polytope M, the local polytope Lxs and our method. We use (4.52) as
the parameter values for the triangle model. Our method was applied with threshold
1073 as termination criterion (3.55), step-size h = 0.5, smoothing parameter 7 = 0.1
and three values of the rounding parameter « € {0.2,0.5,0.9}. By definition, min-
imizing over the marginal polytope returns the globally optimal discrete solution.
The LP relaxation has a fractional solution for this model, so that rounding in a post-
processing step amounts to random guessing. Our approach returns the global op-
timum in each case up to numerical precision.

Fig. 4.8 presents the results of the experiments for the minimal cyclic graphi-
cal model 3. In order to assess the influence of the rounding parameter @ and
the smoothing parameter 7, we evaluate all 10° models for each pair of (t,a), with
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Figure 4.8: Evaluation of the minimal cyclic graphical model 3. For every pair
of parameter values (7, a), we evaluated 10° models, which were generated as ex-
plained in the text. In each experiment, we terminated the algorithm when the av-
erage entropy dropped below 107 or if the maximum number of 600 iterations was
reached. In addition, we chose a constant step-size i = 0.5. LEFT: The plot shows the
percentage of experiments where the energy returned by our algorithm had a relative
error smaller then 1% compared to the minimal energy of the globally optimal inte-
gral labeling. In agreement with Fig. 4.5 (bottom), less aggressive rounding yielded
labelings closer to the global optimum. RIGHT: This plot shows the correspond-
ing average number of iterations. The black region indicates experiments where the
maximum number of 600 iterations was reached, because too strong smoothing of
the Wasserstein distance (large 1) overcompensated the effect of rounding (small a),
so that the convergence criterion (3.55) which measures the distance to integral so-
lutions, cannot be satisfied. In the remaining large parameter regime, the choice of
a enables to control the trade-off between high-quality (low-energy) solutions and
computational costs.

TE {%, ﬁ, s 6—2, %} and @ €{0.1,0.11,...,0.99, 1}. These statistics show that our algo-
rithm converges to integral solutions, except for very unbalanced parameter values:
strong smoothing with large 7, weak rounding with small a¢. Within the remaining
broad parameter regime, parameter a enables us to control the influence of round-
ing. In particular, in agreement with Fig. 4.5 (bottom), less aggressive rounding com-
putes labelings closer to the global optimum.

Tab. 4.2 displays the success rate and the number of iterations for three different
parameter configurations from Fig. 4.8. For instance, using a = 0.22 and 7 = 0.2, our
algorithm finds in 97.35% of the experiments an energy with relative error smaller
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then 1% with respect to the optimal energy. In addition, the algorithm requires
on average 45 iterations to converge. By using instead more aggressive rounding
(o =0.58 and 7 = 0.15) in each iteration step (4.44), the average number of iterations
reduces to 9, but the accuracy also drops down to 88.6%.

Overall, these experiments clearly demonstrate the ability to control the trade-off
between high-quality (low energy) labelings and computational costs in terms of «,
for all values of 7 below a reasonably large upper bound. In addition, a small number
of iterations is required to converge depending on the rounding parameter a.

o T Success rate Iterations
0.22 0.2 97.35% 45
0.5 0.33 93.41% 15
0.58 0.15 88.6% 9

Table 4.2: Minimal cyclic graphical model on K3: Three different parameter con-
figurations and corresponding results. The table shows three different parameter
configurations extracted from Fig. 4.8. The comparison of the success rate and the
number of iterations until convergence clearly demonstrates the trade-off between
accuracy of optimization and convergence rate, depending on the rounding param-
eter a and the smoothing parameter 7. Overall, the number of iterations is signifi-
cantly smaller than for first-order methods of convex programming for solving the
LP relaxation, that additionally require rounding as a post-processing step to obtain
an integral solution.

4.5.3 Comparison to Other Methods

In this section we compare our geometric approach to established inference algo-
rithms, namely sequential tree-reweighted message passing (TRWS) [42] and loopy
belief propagation (Loopy-BP) [76] based on the OpenGM package [5].

For this comparison, we consider the noisy binary labeling scenario depicted by
Fig. 4.9 (Top rROW). Let f: V — [0,1] denote the noisy image data given on the grid
graph G = (V,£) with a 4-neighborhood and X" = {0, 1} denote the labels. We use the
following data term and Potts prior,

eiz( 70 ) for ieV and eijz(

01 ..
12 £ ) for ijef. (4.53)

1 0

The threshold 1073 is used for the normalized average entropy termination crite-
rion (3.55). Figure 4.9 shows the visual reconstruction as well as the corresponding
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discrete energy values and percentage of correct labels for all three methods. Our
method has similar accuracy and returns a slightly better optimal discrete energy
level than TRWS and Loopy-BP.

We investigate again the influence of the rounding mechanism by repeating the
same experiment, but using different values of the rounding parameter « € {0.1,1,2,5}.
As shown by Fig. 4.9, the results confirm the findings of the preceding experiment:
More aggressive rounding (« large) leads to faster convergence but yields less regu-
larized results with higher energy values.

We wish to point out that the listed runtimes in Fig. 4.9 highly depend on the
respective implementation. Our implementation was neither optimized nor paral-
lelized. Parallelizing our approach is relatively simple, unlike TRWS which is sequen-
tial by design.

4.5.4 Non-Potts Prior

This experiment demonstrates that pre-specified pairwise model parameters (reg-
ularization) of a graphical model are properly taken into account by our approach.
We apply our approach based on a non-Potts prior to a non-binary labeling problem
with noisy input data, as depicted by Fig. 4.10.

As labels we use the following colors
X={¢,=M, 0,=M, 05=W,0,=1", 05= }<[0,1]°, (4.54)

which correspond to the five RGB-colors of the original image (Fig. 4.10). Let f: V —
[0,1]® denote the noisy input image (Fig. 4.10, TOP ROW, center panel) given on the
grid graph G = (V, ) with a 4-neighborhood. This image is created by randomly
selecting 40% of the original image pixels and uniformly sampling a label at those
positions. As unary term we use the | - |; distance with scaling factor p >0

1
;= E(”f(i) — Ol I F) = Oslh), i€V, (4.55)

Assuming we had prior knowledge of the image labeling problem. For example,
let the RGB-colors encode the image direction of the respective pixel, i.e. ll = "top",
M = "bottom", M = "center", 'l = "left", and = "right" (Fig. 4.10 ToP ROW, left).
Hence, we know in advance that it makes no sense if "top" and "bottom" as well
as "left" and "right" are adjacent to each other, because they are separated by the
"center". This prior knowledge can be taken into account by specifying the non-
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Figure 4.9: Comparison to other methods. Tor ROw: Noisy image labeling problem:
a binary ground truth image (LEFT) to be recovered from noisy input data (RIGHT).
MIDDLE ROW: Results for the noisy labeling problem using a standard data term and
Potts prior (4.4) with discrete energy | accuracy | runtime. Parameter values for the
geometric approach: smoothing 7 = 0.1, step-size h = 0.2 and rounding strength
a = 0.1. The threshold for the termination criterion is 10~3. All methods show sim-
ilar performance. BOTTOM ROW: Labeling results of the geometric approach using
different values of the rounding parameter « € {0.1,1,2,5} with discrete energy / ac-
curacy | runtime: more aggressive rounding (« large) leads to less regularized results
with higher energy values. Parameter values of the geometric approach: smoothing
7=0.1, step size h = 0.2 and threshold 1073 for termination.
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uniform pairwise term as follows

0 10 1 1 1

L0011
Oij=15]1 1 0 1 1f  ijeg, (4.56)

1 1 1 0 10

1 1 110 0

which penalizes the unlikely label transitions by a factor of 10. In words, the entries
of 6;; with a penalty value 1 correspond to the unlikely label transitions ¢; < ¢»
and ¢4 — {5, whereas all other natural transitions are endowed with smaller penalty
values of 0 and 0.1, respectively.

The unlikely transitions ¢ < ¢, (ll — M) and ¢4 — ¢5 (" — ) can be easily con-
fused by the unary term (4.55), due to the small distance of the colors representing
these labels. We would like to emphasize that no color embedding is used to fa-
cilitate this regularization task. The prior knowledge about the labeling problem is
exclusively used in the definition of the non-uniform prior (4.56) which was consid-
ered as given in terms of some discrete graphical model.

We show the influence of these non-uniform parameters on the labeling by com-
paring this model with a model where the pairwise terms are replaced by a Potts prior
(4.4) with A = %. We use the scaling factor p = 15 for the unaries, a constant step-
size h = 0.1, rounding parameter a = 0.01, smoothing parameter 7 = 0.01 and 1074
as threshold for the normalized average entropy termination criterion (3.55).

The results depicted in Fig. 4.10 (BOTTOM ROW) clearly show the positive influence
of the non-Potts prior (labeling accuracy 99.34%) whereas using the Potts prior low-
ers the accuracy to 87.12%. This is due to the fact that the color labels ¢, and ¢, as
well as ¢4 and ¢5 have a relatively small || - ||; distance and are therefore not easy to
distinguish using both the data term and a Potts prior. On the other hand, the addi-
tional knowledge about valid label configurations encoded by the non-uniform prior
(4.56) is sufficient to overcome this difficulty, despite using the same data term, and
to separate the regions correctly.
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original image  noisy image labels

Potts non-Potts
Acc:87.12% Acc:99.34%

Figure 4.10: Non-Potts prior example. Tor ROw: Original image (left), encoding the
image directions "top", "bottom", "center", "left" and "right" by the RGB-color la-
bels ¢1,¢5,¢3,¢4 and {5 (right). The noisy test image (middle) is created by ran-
domly selecting 40% of the original image pixels and uniformly sampling a label
at those positions. Unlikely label transitions ¢, — ¢, and ¢4 — ¢5 are represented
by color (feature) vectors that are close to each other and hence can be easily con-
fused. BoTrTOM ROW: Results of the labeling problem using the Potts and non-Potts
prior model together with accuracy values (Acc). Parameters for this experiment are
p = 15, smoothing 7 = 0.01, step-size i = 0.1 and rounding strength a = 0.01. The
threshold for the termination criterion (3.55) is 1074,
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Chapter 5

Model Parameter Learning for Adaptive Regularization

The focus of the present chapter is on the inverse problem of inference, the model
parameter learning problem. As discussed in Section 2.2.3, learning the canonical
parameters of a discrete graphical model with an underlying cyclic graph is quite
challenging for the following reasons.

¢ The evaluation of the partition function (2.23) is intractable and must be ap-
proximated.

* The inference subroutine of the learning framework can only be carried out
approximatively.

Since these approximation errors definitely influence the effectiveness of the learn-
ing procedure, we take another way by learning the parameters for the assignment
flow directly. Thereby, we ignore the connection to discrete graphical models derived
in the previous chapter. In contrast to graphical models, this strategy has the benefit
that the underlying inference task is solved exactly by following the assignment flow
which drives the learning process of the parameters.

Our proposed problem formulation (Section 5.1) has the convenient property that
the solution space of the parameters has again the form of an assignment manifold
(Section 5.1.1). Thus, all definitions, maps and integration schemes derived in Chap-
ter 3 can directly be transferred and applied. Afterwards, we provide the expressions
of the corresponding gradients and differentials (Section 5.2) and explain our opti-
mization strategy (Section 5.3). We end this chapter by numerically evaluating our
approach with two different types of experiments (Section 5.4).

The chapter is based on joint work with Fabrizio Savarino, Stefania Petra and
Christoph Schnorr, that was published as a conference paper [35] and as a more de-
tailed journal paper [37].

5.1 Problem Formulation

The parameter learning problem (5.1) is a specific instance of the general parameter
estimation formulation (1.4). The goal is to adapt the weights (3.39) of the linear
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assignment flow (3.49) so as to preserve important image structure in a supervised
manner. More specifically, we propose the following problem

min C(V(T,Q)) (5.1a)
QeP
st. V() =FWV(),Q), tel0,T], V() =0, (5.1b)

with components
P denotes the parameter manifold which represents the weights w; from

(3.39), in the following collectively denoted by Q (see Section 5.1.1).

C is a objective function which measures the discrepancy between ground
truth labeling W* and the labeling induced by V(T) = V(T,Q) at fixed
time T (see Section 5.1.2).

F(V,Q) denotes the vector field generating the modified linear assignment flow
(see Section 5.1.3).

Remark 5.1 Itisimportant to note that the dependency of C(V (T, )) on the weights
Q is only implicitly given through the solution V(T) = V(T,Q) of the flow (5.1b).
Therefore, we present in Section 5.3 a numerical first-order scheme for optimizing
(5.1) where the gradient of C(V(T,Q)) with respect to the parameter Q is calculated
using the sensitivity analysis from Section 2.3. A

5.1.1 The Parameter Manifold

The parameter manifold represents the weights w;; from (3.39) associated to the
neighborhood N, i € V. To simplify the exposition, we assume that all neighbor-
hoods N; have the same size

N:=|N;| forallie). (5.2)

Due to the constraints (3.39), the weight vector Q; := (w;1,...,w; ~) T can be viewed
as a point in Sy. Accordingly, we define the parameter manifold

P:=Syx...xSy (5.3)
—_——

m-times

as feasible set for learning the weights, which has the form of an assignment man-
ifold (3.18). Following the line of Section 3.1.2, P becomes a Riemannian manifold
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(P, g) with the Fisher-Rao metric g and is identified with the embedding into RM*N
P={QeR™N: Qly=1,, and Q;; > 0 forall i € [m], k € [N]}. (5.4)

Each point Q € P represents a global choice of weights with Q; representing the
weights w; associated to the neighborhood ; in (3.39). The constant tangent space
of P is denoted by 7p and the corresponding orthogonal projection by

Mp: R™N = Tp, M —TpIM] = (7, [M],...,TI7, M) (5.5)
The global uniform weights are given by the barycenter

p = (Isy,.-., Isy) = 115 € P, (5.6)
where the second equality is due to the embedding (5.4).

Remark 5.2 Based on this parametrization, we compute a global expression of the
differential dS(Wy) and describe the linear assignment flow (3.50) on the tangent
space by a corresponding expression in (5.15). A

5.1.2 Objective Function

In the supervised setting, an image and a corresponding ground truth labeling are
given. We denote this ground truth labeling by W* where every row W;" is some
unit basis vector ey, of R” representing the ground truth label ¢}, at node i € V. In
addition, the state V € Ty of the assignment flow (5.1b) parametrizes an assignment
W= expy,, M eWw.

Our objective function consists of accumulating the KL-divergence between the
ground truth W/ and the assignment W; for every node i € V,

*

KL, W) = Y Wi’}log( J )=<W,-*,log(W,.*)>—<W,.*,log(Wi)>, 5.7)

jeln ij

which results in a measure of the global deviation between W parametrized by V
and the ground truth W*

C(V):=). KL(W;",expy, (Vi) = (W™, log(W™)) — (W",log(expy,, (V))). (5.8)
i€y
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Remark 5.3 Again, C does not explicitly depend on the weights Q € P. In the prob-
lem formulation (5.1a), this dependency is only given implicitly through the evalu-
ation of C at V(T,Q), where V(T,Q) depends on the parameters Q as solution of the
modified linear assignment flow (5.9).

5.1.3 Moadified Linear Assignment Flow

In our supervised formulation (5.1), the data is represented by the likelihood matrix
(3.41). Depending on the initial choice of weights Qg, the similarity matrix (3.42)
comprises the averaged data information. Hence, the data only influences the linear
assignment flow (3.50) through the constant similarity matrix S(W,). However, since
the initial weights Qg are in general not adapted to any specific image structure, this
can lead to a loss of desired structural information through S(Wj) at the outset, that
cannot be recovered afterwards.

To avoid this problem, we slightly modify the linear assignment flow (3.50) to ob-
tain an explicit data term, independent of the choice of initial weights. This is done
by replacing the constant term S(W;) with the lifted distances L(Wp), which results
in the modified linear assignment flow

V =I5, [LWo) |+ dS(Wp)[V], V(0)=0, W(r)=expy, (V(1). (5.9

Remark 5.4 We wish to point out that the similarity matrix S(W) is also involved in
the expression Rgy;,) of the differential dS(W;) (see (5.14) below). However, the ef-
fect of this with respect to the initial weights is negligible. By keeping S(W;) constant
the right hand side of (5.9) is linear with respect to both the tangent vector V and the
parameters Q. A

5.2 Gradients and Differentials

In Section 5.3 we calculate the gradient of C(V (T, Q)) with respect to the parameters
Q by using the sensitivity analysis from Section 2.3. In view of the formula for the
adjoint sensitivity (see Theorem 2.9 & 2.10), we need the following expressions that
we collect in this section:
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vC Euclidean gradient of objective function (5.8) w.r.t. the states V.
dyF(V,Q) differential of the right-hand side (5.9) w.r.t. the states V.
doF(V,Q) differential of the right-hand side (5.9) w.r.t. the parameters Q.

Proposition 5.1 (Euclidean gradient of C)
The Euclidean gradient of objective (5.8) for fixed W* € W is given by

VC(V) = expq,, (V) - w* for VeTpy. (5.10)

Proof See Appendix A.4. O

In order to simplify the following formulas and calculations, we calculate a global
expression for the differential dS(W). To do so, we define the averaging matrix Aq €
R™*™ depending on the weights Q € P by

Qir, forkeN;
(A)ik := Oken; Qik = i " (5.11)
0, else

where §ren, takes the value 1 if k € N; and 0 otherwise. Note that the averaging
matrix Ag linearly depends on the weight parameters Q. Thus, Ag parametrizes
averages with respect to the underlying graph structure G in terms of the given the
neighborhoods (3.37). Then, the averages of the row vectors of a matrix M € R"**"
with weights Q are given by the matrix multiplication Aqg M, with the i-th row vector
given by

(AoM)i= Y wixM. forallieV. (5.12)
keN;

For later use, we record the following formula for the adjoint of Aq as a linear map
with respect to Q.

Lemma 5.2
If the averaging matrix is viewed as a linear map A: R"*N — R™*™ ) — Aq, then
the adjoint map AT : R™*™ — R™*N B Ag is given by

(Ap)ij=Bij forieV,jeN;. (5.13)
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Proof See Appendix A.4. O

By plugging Aq (5.11) into the definition of the differential (3.51) we obtain the
global expression

dS(W)[V]=Rsw) | Aa

174
W)] , forallVeTy, WeW, (5.14)

for the differential of the similarity matrix (3.42). Accordingly, the linear assignment
flow (5.9) on the vector space 7yy takes the form

V(t))

V(1) = I[L(Wp)] + Rsawy) | Aq (W , V(0)=0, W(8)=expy, (V(0). (5.15)
0

Remark 5.5 Equation (5.15) highlights the importance to fix S(W) in order to obtain
amodel that is linear in both the state vector V and the parameters Q. A

The following proposition collects the differentials of the right hand side of (5.15).

Proposition 5.3 (Differentials of the right hand side F)
The differentials of the map F: Tyy x P — Tyy of the right-hand side of (5.9) with
respect to the first and second argument are given by

dvF(V,Q): Tw — Tw, X = dyF(V,Q)[X] = Rsw) [AaX], (5.16a)
doF(V,Q): Tp — Tw, ¥ — doF(V,Q)[¥] = Rswy [Aw V1. (5.16b)

The corresponding adjoint mappings with respect to the standard Euclidean struc-
ture of R™*" are

dyF(V, Q) : Tw—Tw, X—dvF(V,Q)7[X]=ALRsuwy(X], (5.17a)
doF(V, )" Ty —Tp,  X—doF(V,Q IXI=Tp[AR el (5.17D)

with the adjoint A[) from Lemma 5.2.

Proof See Appendix A.4. O
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5.3 Numerical Optimization

Summarizing the previous sections, the optimization problem (5.1) for adapting the
weights of the modified linear assignment flow (5.9) takes explicitly the form

min Y KL(W/, Wi(T)) with W(T)=exp,,, (V(T) (5.18a)
QeP ey

s.t. V() =T[L(Wy)] + Rsawy)

A (L)] tel0,T], V(0)=0 (5.18b)
Q WO ’ y L1y = V. .

Our strategy for parameter learning is to follow the Riemannian gradient descent flow
on the parameter manifold P minimizing the potential

D:P-R Q—&Q):=C(V(T,Q)= Z KL(Wi*, Wi (T,Q)). (5.19)
eV

Due to (3.27), the Riemannian gradient flow on P takes the form

Q(1) = —gradp ©(Q(1)) = —Ro[VO(Q(1))], with Q(0) = 1p, (5.20)

where Rg, is given by (3.25) and Q(0) = Tp represents an unbiased initialization (5.6),
i.e. uniform weights for everynode i € V.

We use the geometric explicit Euler scheme (3.48) with constant step-size k' > 0
for numerically discretizing (5.20) (see Algorithm 5.1). A subroutine of this proce-
dure is the computation of the Euclidean gradient V®(Q) (see Algorithm 5.2) that we
explain next. Since ®(Q) = C(V(T,Q)) depends only implicitly on Q given through
the solution V(t,Q) of the modified linear assignment flow (5.9), and according to
(2.53), the gradient of ® decomposes as

VOQ) = daV(T,Q) T [VC(V(T,Q)], (5.21)

where dqV(T,Q)7 is the sensitivity of the solution V(T,Q) with respect to Q and
VC(V(T,Q)) can be interpreted as an adjoint direction (see the paragraph below The-
orem 2.5).

We determine the adjoint sensitivity (5.21), which drives the Riemannian gradi-
ent descent flow and in turn adapts the weights Q, by choosing the discretize-then-
differentiate approach (2.71). Recall the commutative diagram of Fig. 2.2 and rela-
tions summarized as Remark 2.7. We use an explicit Euler method with constant
step-size h > 0, which results in Algorithm 5.2.
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Algorithm 5.1: Explicit Euler discretization of the Riemannian flow (5.20).

Data: Initial weights Q© = 1p, objective function ®(Q) = C(V(T,)), step-size b’
Result: Weight parameter estimates Q*
// geometric Euler integration
fork=0,...,Kdo

compute VO QX)) ; // Algorithm 5.2
L Ql+1) = eXpqw (— h,RQ(kl [V@(Q(k))]);

Algorithm 5.2: Computation of the Euclidean gradient V&(Q®) (5.21).

Data: Current weights QX), step-size h
Result: Objective value ®(Q®) = (VI (Q®)), adjoint sensitivity 00 Q")
// forward Euler integration
forj=0,..., N-1do
L v+ — vy 4 hF(V(j)’Q(k));
compute AN = v (v (QRy);
set VO(Q) =0;
// backward Euler integration
forj=N-1,...,0do
AW = AU+D 4 hdvF(V(j),Q(k))T;L(jﬂ);
VO(Q) += hdo F(VU~D,Q0) 10 // summand of (5.21)

5.4 Experiments

In this section, we demonstrate and evaluate our approach using two types of exper-
iments:
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1. Adaptive Regularization of Curvilinear Line Structures: We consider a scenario
with 3 labels and curvilinear line structure that has to be detected and labeled
explicitly in noisy data. Just using uniform weights for regularization must fail.
In addition to the noise, the actual image structure is randomly generated as
well and defines a class of images. We demonstrate empirically that learning
the weights to adapt within local neighborhoods from example data solves this
problem (Section 5.4.1).

2. Pattern Formation by Label Transport: The second experiment adopts a dif-
ferent viewpoint and focuses on pattern formation, rather than on pattern de-
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tection and recovery. We demonstrate the modeling expressiveness of the as-
signment flow with respect to pattern formation. In fact, by using the linear
assignment flow as in the present chapter, label information can be flexibly
transported across the image domain under certain conditions. These exper-
iments just indicate what can be done, in principle, and stimulate further re-
search directions (Section 5.4.2).

5.4.1 Adaptive Regularization of Curvilinear Line Structures

We consider a collection of images containing line structures induced by random
Voronoi diagrams (Fig. 5.1, panel (a)). The goal is pixel-accurate labeling of any given
image with three labels

X={t,=M ¢,=00,¢;=H}c[0,1]°, (5.22)

which represent Bl = "thin line structure", B = "homogeneous regions" and ll =
"texture". As usual in supervised machine learning, we first apply our approach dur-
ing a training phase in order to learn weight adaptivity from ground truth labelings,
and subsequently evaluate it in a test phase using novel unseen data.

Training Phase

We use 20 randomly generated images together with ground truth as training data:
Figure 5.1(a) shows one of these images and Figure 5.1(b) the corresponding ground
truth. Using these data we learn how to adapt the regularization parameter of the
modified linear assignment flow (5.9) by solving problem (5.1), with the specific form
given by (5.18).

Feature Vectors. The basis of our feature vectors are the outputs of simple 7 x 7 first-
and second-order derivative filters, which are tuned to orientations at 0, 15,...,180
degrees (we took absolute values of filter outputs to eliminate the 180 ~ 360 degree
symmetry). We reduce the dimension of the resulting feature vectors from 24 to 12
by taking the maximum of the first-order and second-order filter outputs, for each
orientation. To incorporate more spatial information, we extract 3 x 3 patches from
this 12-dimensional feature vector field. Thus, our feature vectors f;, i € V have di-

mension 3 x 3 x 12 = 108 and are given as a point set in the Euclidean feature space
F =R,

Label Extraction. Using ground truth information, we divide all feature vectors
extracted from the training data into three classes: thin line structure, homogeneous
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(a) input scene (b) ground truth

Figure 5.1: Training data. The training data consist of 20 pairs of randomly gener-
ated images: (a) an input scene, and (b) the corresponding ground truth. The ground
truth images encode the labels with colors {ll, ¥, B} = {line, homogeneous, texture}.
Even though the global image structure can be easily assessed by the human eye, as-
signing correct labels pixelwise by an algorithm requires context-sensitive decisions,
as the close-up view illustrates.

region and texture. We compute 200 prototypical feature vectors ¢.; € F, j € [200], in
each class c € {line,homogeneous, texture} by k-means clustering. Thus, each label
(¢1,0,,03) of (5.22) is represented by 200 feature vectors in F.

Distance Matrix. Even though in the original formulation of D (3.40) labels are
represented by a single feature vector, multiple representatives can be taken into ac-
count as well by modifying the distance matrix (3.40) accordingly. Again, by using
¢ € {line, homogeneous, texture} = {1,2,3}, we define the entries of the distance ma-
trix D;, for every i € ), as the distance between f; and the best fitting representative
¢.jforclass ¢, i.e.

Dijc:= min || fi—£€cjll2. (5.23)
j€l200]

The quality of this distance information is illustrated by Figure 5.2(b) that shows the
labeling obtained by local rounding, i.e. by assigning to each pixel i the label ¢ =
ming Djz. Although the result looks similar to the ground truth (see Fig. 5.1(b)), it
is actually quite noisy when looking to single pixels in the close-up view of Figure
5.2(b).

Optimization. For each input image of the training set, we solve problem (5.1)
using Algorithms 5.1 and 5.2 and the following parameter values: |N;| =9 x 9 (size
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(b) local rounding of
the distances (5.23)

(a) random input data

Figure 5.2: Input data and local label assignments. The plots illustrate the input
data and the quality of the distances (5.23) between extracted feature vectors. Panel
(a) shows a randomly generated input image from which features are extracted, as
described in the text. Panel (b) shows the labeling obtained by local rounding, i.e. by
assigning the label, that minimizes the corresponding distance, to each respective
pixel. Comparing the close-up views of panel (b) and Fig. 5.1(b) (ground truth) shows
that label assignments to individual pixels are noisy and incomplete. ({ll, ¥, l} =
{line, homogeneous, texture})

of local neighborhoods, for every i), p = 1 (scaling parameter for distance matrix,
cf. (3.41)), h = 0.5 (constant step-size for computing the gradient with Alg. 5.2), and
T = 6 (end of time horizon). As for numerical optimization on the parameter man-
ifold P through the Riemannian gradient flow (Alg. 5.1), we use an initial value of
h' = 0.0125 together with backtracking for adapting the step-size, for a maximal
number of 100 iterations, and we terminate the iteration once the relative change

|D(QR) — k-1

5.24
R @ Q)| 524

of the objective function @(Q(k)) =C(vV (Q(k))) drops below 0.001.

Results. Figure 5.3 shows two results obtained during the training phase. They
illustrate that non-adaptive regularization using uniform weights results in blurred
partitions and fails completely to detect and label the line structures (panel (c)). On
the other hand, the adapted regularizer preserves and restores the structure nearly
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(b) local rounding of (c) labeling with (d) labeling with
distance information uniform weights optimal weights

5 ;\AV%

(a) input scene

Figure 5.3: Training phase: Labeling results. This figure shows results of the training
phase. Panel (a) shows the given input scene and panel (b) the corresponding lo-
cally rounded distance information. The labeling with uniform regularization (panel
(c)) returns smoothed over regions and completely fails to preserve the line struc-
tures. The adaptiveregularizer preserves the line structure nearly perfect (panel (d)),
i.e. the optimal weights are able to steer the linear assignment flow successfully to-
wards the given ground-truth labeling. ({ll, ™, ll} = {line, homogeneous, texture})

perfect (panel (d)), i.e. the optimal weights steered the linear assignment flow to-
wards the given ground-truth labeling.

Figure 5.4 shows a close-up view of a 10 x 10 pixel region together with the cor-
responding 10 x 10 optimal weight patches, extracted from Q*. The top row depicts
(a) the training data, (b) the corresponding ground truth, (c) the local label assign-
ments, and (d) the labeling obtained by using the learned weights Q*. Plot (e) shows
the corresponding optimal weight patches Q7 = (w,...,0; )T associated to every
pixel i in the 10 x 10 pixel region, where small and large weights are indicated by dark
and bright gray values, respectively. These weight patches illustrate the result of the
learning process for adapting the weights. Close to the line structure, the regularizer
increases the influence (with larger weights) of neighbors whose distance informa-
tion matches the prescribed ground truth label. Away from the line structure, the
regularizer has learned to suppress (with small weights) neighbors that belong to a
line structure.
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(a) training data

(b) ground truth

(c) local rounding of
distance information

(d) labeling with
optimal weights
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(e) Optimal weight patches

Figure 5.4: Training phase: Optimal weight patches. Top ROw: (a) Close-up view of
training data (10 x 10 pixel region). (b) The corresponding ground truth section. (c)
Local label assignments. (d) Correct labeling using adapted optimal weights. BOT-
TOM ROW: (e) The corresponding optimal weight patches (10 x 10 grid), one patch
for each pixel. Close to the line structure, the regularizer increases the influence of
neighbors on the geometric averaging of assignments whose distances match the
prescribed ground truth labels. Away from the line structure, the regularizer has
learned to suppress with small weights neighbors belonging to a line structure.
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Test Phase

During the training phase, optimal weights were associated with all training features
through optimization, based on ground truth and a corresponding objective func-
tion. In the test phase with novel data and features, appropriate weights have to be
predicted because ground truth is no longer available. We realize this by extracting
a coreset [55] from the output generated by Algorithm 5.1 during the training phase,
and constructing a map from novel features to weights, as described next.

Coreset. Let Q* € P denote the set of optimal weight patches generated by Algo-
rithm 5.1, and let P* denote the set of all 15 x 15 patches of local label assignments
based on the corresponding training features and distance (5.23). We partition P*
into three classes: thin line structures, homogeneous regions and texture, and ex-
tracted for each class separately 225 prototypical patches by k-means clustering. To
each of these patches and the corresponding cluster, a prototypical weight patch was
assigned, namely the weighted geometric mean of all optimal weight patches in Q*
belonging to that cluster. As weights for the averaging we used the Euclidean dis-
tance between the respective patches oflocal label assignments and the correspond-
ing cluster centroid.

Figure 5.5 depicts 10 pairs of patches of prototypical label assignments and weights,
for each of the three classes: line, homogeneous, texture. Comparing these weight
patches with the optimal patches depicted by Figure 5.4, we observe that the former
are regularized (smoothed) by geometric averaging and, in this sense, summarize
and represent all optimal weights computed during the training phase.

Mapping features to weights. For each novel test image, we extract features using
the same procedure as done in the training phase and compute at each pixel i the
patch of local label assignments. For the latter patch, the closest patch of local la-
bel assignments of the coreset is determined, and the corresponding weight patch is
assigned to pixel i.

Note that the patch size 15 x 15 of local label assignments is chosen larger as the
patch size 9 x 9 of the weights that is used during training and testing. The former
larger neighborhood defines the local ‘feature context’ that is used to predict weights
for novel data.

Inference (labeling novel data). In the test phase, we use the modified linear as-
signment flow and all parameter values in the same way, as was done during train-
ing. The only difference is that predicted weight patches are used for regularization,
as described above.
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Results. Figure 5.6 shows a result of the test phase. The tfop row shows the input
data (panels (a) and (c)), whereas ground truth (b) is only shown for visual com-
parison. The bottom row shows the results obtained using uniform weights (d) and
predicted weights (e). The latter result clearly demonstrated the impact of weight
adaptivity. This aspect is further illustrated in panel (f).

Figure 5.7 shows predicted weight patches for novel test data in the same format as
Figure 5.4 depicts optimal weight patches computed during training. The similarity
of predicted and optimal weights for pixels close and away from local line structure,
demonstrates that the approach generalizes well to novel data. Since all data are ran-
domly generated, the results of Fig. 5.6 and Fig. 5.7 are representative for the entire
image class.

5.4.2 Pattern Formation by Label Transport

In this section we illustrate the model expressiveness of the assignment flow. Specif-
ically, we choose quite different labelings as input and target data, respectively, and
show that our learning approach can determine weights that ‘connect’ these pat-
terns by the assignment flow. This shows that the weights which determine the regu-
larization properties of the assignment flow actually encode information for pattern
formation. Finally, we briefly point out and illustrate limitations of our approach.

Pattern Completion

The top row of Figure 5.8 shows input and target labelings. The second row illus-
trates our approach to weight parameter learning using the linear assignment flow:
Starting with uniform weights and imposing the very sparse information of the in-
put labeling as constraint, the weights are adapted by the Riemannian gradient flow
on the parameter manifold and effectively steer the assignment flow to the target
labeling. After convergence we obtain the optimal weights Q* and insert them into
the original nonlinear assignment flow. The evolution corresponding label assign-
ments is shown by the third row of Figure 5.8. The fact that the label assignment
at the final time T is close to the target labeling which the linear assignment flow
reaches exactly, confirms the close approximation of the nonlinear flow by the linear
assignment flow, as already demonstrated in [81] in a completely different way.

The rightmost panel of the top row shows, for each pixel, the deviation of the op-
timal weight patch from uniform weights. While it is obvious that the ‘source label-
ing’ of the input data receive large weights, the spatial arrangement of weights at all
other locations is hard to predict beforehand, by humans. This is why learning them
is necessary.
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(a) line

(b) homogeneous

(c) texture

Figure 5.5: Coreset visualization. This plot shows 3 x 10 prototypical patches of lo-
cal label assignments and the corresponding weight patches of the coreset, for each
of the 3 classes. (a) 10 prototypical pairs of the class line. Weight patches ‘know’ to
which neighbors large weights have to be assigned, such that the local line structure
is labeled correctly. (b) Weight patches of the homogeneous label class are almost
uniform, which is plausible, because the noisy assignments can be filtered most ef-
fectively. (c¢) The weight patches of the texture label are comparable to the homoge-
neous ones and almost uniform, for the same reason. (Color code {., [ | .} = {line,
homogeneous, texture}).
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(c) local rounding of
distance information

(a) novel (test) data (b) ground truth

(e) labeling with
adaptive weights

(d) labeling with uniform weights (f) difference to uniform weights

Figure 5.6: Test phase: Labeling results. Top ROW: (a) Randomly generated novel
input data, (b) the corresponding ground truth and (c) the local label assignments.
BortoM ROW: (d) Labeling using uniform weights fails to detect and label line struc-
tures. (e) Adaptive regularizer based on predicted weights yields a labeling that
largely agrees with the ground truth. Panel (f) illustrates weights adaptivity at each
pixel in terms of the distance of the predicted weight patch to the uniform weight.

Transporting and Enlarging Label Assighments

We repeat the experiment of the previous section using the academic scenario illus-
trated by Figure 5.9. A major difference is that locations of the input labeling do not
form a subset of the locations of the target labeling. As a consequence, the corre-
sponding ‘mass’ of assignments has to be both transported and enlarged.

The results shown by Figure 5.9 are quite similar to those of Figure 5.8, such that
the corresponding comments apply likewise. Looking at the optimal weight patches
in terms of their deviation from uniform weights (rightmost panel of Fig. 5.9, fop row)
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it is both interesting and not too difficult to understand - after convergence and in-
formally by visual inspection — how these weights encode this particular ‘label trans-
port. However, predicting these weights and certifying their optimality beforehand,
seems to be an infeasible task. For example, it is hard to predict that the creation
of intermediate locations where assignment mass temporarily accumulates (clearly
visible in Fig. 5.9), effectively optimizes the constrained functional (5.1). Learning
these weights, on the other hand, just requires to apply our approach.

Parameter Learning vs. Optimal Control

The limitations of our parameter learning approach are illustrated by Fig. 5.10. In
this experiment, we simply exceed the time horizon in order to inspect labelings in-
duced by the linear assignment flow after the point of time T, that was used for de-
termining optimal weights in the training phase. Starting with T, Figure 5.10 shows
these labelings for both experiments corresponding to Figures 5.8 and 5.9.

Unlike the fern pattern (top row) where the initial label locations form a subset
of the target locations and are imposed as constraints, the ‘moving mass pattern’
(bottom row) is unsteady in the following quite natural sense: the linear assignment
flow simply continues transporting mass beyond time T'. As a result, assignments to
the white label are transported to locations of the black target pattern. Hence, the
target pattern is first created up to time T and destroyed afterwards.

This behavior is not really a limitation, but a consequence of merely learning con-
stant weight parameters. Due to the formulation of the optimization problem (5.1),
optimal weights not only encode the ‘knowledge’ how to steer the assignment flow
in order to solve the problem, but also the time period after which the task has to be
completed. Fixing this issue requires a higher-level of adaptivity: weight functions
depending on time and the current state of assignments would have to be estimated,
that may be adjusted online through feedback in order to control the assignment
flow in a more flexible way.
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(a) novel (test) data
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(b) ground truth

(c) rounded distance (d) adaptive labeling
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(e) predicted weight patches

Figure 5.7: Test phase: Predicted weight patches. Topr row: (a) Close-up view of
novel data (10 x 10 pixel window). (b) Corresponding ground truth section (just for
visual comparison, not used in the experiment). (c) Local label assignment. (d)
Labeling result using adaptive regularization with predicted weights. BorTOM: (e)
Corresponding predicted weight patches (10 x 10 grid), one patch for each pixel of
the test data (a). The predicted weight patches behave similar to the optimal weight
patches depicted by Fig. 5.4, that were computed during the training phase (for dif-
ferent data). This shows that our approach generalizes to novel data.
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Input Target Difference
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Figure 5.8: Pattern completion. This figure illustrates the model expressiveness of
the assignment flow. TOP ROw: Input and target labelings. The task is to estimate
weights in order to steer the assignment flow to the target labeling. The rightmost
panel illustrates, for each pixel, the distance of the optimal weight patch from uni-
form weights. MIDDLE ROW: Label assignments of the linear assignment flow dur-
ing weight parameter estimation. The Riemannian gradient flow on the parameter
manifold effectively steers the flow to the target labeling. BOTTOM ROW: Label as-
signments of the nonlinear assignment flow using the optimal weights that were es-
timated using the linear assignment flow. Closeness of both labeling patterns at the
final point of time T = 5 demonstrates that the linear assignment flow provides a
good approximation of the full nonlinear flow.
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Figure 5.9: Transporting and enlarging label assignments. We use the same set-up
as in Fig. 5.8. TOP ROW: Label locations of the input data do not form a subset of
the target locations. Thus, ‘mass’ of label assignments has to be both transported
and enlarged. Rightmost panel: Distance of the optimal weight patch from uniform
weights, for every pixel. MIDDLE ROW: Applying our approach to (5.1) effectively
solves the problem. BOTTOM ROW: Inserting the optimal weights that are computed
using the linear assignment flow, into the nonlinear assignment flow, gives a simi-
lar result and underlines the good approximation property of the linear assignment
flow. It is interesting to obverse that computing the Riemannian gradient flow on the
parameter manifold entails ‘intermediate locations’ where assignment mass accu-
mulates temporarily. This underlines the necessity of learning, since it seems hard
to predict such an optimal regularization strategy beforehand.
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t=T t=T+0.5 t=T+1 t=T+1.5 t=T+2
t=T t=T+15 t=T+3 t=T+4 t=T+5

Figure 5.10: Parameter learning vs. optimal control. The plots show label assign-
ments by computing the assignment flow beyond the final point of time T used
during training, for the experiments corresponding to Figures 5.8 and 5.9. Unlike
the pattern completion experiment (top row) where few locations of initial label as-
signments are imposed as constraint, the target pattern (bottom row, at time 7) of
the moving-mass experiment is unsteady in the following sense: at time 7', the flow
continues to transport mass which eventually erases the target pattern with assign-
ments of the white background label. The reason is that constant parameters are
only learned that not only encode the ‘knowledge’ how to steer the flow to the tar-
get pattern but also the time period [0, T] for accomplishing this task. In order to
overcome this limitation, weight functions depending on time and the current state
of the assignments would have to be estimated by applying techniques of optimal
control.
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Conclusion

Summary. With the present work we hope to have contributed to the rich literature
on algorithms for graphical models. Hopefully, the interplay of different research
areas (image processing, differential geometry, optimal control theory and machine
learning) and the corresponding different perspectives have provided new insights
into the recent advances in hierarchical architectures. Especially, we think it is worth
to investigate deep networks whose parametrizations and internal representations
are not fully understood from the perspective of optimal control theory. We hope
that this thesis and possible extensions of it further the understanding of these ar-
chitectures.

In Chapter 3 we have presented the work of [8] in detail as it serves as the basis for
our main contributions presented in Chapter 4 and 5.

Based on this smooth geometric setting, we presented in Chapter 4 a novel MAP
inference approach to the evaluation of discrete graphical models. The coupling
measures between adjacent nodes are incorporated by regularized Wasserstein dis-
tances. The novel algorithm propagates in parallel the corresponding local gradi-
ents — called Wasserstein messages — along edges. These messages are lifted to the
assignment manifold and drive a Riemannian gradient flow that terminates at an in-
tegral labeling. In contrast to established belief propagation, the local marginaliza-
tion constraints are satisfied throughout the process. A single parameter facilitates
the trade-off between accuracy of optimization and speed of convergence.

Conversely, in Chapter 5 we introduced a parameter learning approach for im-
age labeling based on the assignment flow. In a supervised setting, we estimated
weights for geometric averaging of label assignments in order to steer the flow to
prescribed ground truth labelings. By using a class of symplectic partitioned Runge—
Kutta methods, we have shown that this task can be accomplished by numerically
integrating the adjoint system in a consistent way. Consistent means that discretiza-
tion and differentiation for the computation of the adjoint sensitivity commute. An
additional convenient property of our approach is that the parameter manifold has
the mathematical structure of an assignment manifold, such that Riemannian gra-
dient descent can be used for efficiently solving the training problem.
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The output of the training phase served as a core set that consists of features ex-
tracted from training images and the respective optimal weights. In order to label
novel data, a mapping has to be specified that predicts optimal weights for this un-
seen data. We solved this task by nearest-neighbor prediction after partitioning the
core set using k-means clustering and geometric averaging of the weights, separately
for each cluster. We evaluated this approach for a class of images involving line struc-
tures where just using uniform weights inevitably fails. We additionally conducted
experiments that highlight the model expressiveness of the assignment flow and also
limitations caused by merely learning constant parameters.

Future Work. The inference approach presented in Chapter 4 motivates the follow-
ing research directions:

* Generalizing our approach to tighter relaxations. Investigate if our approach
can be generalized to relaxations based on hypergraphs and corresponding
entropy approximations [80, 51].

* Designing more advanced numerical schemes. A possible direction is to ad-
vance the numerical schemes by using multiple spatial scales.

* Addressing applications using graphical models with higher edge connectivity.
Since established inference algorithms based on convex programming notice-
ably slow down with increasing edge connectivity, it is worth investigating how
our approach scales for these applications.

The main insights of Chapter 5 include the following; Regarding numerical opti-
mization for parameter learning in connection with image labeling, our approach
is more satisfying than working with discrete graphical models, where parameter
learning requires evaluating the partition function, which is a much more involved
task when working with cyclic grid graphs. This latter problem of computational
statistics shows up in our scenario in similar form as the problem of designing the
prediction map from features to weight parameters. An essential difference between
these two scenarios is that by restricting the scope to statistical predictions at a lo-
cal scale, i.e. only within small windows, the prediction task becomes manageable,
since, regarding numerical optimization, no further approximations are involved at
all.

Nevertheless, the approach is by no means finished and should be seen as a first
step towards more advanced and expressive architectures. In particular, the ap-
proach could be extended in the following promising research directions:
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* Building a parametrized prediction map into the learning framework. The idea
is to design a parametrized prediction map that is learned during the learning
process. This would cast our two-step approach into a single process, com-
monly called end-to-end learning. This would have the benefit that the num-
ber of parameters can be reduced to a minimal but sufficient parametrization.
However, this could make the learning task much more involved depending
on the given image data.

* Learning weight functions instead of constant parameters. In order to con-
trol the assignment flow in a more flexible way and to reach a higher-level of
adaptivity, weight functions depending on time and the current state of as-
signments would have to be estimated and adjusted online through feedback.

* Composing several assignment flows in a hierarchical fashion. Intuitively, this
results in components which evolve on different time scales. The design of
such complex flows, their proper numerical integration over all scales and a
good understanding of suitable data representations at intermediate scales
define challenging research tasks.
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Appendix A

Proofs

A.1 Proofs of Chapter 2

Proofs of Section 2.3.1

Proof (Theorem 2.4) A detailed proof can be found in [32, Chapter 1.14, Theorem
14.1]. In order to make this chapter self-contained, a sketch follows.

The integral representation of the solution to (2.51c) is given by x(¢,p) = xp +
fot f(x(s), p,s)ds. Differentiating with respect to p and exchanging integration and
differentiation by the theorem of Lebesgue yields

t

dyx(t,p) = dpxo +f dyf(x(s),p,s)ds (A.1a)
0
t

=dpxo +f0 dyx f(x(s), p,8)dpx(s,p) +dp f(x(s), p,s)ds. (A.1b)

Substituting 6 (1) = d, x(t, p), gives

t
6(1) =bo +f0 dy f(x(s), p,8)0(s) +dp f(x(s), p,s)ds, (A.2)
which is the integral representation of the trajectory 6(¢) solving (2.55). O
Proofs of Section 2.3.3

Proof (Theorem 2.9) A proof can be found, e.g., in [17]. However, in order to make
this thesis self-contained, we include a proof here. Setting up the Lagrangian

T
L(x,p,A) :C(x(T))—f A FE(x,x,p,1)dt (A.3)
0
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with multiplier A(¢) and F(x,x, p, t) := x— f(x, p, t) = 0, we get with ®(p) = C(x(T))
from (2.52)

T T
VO =V,L = dpx(T)"VC(x(T)) —fo (dsFdpi+ dcFdyx+dyF) Adt,  (A4)

where integration applies componentwise. By using d;F = I, where I denotes the
identity matrix, we partially integrate the first term under the integral,

T T T .
[ dyi"Adt=dyxT A —f dyx' Adt. (A5)
0 t=0 0
We further obtain with d, F = —d,, f and dxF = —dy f
T T i T T
VO = dpx(T) VC((T)) - dpx A 0+f dpx" A dt+f (defdyx+dyf) Adt
t= 0 0

(A.6a)
= dpx(T) "VC(x(T)) - dpx(T) " A(T) + dyx(0) " 1(0)
T : (A.6b)
+f dpx " A+dpx"dofTA+d,fTAdt.
0

We consider systems where the initial value x is independent of the parameter p,
i.e. dpx(0) = 0. Additionally factoring out the unknown Jacobian d, x, we obtain

T
= dypx(1) (VCx(T) = A(T)) +f dpx" (A+dcfTA)+dpfTAdr. (6O
0
Now, by choosing A(#) such that conditions (2.67b) are fulfilled, i.e.
MO ==dofTAD), AT = V,Cx(D)),

we finally obtain

T
VO = f dpfTM) dt. (A.7)
0 O

Proof (Lemma 2.11) Since we evaluate all occurring functions and their derivatives
at the same points py, Yo and Ay, we drop them as arguments in the following, to
simplify notation.

(i) Equation (2.76a) directly follows by differentiating £ with respect to A at (po, Yo, Ao)-
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(ii) Equation (2.76b) is immediately obtained by differentiating £ with respect to y
at (po, Y0, Ao). Since d, ¢ is invertible at (po,yo), the resulting linear system uniquely
determines the vector Ay.

(iii) Next, we show that this A also satisfies the first equation (2.75). By differentiat-
ing ¢(p,y) = 0 with respect to p at (pg,Yo), we obtain

dy¢ is invertible

dypd,yyo+dyp =0 N dyyo = —(dyp) " dpep. (A.8)

We will make use of this identity for dy in the following. Differentiating ® with
respect to p at pg and by the chain rule, we obtain

VO = V,C+dyydV,C YT V,C—dpy] dyT A (A.9a)
Dy, +((dyp)dpp) dyp Ao = V,C+dpp Ag (A.9b)

- VL, (A.9¢)

which shows (2.75). O

Proof (Theorem 2.10) We begin by stating the Lagrangian of problem (2.70)
N-1

S
L£06,p, ) =Clan) = A (0 = X(O) = Y Ay [%ns1 =X =1 Y- bikn,i]
n=0 i=1

N-1 N
= Y B Y Bl K = f KXy st + i)
n=0 i=1

(A.10)

In order to apply Lemma 2.11, we explain which role the variables y, A, ¢ play in this
situation:

1. Intermediate stages: The vector y represents all intermediate stages related to
the evaluation of the function ®(p) = C(xy(p)), i.e. all intermediate values x;
and stages k; of the Runge-Kutta method. These variables are stacked and
arranged as follows

2 ]
Yo kn,l
y=| 71 | eR?, with y,= xk” eRCVand k,=| : | eR™,
. n+1 kn,s
[V N-1]
(A.11)
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2. Lagrange multiplier: The vector A contains all Lagrange multipliers in (A.10)
belonging to the constraints (2.70b)-(2.70d). The multipliers are stacked and
arranged as follows

SN
~A
0 hnbiAn
A= /11 eRY, with A,= : e R, (A.12)
s nbsAn,s
| —An |

3. Intermediate mappings: Analogously, the vector ¢ contains all intermediate
mappings ¢,, for n = 1,..., N -1 of the computation of ®(p) = C(xn(p)). In
our situation, ¢ is the concatenation of the forward Runge-Kutta evaluation,
which we express using the Kronecker-product as

’

[ X0 — x(0)]
¥, P
, . - Fu(Xy, p) Y1
=| Y2 [er?, with ¥,= neone = [ e R
¢ . " xn+1_xn_hn(bT®Inx)kn Yo
| Yn-1 ]
(A.13)
where ¥,,; e R*" and ¥, » € R"+, as well as
f(Xn,ly pintc hy) Xn1
Fp(Xn,p) = , Xp=Ts®xp+hp(A® Iy )ky =
f(Xn,s, ptnt cshy) Xn,s
(A.14)

We proceed by computing the Jacobian dy¢. Note that the intermediate variables y,
(A.11) are only contained in the intermediate mappings ¥, (A.13), which results in a
sparse block structure of the overall Jacobian dyq).
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1. Small block matrices: Each small block matrix represents the derivative of the
n-th iteration step ¥, and is given by

dx “Pnl dk \Pnl dx \Pnl] [ Dn An ]
d ¥, = o no LA , (A.15)
(Xnrkn,Xns1) £'n dx,,\ljn.Z dkn\yn,Z danr]\Ijn,Z _Inx B;lr Inx
with
Ap = Isn, — hndFn(Xp, p)(A® I,), (A.16a)
By =-h,b' ®I,, (A.16b)
D, = _dan(Xnyp)(ﬂs®Inx)» (A.16¢)

where A and b are the Runge-Kutta coefficients given by the left tableau of
Fig. 2.1.

2. Sparse block structure: The overall Jacobian d, ¢ consists of N — 1 blocks (one
for each iteration) of the form (A.15) and is given by

s
Dy A
~I,, B I,
D, A
dy(p = _Inx B;— Inx . (A.17)

Dn-1 Ay
~I,, By, I

x |

3. Invertibility of d,¢: A matrix M is invertible if det M # 0. Since the matrix dy ¢
is lower block diagonal, its determinant is given by

detdy(/): detA;-...-detAn_; (A.18)

Thus, we only need to show that det A, # 0 for all n = 1,..., N —1. Equation
(A.16a) reads in a more compact form

Ap=Usn, —hpyM),  with M:= d,Fy(X,, p)(A® I,.). (A.19)
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We show det A, # 0 by using the equivalent statement ker(A;) = {0}. Now, let
x € R5"x\{0}, then
lxll < llx—hyMx|| + |hpMx| < | Apx|l + Ay M1 x| (A.20)

By using the row-sum norm | - ||, we have

A19
Il hnM”oo( = )hnlldan(Xn,p)(A@bInx)IIoo < hulldxFrn(Xn, P llooll(A® In ) lloo
$ (2.60)
< h,L max Y laijl <1, (A.21)
i= -

..... sic1

where L denotes the Lipschitz constant of f and the step-size h,, satisfies the
assumption (2.60). Substituting (A.21) into (A.20) gives

lxll < Apxll + l[x]l <= 0<[Apx]l <= x Zker(Ap). (A.22)

Since, the kernel of A, is trivial, A, is invertible and consequently the overall
Jacobian dy ¢ as well.

Now we are in a position to apply Lemma 2.11. More precisely, (2.76b) tells us
that the vector A is uniquely determined by the linear system dY¢T)L =-V,C. Inour
situation, this system is given by

We determine the exact identity of A by backward substitution:

122

I, DT -1, [ 1o | 0
Al B —Ag 0
I,, D, -Iy, - 0
A] B -y 0
In,
Dy, —In | |-AN-1 0
Ay, Bn-i| |-An- 0
In, || AN | | VxC(xn) |
(A.23)
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. From the last row of (A.23), we immediately obtain

Ay = VC(xn). (A.24)

. Next, we prove equation (2.72a). For each n=0,..., N — 1, we obtain

A
0=[I,, D} -I,] AZ = A+ D] Ay —Apiy (A.25a)
An+1
hubyAp
= An = (dxFu(Xp, p) (A5 ® 1)) T : ~ At (A.25b)
RubgAp s
hyubyAp,
=An— (1] ®In)dxFn(Xp, p)" : — At (A.25¢)
RubsAy
=An—hn ZS: bidyf (Xn,i, Py tn + Cihn) " Ani — Ans1. (A.25d)

i=1

s
Ans1=An+hy, Z bi[n,i» with én,i = _dxf(Xn,i; pyIn+ Cihn)TAn,i~
i=1

(A.25e)
. The last equation (2.72c) follows by
An
0=[0 A} Bu]| A (A.26a)
An+1

= A} Ap+BpAni (A.26b)

= (Isnx —hpdyFn(Xp, p)(A® Inx))T Ap—hp(b® Inx)/lnﬂ (A.26¢)

= (Isn, = hn(AT ® 1, )dx Fp (X, D)7 ) Ap = hn (b ® 1) A1 (A.26d)

In the following, we consider the i-th entry of the previous equation, i.e.
hpbiApiof Apwithi=1,...,s.

S

0 = hpbiAni—h5 Y ajibjoxf(Xnj,ptn+cjhn) " Ay j— hnbidni
=

(A.27a)
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S ab
Api = Ans1+hy Z %dxf(xn,j, p,tn+ thn)TAn,j (A.27b)
=1 b
S S ai: .
BEI Nt b Y bilni—hu Y =, (A.270)
i=1 j=1 Dbi
S ab
= Aty (bj A ’)fn,j, A27d)
j=1 i

with €, j = —dy f(Xn, j, P, tn + ¢jhn) T Ay j in (A.27¢) and (A.27d).

Finally, we show the formula of the gradient (2.71), which is given by (2.75)

V,C=0

VO =V,C+dpp' Ao dpd ' Ao. (A.28)

The Jacobian dp(,bT consists of the following building blocks: For the n-th iteration
step ¥, the local Jacobian with respect to parameter p reads
dp¥ 1 D
ayva=| ] [P
PR dp ¥, 0

, with Dy =—dpF(Xp, p)(1;®1,). (A.29)

By concatenating N — 1 of these blocks (one for each iteration n = 1,..., N - 1) of
(A.29), the overall Jacobian is given by

dyp'=[0 DJ 0 D] 0 .. 0 Dy, 0] (A.30)

Now, formula (2.71) is explicitly given by

VO =dyp' Ao (A.31a)
g ]
_AO
_Al
N-1
=[o D 0 .. 0 D} , 0 : ==Y DjA, (A.31b)
—AN-1 "0
—AN-1
L _A/N P
N-1 N-1
= Z (dpFn(Xn» P) (Is® Inp))TAn = Z (N Inp))dpFn(Xn, p)TAn (A.31c)
n=0 n=0
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N-1 s
“22 N Y bidy f Xy Py ta+ ciha) A (A.31d)
n=0  i=1 O

A.2 Proofs of Chapter 3

Proofs of Section 3.1.1

Proof (Lemma 3.2) The first property follows by a direct calculation

pe* ¥y
X+y X\ p¥ p: e
expy ety = PO (pex)e _ (<p;x>)
<p’e y> <(pe)'ey> <(<5ex>))ey>
exp,(x)e’

—— =€XxXp ( )(y)
<expp(x), e}’> exXp, (X

Next we show the second property. Let y: (—€,¢) — S be a smooth curve with
Y(0)=peS,y(0)=ve T. Then, the differential reads

pey(t)
dt (p,e?M) ],
B Y(O) . pey(o) . (p, eY(O)> —_ pey(o) . (p’y(o) . eY(0)>

dg expp(q)[v] =

(p, e’ )2
_v-pel-(p,ely—ped-(p,v-ef)
- (p,e)?

_ peq peq peq

v - (v, )
(p,e?) (p,e9) (p,e?)
= (diag (expp(q)) - expp(q) expp(q)T) v= Rexpp(q) [v]
Again, let y: (—€,€) — S be a smooth curve with y(0) = p € S§,7(0) = v € T. Then,
the last property follows by

Y(O)@_H v

_ d q
dexp;! = “1npl =y = oy 2
exp, (q)[x] T lo i T, 7 70) an O

dt ngm

Proof (Lemma 3.6) By using Exp,eg’_l, the optimality condition (3.16b) reads

_ 3.12b [
0= Y oEps () E” ¥ wiR,logE: (A.32a)
i€[N] i€[N] p
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=Ry| Y wilogpi|-R,|logp]. (A.32b)
i€[N]

According to Remark 3.1, with R, = RpIl7, =Il7, R, we have

:HTan[ Y w,-logp,-] —HTan[logp]. (A.32c)
i€[N]
:Rp[ Y wiHTnlogp,-] —RP[HTnlogp] (A.32d)
i€[N]

Now, multiplying by R;l and using the identity expﬂ‘s1 (p) = Iz, logp (A.32d) be-
comes

0= ) wiexpy, (pi)—expy. (p). (A.32e)
i€[N]

Solving for p establishes the ‘=’-relation in (3.17a)
p=expy, ( Y wiexpy, (pi)) . (A.320)
i€[N] "

We obtain the right hand side of (3.17a) by simply plugging the definitions of exp ,

and exp;,' into (A.32f). This results in

. _ .13b
p(s 17a) eXpﬂs,,( 5 wiexpﬂsln(l)i)) 313 )expﬂsn Mr, ). wilogpi) (A.33a)
i€[N] i€[N]
, mean, ,(P)
= expy. |Tr lo on| BBy T80 7 A.33b
Pis, |1 g(iel[_][\,] Pi ))(3.17b) (1, meanyg ,, (P)) ( )
which establishes the formula. 0O
Proofs of Section 3.2

Proof (Theorem 3.7) The theorem is a direct consequence of Prop. 2.2. First of all,

the inverse lifting map expﬂ‘vlvz W — Ty at the barycenter Tyy € W is a diffeomor-

phism between the smooth manifolds VW and 7yy. By Prop. 2.1 we can construct a

unique ¢-related vector field to X on 75y with the pushforward of X via ¢ = exp. Vlv .
Eq. (3.28b) follows directly as the unique ¢-related vector field with ¢ = exp{vlv

1463 2.6) dexpﬂ_vh (expﬂW V(1)) [XEXPnW(V(f))] (A.34a)
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(1) _
= Rexpﬂ ) [XexpﬂW(V(t))] ) (A.34b)

where we used in (i) the following relation

3. 14C x . 9b)

dexpy! (W)[X] My V=" Rp}HXI. (A.35)

Thus, by construction the vector fields W (t) and V(¢) are ¢-related. Therefore, a
direct application of Prop. 2.2 gives that the integral curves of both vector fields can
be transformed into each other via the exp;,, map: If V() is an integral curve of
(3.28b), the curve expy,,, oV (?) is an integral curve of (3.28a). 0

Proof (Corollary 3.8) This corollary is a direct consequence of Theorem. 3.7. By in-
serting the Riemannian gradient Xy, = —grad,,, f(W (7)) into (3.28b), we obtain
(3.30b):

(3. 28b)

140) expﬂ Wiy [ grady, f(expy,, (V(1))] (A.36a)
W R e |~ Rexp,,, v [V (expy,, (V(0))] (A.36b)
=~V f(expy,, (V(1))). (A.360)

The initial point V (0) in (3.30b) follows from

V(0) = expy) W(0) “E” TT71og(W2) " E™ M7 og (L) = Opsn. (A37)
O
Proofs of Section 3.3.2
Proof (Lemma 3.10) With the following relation
expﬂ_sln (L (W) °2Y exp,ﬁsln (expyy, (=Di/p)) (A.38)
(3.142) expy, (expy,, (expy) (Wi) - Di/p)) (A.39)
= expﬂ_sln (Wy) —TIr, (Di/p) (A.40)
the similarity matrix (3.42) reads
Si(W) = expy, (kgv wikexpy. (W) Tl (Dy/ p)). (A.41)
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Thus, the corresponding differential factorizes by the chain rule as follows

dsimIV] = dexpy, (¥ wieexpr) (W) X widexprl WolVil
keN;

keN;
(A.42)
3.14b _
2 Re,an| X wirdexprl Wil (A.43)
keN; "
(3.140) Vi 1 3.10) Vi
=° RSi(W)[ > WikHT,,_] =7 Y wikRs,w) [—] (A.44)
keN; Wi keN; Wi
This establishes formula (3.51). O

A.3 Proofs of Chapter 4

Proofs of Section 4.2

Proof (Proposition 4.2) Lety: (—¢,¢) — W be a smooth curve, with € > 0, y(0) = py
and y(0) = V. We then have

d
(VE(u), V) = —E(yn)] _, (A452)
d
= (i), Vi) + —ag;;, s Yi(l),yi ()| ], .
S0V (Mr@0, Vi + Y -dy,, (ri(0),y(0) (A.45b)
i€y jiGpee At t=0

where y(f) denotes the k-th row of the matrix y(t) € W c R"*". Since
d
Edeij.r(Yi(t)»Yj(f))L:O=<V1d9ij,r(ﬂi,uj),Vi>+<V2d9ij,r(ui,ﬂj),‘/j>, (A.46)
the r.h.s. of (A.45) becomes
(VE:(uy), VY= 3 (M@0, Vo + Y (Vidaye (i i), Vi)
i€V ji (i)

+) Y (Vadg, (i ), Vy),
ieVj: (i,j)e€

(A.47)

where we separated the outer sum over the nodes i € V into two parts. Then, the
second sum of (A.47) reads

Y Y Vade (i), Vi) =3 Y 8 jee(Vady,, o (i uj), Vi) (A48a)
ieVj: (i,j)e€ i€V jey
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=Y > O pee(Vady,, (i, i), Vj)  (A.48b)
JEVieY

= Z Z <v2d9ij,‘[(ul'!uj)r ‘/j> (A.48C)
jevi: (i,j)e€
= Z Z <v2d€ji,T(Hj’Hl'); ‘/l> » (A48d)
ieVj: (jeE
where 0k jee is the indicator function with value 1 if (k, 1) € £ and 0if (k, 1) ¢ £. The
last equation (A.48d) follows by renaming the indices of summation. Substitution
into (A.47) gives

<VET(W),V>=Z<HT(0,-)+ Y Vidg, (wip)+ ) vzde,.,.,f(uj,ui),m

i€y j: G )eE j:(heE
(A.49a)
=Y (ViE(uy), Vi) (A.49b)
ey
which proves (4.18). O

Proof (Lemma 4.3) Let M. € II(u;, ;) be a minimizer of (4.12). Then, due to the
assumption on F;, we have

dp,; (Wi, 1)) = 01, M) + Fr (M) = (0], M) + Fr (M) . (A.50)

Now, let M € II(u}, 1;) be an arbitrary coupling measure. Then, M " € II(u;, it;) and
we have

O, M)+ F, (M) =(0;j, M)+ Fp(M") 2 (0 j, M)+ F; (M) = (0], M)+ F,(M]) .

ij’ iy’
(A.51)

This shows that M*T € I(uj, ;) is a minimizer of dy7 (U, ;) and establishes equa-
ij’
tion (4.20). 0

Proof (Corollary 4.4) Due to Lemma 4.3, we have Vady, - (uj, ti) = Vide,;,r (i, 1)
and obtain

4.18
ViE () SN0+ Y. Vidy, (uipp+ Y. Vidg, (i)
j: G, ))eE j:(,)e€
(A.52a)
= Nr@)+ Y. Vide,«(ui ), (A.52b)
JEN ()
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which proves (4.22). 0O

Proofs of Section 4.3

Proof (Theorem 4.5) The proofis divided into three steps:

1.

3.

Relate the orthogonal decomposition R2" = ker(A") @ im(A) to the tangent
space T(S xS) = T x T cR?" for any p = (p1, p2) €S x S.

. Show the existence of a global isometric chart for the manifold S x S. The goal

is to represent the smoothed Wasserstein distance dg ; and the dual objective
function g(u,v) in a convenient way.

End the proof by applying Theorem 1.2.

We proceed by subsequently doing the steps mentioned above:
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1.

Consider the unique decomposition v = Ve + Vim € ker(A") @ im(A) of any
point v € R?". Then we have

Mrx7WVim) = v =17 (V). (A.53)

Atfirst, we show T x T < im(A). For this, take an arbitrary v = (}) € T x T. Due
to the definition of T, we have (1, v;) = (1,,v;) = 0 and thus (v, (_ﬂﬁ'n)) =0,
which according to Lemma 4.7 means v € ker(A")1 = im(A). As a conse-

quence of T x T cim(A), we have II7« 1 (Vker) = 0 and therefore (A.53) follows
from

Orxr) =rx7Vim) =Hrxr(V = Vim) = H71x 7 (Vier) = 0. (A.54)

There exists an open subset U < R2"~1 and an isometry ¢: U — S x S such

that ¢! is a global isometric chart of the manifold S x S. ¢ can be constructed

as follows. Choose an orthonormal basis {v;,..., V2(,-1)} of the tangent space
1

TxT,setb=+ (%2) and define the isometry

2(n-1)
v RE"Y o (TxT)+b, x—w(x):=Bx+b, Bx= Y x;v;. (A.55)
i=1

Because S x § is an open subset of (T x T) + b and ¥ an isometry, we have that
the set U:= ¢~ 1(S x S) c R~V is also open and

¢:=vly: U—-S5%xS (A.56)
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2(n-1)

the desired isometric mapping. Furthermore, since the basis {v;} e is or-
thonormal, the orthogonal projection reads
Mrx7=BB'. (A57)
. Using ¢ given by (A.56), we obtain the coordinate representations
dos:=deso¢,  gxv):=g(p(x),v) (A.58)

of the smoothed Wasserstein distance dg; and the dual objective function
g(p,v). Since we assume strong duality, that is equality of the optimal values
of (4.26) and (4.27), we have dg ;(p) = max,ge: g(p,v). Setting x,, = <p’1(p),
this equation translates in view of Lemma 4.10 to

&(Xp,Vim) = Vimrgigf&)?(xp,wm) =g(xp,V) = Q@E(xp,w =de,(xp), (A.59)

with unique maximizer Vi = jm4) (V). Let Bs < im(A) be a compact neigh-
borhood of Vi,. Then (A.59) remains valid after restricting im(A) to Bs. Be-
cause g, given by (4.23), is linear in the first argument and the mapping ¢ is
affine, the function g is convex in the first argument and differentiable. Hence
g satisfies the assumptions of Theorem 1.2.

In order to compute the gradient V,g(x,vin), it suffices to consider the first
term (¢(x), vim) of g, which only depends on x. Using (A.56), we have

(Pp(X), Vim) = (BX + b, Vim) = (X, BT Vim) + (b, Vim). (A.60)

Thus, V,g(x,Vim) = BT vjm which continuously depends on vjy,. As a conse-
quence, we may apply Theorem 1.2 and obtain due to (1.17)

Vder(xp) = Vx§(Xp, Vim) = B Vim. (A.61)
Using the differential D¢ (x) = B, we finally get
(A57)

- — A.53) —
Vdo,(p) = BVde,;(xp) = BB Vi “2” Tpr im) “2 %17, (A.62)

which proves (4.24). 0
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Proof (Lemma 4.6) Taking into account (2.41b), we write the right-hand side of
(4.12) in the form

Mmﬂ%n O,M)+G,(M) st. AM=pu, M=0. (A.63)
€ nxn

Let v = (v1,v») € R?"* denote the dual variables corresponding to the affine constraint
of (A.63). Then problem (A.63) rewritten in Lagrangian form reads

min {(€, M) + G, (M) + max(v, p— AM)} (A.64a)
o Mmﬂ%gn {m‘gx(v, W+ Gz (M) - (ATv-0, M)}. (A.64b)

Since strong duality holds by assumption, interchanging min and max yields the dual
problem (4.27). Moreover, the optimal primal and dual objective function values are
equal, which gives with (A.64a) and (4.27)

~(M, A"V -0)+G;(M)+ G} (ATv-0) =0. (A.65)

This implies (4.28a) by the subgradient inversion rule (see Theorem 1.1), whereas the
primal constraint (4.28b) is obvious. 0

Proof (Lemma 4.7) Let z = () € R?" with z e ker(A"). Applying A, we get

4 4T (L11b) T T, L11a) (nX+y, 1) T,
0=AA"z"=" A1)+ Ay") "= ((x,ﬂn>11n+ny (A.66)
and solving this equation to z gives (4.29a)
(X _ Lo, (I . 1
z= (y) = ((X,ﬂnﬂ]n) = A(_ﬂn), with A := n(x,ﬂn) eR. (A.67)

Note, that we have exploited in step (i) that (x,1,) = —(,1,) applies. Conversely,
in view of the definition (1.11b), it is clear that any vector from the set (4.29a) is in
ker(AT). The characterization of ker(A ")+ directly follows from the definitions. g

Proof (Lemma 4.8) We first show ,,<“ in (4.30b), i.e. if v is an optimal dual solution,
then

argmax g(p,v) €v+ker(A"). (A.68)

veR2n
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Let V' # v be another optimal dual solution, that is g(p,v) = g(p,V'). By (4.23), this
equation reads

GIAV-0)-G:AV -0)=(p,v-V). (A.69)
Moreover, due to the optimality conditions (4.28), v satisfies
M =VG:ATV -0), AM =p, (A.70)

— . . . . .
where M is the corresponding primal optimal solution. Hence

(P V-V = (AM -7y = (M, ATw-7)) “L” (vGr ATV -0), ATW-V)) . (A.71)

Using the shorthands w = A™V—0andw = ATV - O, we have

w-w=AT"-v) (A.72)
and therefore
G:@) -G @) “2” (p,v' - MV (ve: @), W - w). (A73)

Since G is strictly convex, this equality can only hold if
0= -w "L AT@ -V) = V -vVeker(A). (A.74)

This shows that ¥ and V' can only differ by a nullspace vector, i.e. we have shown
relation (A.68).

Next, we show ,,2“ in (4.30b), that is vectors characterized by the right-hand side
of (4.30b) maximize the dual objective function g(p,v). Let again v be an optimal
dual solution, and let v/ € v+ ker(A") be an arbitrary vector. Lemma 4.7 implies that
V' takes the form

vV=v+A(Y4),  er (A.75)
Then, since < p (_ﬂﬁ‘n )> =0and A"V = ATV, we have

gav)=(pv+A( Y -Gi(ATw+A (Y ))-0) (A.76a)
=(p,V) -G} (ATV-0) = g(a,V), (A.76b)
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that is V' € argmax, gz §(p, V).

1

Finally, we show (4.30a): Suppose < p, ( 1, )> # 0, v is an optimal dual solution and

v is another optimal dual vector of the form (A.75) shown above. Inserting (A.75)
into (A.69) yields

0=(p V-V =Mp,( 5 ) = 1=0, (A7)

since < p, (_1]1,],” )> #0. Thus, v =v by (A.75), which shows uniqueness of v as claimed
by (4.30a). O

Proof (Lemma 4.9) We first recall that for any subspace U < V of a finite dimen-
sional vector space V the orthogonal decomposition V = U @ U+ applies.

Now, let F: V — W be linear map between finite dimensional vector spaces. The
statement follows by the basic linear algebra formula

im(F) =ker(F ") . (A.78)
By setting V =R?" and U = ker(A") we have
R2" = ker(AT) @ ker(AT)* “2¥ ker(AT) @im(A), (A.79)

which proofs statement (4.31). 0

Proof (Lemma 4.10) We first show (4.32b). Let v be an optimal dual solution. Since
<p, (_ﬂ{]’n» =0, (4.30b) of Lemma 4.8 yields

argmax, gz g(p,v) = v+ ker(A") = Vier + Vim + ker(A").

This shows Vi, € Vv + ker(A"), that is Vim € im(A) is a maximizer, which implies
(4.32Db).

Now, we show (4.32a). Let v;, € im(A) be another maximizer. As before, we use
the representation V;m € v+ker(A"), that is V{m = Vier + Vim + Vker, fOr some Vi, €
ker(AT). This implies V{m = Vim, i.€. uniqueness (4.32a) of the dual maximizer in
im(A). O

134



PROOFS CHAPTERA

Proofs of Section 4.4.1

Proof (Proposition 4.12) An Euler-step for following the Riemannian gradient de-
scent flow of f; 4 on the tangent space reads (with V; = Vy,)

vED vy fw®) = v - pv B, (W) —av; HW®), i€ (m), (A.80)

where the i-th row of W® is given by Wl.(k) = expy, (Vl-(k)), 1s, = 11,.

n
In order to compute the gradient of the entropy, we consider a smooth curve

v: (—=€,&) = W with y(0) = W and y(0) = X. Then

d 1
EH(Y(t))lt:O =—(X,log(W)) (W, W - Xy =—(X,log(W)) - (11", X).  (A.81)

Since (log(W), X) = (Il= (log(W)), X) and (117, X) = (1, XT) = (1,0) = 0, we have

d
(VH(W), X) = EH(Y(I))“:O = (I (log(W)), X). (A.82)

Thus, using I (log(W;)) = expﬂ‘s1 (W;) from (3.13b), we obtain

ViHW®) = —117 (log W) = —expi) (expy,, (V) =-vP. (A.83)
Substitution into (A.80) gives
v =1+ )V - hv; B, (W) (A.84)

and in turn the update

U+ VP | =V E (W ®)

Wi(k+1) = expy (Vi(k+1)) - —~ — (A.85a)
</|]n,e(1+a’)vi . e—hv,‘ET(W ))

(V) A+a) | T E (W) (W) a+a) o= hViE (WD)
1

= = (A.85b)
(U, (V1Y 1+ g WVAEWIYy (1, (WD) 1Har = hViE (WD)
(Wi(k))(1+a) ,e—hviE,(W(k))

_ (A.85c)

<(Wi(k))l+a’ e—hviE,(W“@))

which is (4.44). 0
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A.4 Proofs of Chapter 5

Proofs of Section 5.2
Proof (Proposition 5.1) Let V € Ty. Note that for every i € V
(W} log(expyg (Vi) = (W}, Vi —log((1, e ")) = (W}, Vi) +log((1,e")). (A.86)

Hence the KL-divergence between W;" and the induced assignment W; = expy ,,(Vi)
takes the form

KL (W', W;) = (W}, log(W}")) — (W*, Vi) +log((T,e")) (A.87)
and results in the following expression for C from (5.8),

C(V)=(W* log(W*) —(W*, V) + Y log((1,e""). (A.88)

i€[m]

Take X € R"*" and set y () := V + t X for ¢ € R. Then, the above formula for C implies

d . 1 : «
(OC(V),X) = —Cly(t)|j0o=—(W", XD+ Z 7 (eV’,Xi> = (eXpﬂW(V)—W , X).
dt lE[m] <1], e l)
(A.89)
Since X € R™*" was arbitrary, the expression (5.10) follows. 0

Proof (Lemma 5.2) For arbitrary B € R™*" and Q € R™ N we obtain (Aq, B)
Yijev 8 jen; QikBik = (Q, Ap) due to (5.11). 0

Proof (Proposition 5.3) Let V, X € Tyy and set y(¢) := V + tX € T for all £ € R. Then

d .
dvF(V,Q)[X] = EF(Y(t)’Q)lt:O = Rswy) [AqY(0)] = Rswy) [Aa X]. (A.90)
Similarly, for Q € P and ¥ € Tp, let (¢) := Q + t¥ € P be a curve with ¢ € (—¢,¢) for
sufficiently small € > 0. The linearity of the averaging operator Ag with respect to Q

gives

d d
doF(V,Q)[X] = EF(V’T’U))'I:O = %RS(WO) [Ap V1li=o = Rsawy) Aw[V]. (A.91)
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We now determine the adjoint differentials. Consider arbitrary X, Y € 7y, and note
that the linear map Rg(W)) is symmetric, since every component map Rs, () is sym-
metric by (3.7). Thus,

(dyF(V,Q)[Y],X) = (Rswy [Aa Y1, X) = (Y, Al Rswy [X) (A.92)

and therefore dy F(V,Q)T[X] = AJRsw, [ X]. Now let arbitrary ¥ € 7p and X € Tp
be given. Then

(doF(V,Q)[¥], X) = (Rswy [Aw V], X) = (Ay, (Rswy XDV ) (A.93a)
_ T _ T
- <\P,A(RS(WO)[X])VT> - <\P’HP[A(R3(WO)[X])VT]>’ (A.93b)
which proves the expression for the corresponding adjoint. 0
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Appendix B

Derivation of Loopy Belief Propagation

As stated in Section 2.2.5, loopy belief propagation by message passing is given by the
fixed point equation (2.50). In this section we derive equation (2.50) in detail.

We start by considering the smoothed primal linear program (2.46) written in the
form

Ir}lin O, —eH (W) (B.1a)
st Y pilx)=1, Vie), (B.1b)
xieX

Z Kij(xi, Xj) = Wi, VijeE Vx;e X, (B.1c)

X;jeX
> wijxix)=pj,  VijeEVxjeX, (B.1d)

xieX
p=0, (B.1e)

with smoothing parameter € > 0, Bethe entropy function

H(w = Y, Hij)~ Y (d@)~1)Huw), (B.2a)
ije€ ey

degree d(i) := IV (9)| of vertex i and local entropy functions

H(p) =- ) pilx)logu(xy), (B.2b)
x,-(—:X

Hpij)=— Y pijxi,xj)logu;j(xi, x;). (B.2¢)
x,-.xjeX

The constraints (B.1b)-(B.1d) represent the feasible set Lg.

As already pointed out in Section 2.2.5, we obtain a relation between u and v by
evaluating the optimality condition V,L(u,v) = 0 based on the corresponding La-
grangian of (B.1). In order to derive explicit formulas, we rewrite the Bethe entropy
function (B.2a) in terms of the mutual information which is summarized in the fol-
lowing lemma.
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Lemma B.1
Suppose u satisfies the marginalization constraints (2.39). Then, the Bethe entropy
(B.2a) can be rewritten in the form

Hp =) Hp)- Y Iijuij) (B.3)
i€V ije€

where I; is the mutual information

Mij(xi, xj)
Lij(uij) ;=KL (W, ipj) = ji(xi,xj)log————. (B.4)
ij\Hij (i pine) x,«%e){u” irXj g'ui(xi)“j(xj)

Proof The proof is straightforward. First, we rewrite the mutual information

(B.4) i (xi, x;)
Iii(uii) = (x;,x:)log ——— (B.5)
i x; ;Xﬂz] v g#i(xi)/.tj(xj)
= Y uij(xi,x;) (logpj(xi, xj) —logui(x;) —logp;(x;)) (B.6)
x,—,xjeX
= Y wijCx,xp)logpuij(xi,x))
Xi, x]'GX (B?)
Z 1ij(xi, x;) log i (x;) — Z ij(xi, xj)logpj(x;).
Xi,Xj€EX Xi,Xj€EX
The last two summands can be rewritten as follows
Yo pijxix)logui(x) = — Y logui(xi) Y pij(xi, xj) (B.8)
X[,XjEX xieX XjEX
D _ Y logp e x) P2 Hwy). (B.9)

x;ieX

In (i) we have taken into account that the marginalization constraints (2.39) have to
hold. Consequently, (B.7) reads

(B 2¢c)

Lijuip) "= —Huij) + Hpy) + H(u)). (B.10)

Inserting (B.10) into (B.3) gives

H(w) =) Hu)— Y Iij(uij) (B.11a)
i€V ijeE
=Y Hu)+ Y, Huij)— Y H)- Y H;) (B.11b)
i€V ije€ ije€ ije€
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and by plugging the following identity

Y H@pp=3) > Hu)=3) Hw) ) 1=3) H)d@) (Bllc)
ijeg i€V jeN (i) i€y JEN () ieV

into (B.11b) gives

Hw =Y H(ui)+ Y, Hpij)—3 Y Hp)d@ -3 > Hu,)d(j)

iey ijeE ieV jev
=) H(wi)+ Y Hip) - ) Hpd() (B.11d)
iey ijeE iey
= D H(uij) - ) (d@)~1)H(u). (B.11e)
ije€ ey
This establishes formula (B.2a). O

Now, in order to find an expression for the derivative of the Bethe entropy we com-
pute

(B.4) Hij(xi, Xj)
I;ii(uii) = ii(xi, x)log ———— B.12
A ) iij) ) (x%exﬂ (i, x;) Ogﬂi(Xi)ﬂj(xj)) (B.12a)
d Hij(xi, Xj) )
= i) pj(xg) ( (B.12b)
x];xu TR dpi(xi) (i (xi)pj(xj)
L )an
= i) pij(xi, x) | ———| = -1, (B.12¢)
ijE:X'u His ! ( 'uf(xi))

whereby in (ii) we again have taken into account that the marginalization con-
straints (2.39) have to hold, and

. d ij (%X, Xj)
Iij(pij) B ___* ( > ﬂij(xi,xj)logM)

dpij(xi,x;) Apij(xi, xj) \x, e i () e (x )
(B.12d)
Mij(xi, x;j) 1
= log——— + uij(xpui(x;))—  (B.12¢)
S piteop ey R G G
(6 X
_ log M) Ly (B.120)
pi (xi) e (x)
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By using

d
Hpy) "2 (

) A |~ > ui(xi)log;ui(xi))=—logui(xi)—1, (B.13)

xi€X

the derivatives of the Bethe entropy are given by

d (B.3) d d
H(p) = H(u;i) |- Ii i (i) (B.14a)
dpi(x;) dpi(x;) (ZV g ) dpi(x;) (ijzeg 7 ’)

BLY _Jogui(xi) — 1+ 1= —logp; (x;) (B.14b)
(B.13)
(& . a Y 1)) (B.14c)
dpij(xi,x;) dpij(xi, xp) \ fjee R .

B120 Hij (i, xp)

B.14d
() () (B.14d)

Finally, setting temporarily € = 1, the corresponding Lagrangian of (B.1) reads
L) =@,m-Hw+ ) vi(l= ) pilx))
i€V X €X

+ 3 v (Y i X)) — i) (B.15)

ije€xieX X;jeX

+ 2 > viixp( Z i (i, X) = ),
eX

ije€ xjeX

and its partial derivatives with respect to u are given by

L(p,v) =0;(x;) +logp; (x;) —vi(x;) — vij(xi), (B.16a)
d:ui (xi) # B jE%(i) J
Mij(xi, xj)

L(u,v)=0;i(x;,xi)+1o
Hov = P X 08 e ()

-— +14+v;(x;)+v;5(x;)).
dpij(xi, xj) S
(B.16b)

Evaluating the optimality condition V,L(y,v) = 0 and solving for logu; and logu; ;
respectively, we have

log i (x;) = —0; (x) +vi(x) + Y vij(x;) (B.17a)
JEN (D)
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logu;j(xi, xj) = =0;(x;, x;) +log pi (x;) +loguj(x;) =1 - v;;(x;) — v (x;),

(B.17b)
and by inserting log 1;, log p1; from (B.17a) into (B.17b) gives
logu;j(xi, xj) = —0;;(x;,x;) —0;(x;) =0 (x;) +vi(x;) +vj(x))
+ Y va+ Y v -1 (B.17¢)

ke N ()\{j} keN ()H\i}

Finally, the primal variables y and the dual variables v are connected by the opti-
mality conditions

BA7b) v. —0:(x: e .
ui(x,-)( Lb) pvi g=0i(x) [T ™, xieX ieV, (B.18a)
JENG)
l.lij(xl',Xj) (B.é?c) ev,-+vje—B,-j(x,-,xj)—Gi(x,-)—Gj(xj) 1_[ evik(xi) erk(Xj),
keN (D\Lj}) ke N ()\(i}
(B.18b)

for x;,xje X, ije £. Note, that the constant e~! in (B.18b) is absorbed in the dual
variables v;, v, with slight abuse of notation. Equations (B.18a) and (B.18b) estab-
lish (2.49a) and (2.49Db), respectively.

Assume p is an optimal primal variable, then we can eliminate this variable by
marginalization

B.18b) v, _0(x; L
3 il xj) PE gvig i) T gvikw

xjeX ke N (D)\{j}
(B.19a)
Z (evje—eij(xi,xj)—ej(xj) erk(xj)),
xjeX ke N (N\i}
239 gy B grig0in) [ gt (B.19b)
keN (i)

and obtain a fixed point equation only in terms of the dual variables by solving
(B.19b) for Vij

eVl = g¥i 'y (e‘gif(x"'xf)‘ef'(xf) I1 evfk(xf)), ijeE, xieX. (B.20)
xjeX keN (j)\(i}

This equation establishes loopy belief propagation by message passing given by for-
mula (2.50) and sketched in Section 2.2.5.
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